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In situ 3CO, pulse labelling of field-grown eucalypt trees
revealed the effects of potassium nutrition and throughfall
exclusion on phloem transport of photosynthetic carbon
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Potassium (K) is an important limiting factor of tree growth, but little is known of the effects of K supply on the long-distance
transport of photosynthetic carbon (C) in the phloem and of the interaction between K fertilization and drought. We pulse-
labelled 2-year-old Eucalyptus grandis L. trees grown in a field trial combining K fertilization (+K and —K) and throughfall exclu-
sion (+W and —W), and we estimated the velocity of C transfer by comparing time lags between the uptake of '3CO, and its
recovery in trunk CO, efflux recorded at different heights. We also analysed the dynamics of the labelled photosynthates recov-
ered in the foliage and in the phloem sap (inner bark extract). The mean residence time of labelled C in the foliage was short
(21-31 h). The time series of '3C in excess in the foliage was affected by the level of fertilization, whereas the effect of through-
fall exclusion was not significant. The velocity of C transfer in the trunk (0.20-0.82 m h~') was twice as high in +K trees than in
—K trees, with no significant effect of throughfall exclusion except for one +K -W tree labelled in the middle of the drought
season that was exposed to a more pronounced water stress (midday leaf water potential of —2.2 MPa). Our results suggest that
besides reductions in photosynthetic C supply and in C demand by sink organs, the lower velocity under K deficiency is due to a
lower cross-sectional area of the sieve tubes, whereas an increase in phloem sap viscosity is more likely limiting phloem transport
under drought. In all treatments, 10 times less '3C was recovered in inner bark extracts at the bottom of the trunk when com-
pared with the base of the crown, suggesting that a large part of the labelled assimilates has been exported out of the phloem
and replaced by unlabelled C. This supports the ‘leakage-retrieval mechanism’ that may play a role in maintaining the pressure
gradient between source and sink organs required to sustain high velocity of phloem transport in tall trees.

Keywords: carbon isotope, carbon transfer, drought, Eucalyptus grandis, fertilization.

Introduction
Kirkby 2010, Sardans and Pefiuelas 2015), especially on highly

Potassium (K) is an important limiting factor of crop and forest weathered tropical soils (Cakmak 2010, Cobo et al. 2010,
productivity (Tripler et al. 2006, Pettigrew 2008, Rdmheld and Taulya 2013). Potassium availability has a major influence on
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the growth of tropical trees (Laclau et al. 2009, Wright et al.
2011, Epron et al. 2012b, Santiago et al. 2012). However, as
for other nutrients, it is still unclear whether growth reduction for
K-deficient trees results primarily from a decrease in carbon (C)
supply through photosynthesis or from direct effects on tissue
growth (Fatichi et al. 2014).

Temporal patterns in symptoms of K deficiency on Pinus radi-
ata D. Don needles indicate possible interactive effects of K and
water availability (Smethurst et al. 2007). Strong interactions
between water and K limitations on light interception, gross pri-
mary productivity and light use efficiency in eucalypt plantations
were confirmed using a modelling approach (Christina et al.
2015). Drought stress is often associated with a disturbance in
intracellular Kt homeostasis because drought both enhances K
requirements and decreases K uptake (Oddo et al. 2014,
Shabala and Pottosin 2014). It has often been suggested that K
fertilization may thus alleviate the adverse effects of water stress
(Robin et al. 1989, Taulya 2013), provided that the positive
effect on stomatal regulation is not offset later on by a higher
water use exposing trees to a more rapid soil water depletion
(Battie-Laclau et al. 2014b).

Potassium is indeed a key actor of stomatal regulation
(Fischer 1968, Talbott and Zeiger 1996, Roelfsema and Hedrich
2005), and it also contributes to osmotic adjustment and turgor-
related cell elongation (Triboulot et al. 1997, Shabala and Lew
2002, Wind et al. 2004, Fromm 2010, Battie-Laclau et al.
2013). Potassium also regulates the xylem hydraulic conduc-
tance in trees (Oddo et al. 2011, Nardini et al. 2012), and K
fertilization reduces the occurrence of drought-induced xylem
embolism (Trifilo et al. 2011). Net CO, assimilation was
enhanced in K-fertilized Eucalyptus grandis L. trees, not only as
a result of higher leaf area and lower diffusional limitations
(higher stomatal and mesophyll conductance) but also as a con-
sequence of higher chlorophyll contents and higher maximum
rates of electron transport and carboxylation (Battie-Laclau et al.
2013, 2014a, 2014b). These results were in agreement with
previous observations on hickory seedlings and almond trees,
showing that non-stomatal limitation of photosynthesis occurred
in response to K deficiency (Basile et al. 2003, Jin et al. 201 1).
Potassium ions may also alleviate the effect of dehydration on
chloroplast photosynthesis (Berkowitz and Whalen 1985, Pier
and Berkowitz 1987). At the whole-tree level, the effect of K
supply on eucalypt growth is related to an effect not only on C
acquisition but also on drastic changes in C allocation (Epron
etal. 2012b). Growth partitioning among the different tree com-
partments is mediated by the long-distance transport of carbo-
hydrates from source (mainly foliage for fast-growing evergreen
tropical species) to sink organs through the phloem pathway.
The role of K supply in phloem loading and photosynthate trans-
port has been well documented some decades ago in several
crop species (Hartt 1969, 1970, Mengel and Viro 1974,
Mengel and Haeder 1977, Doman and Geiger 1979), but no
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study has reported the effect of K supply on phloem dimension
and anatomy. It was recently shown that voltage-gated K chan-
nels are involved in the reuptake of sucrose leaking from the
phloem (Gajdanowicz et al. 201 1), suggesting that K supply
may play a crucial role in supporting phloem transport because
unloading and reloading sucrose may help to maintain the pres-
sure gradient between source and sink organs (De Schepper
etal. 2013b).

Because phloem transport is a mass flow osmotically driven
by the hydrostatic gradient between source and sink organs
involving transfer of water between xylem and phloem (the
Minch hypothesis, Minchin and Lacointe 2005, Knoblauch and
Peters 2010, Stroock et al. 2014), the photosynthate transport
rate might be influenced by water availability (Nikinmaa et al.
2014, Sevanto 2014). A decrease in xylem water potential
requires an increase in solute concentration in the phloem,
which potentially increases phloem viscosity, reducing the rate
of transport (Woodruff 2014), except if K contributes to the
required increase in osmotic pressure (Lang 1983). Similar to K
deficiency, water stress also reduces the rate of C translocation
(Sung and Krieg 1979, Deng et al. 1990a, 1990b, Ruehr et al.
2009). However, as far as we are aware, the effects of K supply
on the long-distance transport of photosynthetic C in the phloem
and the interaction between K fertilization and drought have
never been investigated in field-grown trees.

Our study aimed to assess the effect of K deficiency and
water deficit on phloem transport of photosynthates in E. grandis
trees growing in a field experimental trial combining K fertiliza-
tion and throughfall exclusion. We hypothesized that the velocity
of C transfer is lower in K-deficient than in K-supplied trees and
that K nutrition and water availability interactively influence this
velocity. To test this hypothesis, we estimated the velocity of C
transfer by comparing time lags between the uptake of 3CO,
and its recovery in trunk CO, efflux recorded at different heights
along the trunk and in roots, and we analysed the dynamics of
the labelled photosynthates recovered in the foliage and in inner
bark extracts.

Materials and methods

Study site and experimental design

The study was conducted on eucalypt trees (E. grandis) at the
ltatinga experimental station of the University of Sdo Paulo in
Brazil (23°02’S, 48°38’W, 850 m elevation) where soils are
deep ferralsols developed on Cretaceous sandstone (Laclau
et al. 2010). Mean annual air temperature and precipitation
were 20 °C and 1360 mm, respectively, over the last 15 years.

A split-plot experimental design was set up with six treat-
ments (three fertilization crossed with two water supply
regimes) in three blocks (Battie-Laclau et al. 2014b). A single
highly productive E. grandis clone was planted at a spacing of
2 mx3minJune 2010 with 144 individuals per plot (three
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buffer rows). All the trees were fertilized with 3.3 g P m=2,
200 g m~2 of dolomitic lime and trace elements at planting and
with 12 g N m=2 at 3 months of age. Other experiments at the
same site showed that the amounts of N, B, Ca, Mg and micronu-
trients applied in our experiment were not limiting the growth of
E. grandis trees. Four treatments were investigated in our study:

+K+W: 17.4 g Km=2 applied as KCl at age 3 months and no
throughfall exclusion;

+K-W: 17.4 g Km= applied as KCI at age 3 months and
37% of throughfall excluded;

—K+W: no K addition and no throughfall exclusion;

—K =W: no K addition and 37% of throughfall excluded.

Starting in September 2010, throughfall was partially excluded in
the —W plots using panels made of clear glasshouse plastic sheets
mounted on wooden frames at a height varying between 1.6 and
0.5 m (Figure 1b). A detail presentation of the experimental set-
ting can be found in Battie-Laclau et al. (2014b). About 500 mm
of water was excluded each year from the —W plots.

In May 2012, three dominant trees were selected in one block
in each of the four treatments (+K+W, +K-W, -K+W and
—K —W). The distribution of cross-sectional areas of all trees in
each treatment was divided into thirds of equal range, and the
three labelled trees were selected close to the mean of the
cross-sectional areas of the trees in the upper third (see Table 1
for the averaged dimension of the selected trees in each treat-
ment). The two first trees of each treatment were labelled
between 27 May and 4 June 2012 and the last trees were
labelled between 7 August and 10 August 2012, corresponding
to the expected beginning and the middle of the dry season,
respectively.

Environment and tree monitoring

Volumetric soil water content was measured weekly over the
study period with three time-domain reflectometry probes per
layer (Trase Soilmoisture, Santa Barbara, CA, USA) installed at
depths of 0.15, 0.5, 1.0, 1.5, 3.0, 4.5 and 6.0 m in each treat-
ment. Probes were calibrated by gravimetric soil water content
and bulk density measurements. Global radiation, rainfall, air

Figure 1. (a) Large-scale throughfall exclusion experiment at the Itatinga experimental station of the University of Sao-Paulo, Brazil. (b) Cross section
of secondary phloem from inner bark strip collected on one +K +W tree, with cambium at the bottom (scale bar = 500 pum). (c) Crown labelling cham-
ber installed on one eucalypt tree. (d) Ninety-six solenoid valves controlled by six relay controllers and a data-logger used to sequentially monitor
isotope composition of respired CO, from 48 respiration chambers with a CO, isotope analyser.
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Potassium, throughfall exclusion and phloem transport 9

Table 1. Circumference at 1.3 m high (C,5), tree height (H), sapwood cross-sectional area (As), bark cross-sectional area (Ag), leaf area (A;) and leaf
biomass (B,) of the labelled trees at harvest and crown CO, uptake (U), predawn (W) and midday (¥\v) leaf water potentials and their differences
(AY) and xylem sap flux (Jy,) at the labelling dates. Values are means and their standard errors for three trees per treatment. Effects of K fertilization
(F), throughfall exclusion (T) and their interaction were tested using a non-parametric two-way analysis of variance based on the ranks (P-values are

shown).

F T Ci5(cm) H(m) As (cm?) Ag (cm?) A  (m?) B (kg) Crown U Yor (MPa) Yyum (MPa)  AY¥ (MPa)  J,, (I day™)
(mmol s71)

+K +W 36.7+£0.7 13.3+£03 62+£2 178%x05 262 4.0+£0.1 0.22+£0.02 -0.25+0.07 -1.46+£0.10 1.21+£0.07 21£2

+K -W 31.8+£0.6 126+00 492 122+04 19 £2 29%+0.1 0.19£0.01 -0.38+£0.06 -1.84+0.18 1.46+0.12 16t 1

-K +W 25.7+£06 9.6+0.1 33+2 85+04 21+£2 274202 0.11+£0.02 -0.24+£0.08 —-1.29+0.10 1.05+0.05 14 +1

-K -W 23.1£03 9.7+£0.1 28+1 65+11 112 1.5+£0.2 0.09+£0.00 -0.29+0.07 —1.43+0.03 1.14+0.04 8=1

F effect  0.004 0.004 0.004 0.004 0.02 0.01 0.004 0.52 0.03 0.04 0.006

Teffect 0.15 0.63 0.15 0.20 0.05 0.08 0.63 0.23 0.10 0.09 0.11

FxT 1 0.34 1 0.87 1 1 1 0.58 0.52 0.63 1.00

temperature and humidity were measured half-hourly using an
automatic station placed on the top of a 21 m tower located
50 m from the experiment.

Predawn leaf water potentials (W) were measured from
05:00 to 07:00 h on the labelled trees (the labelling day or the
previous day) using a nitrogen gas-supplied pressure chamber
(PMS Instrument Company, Albany, OR, USA). Measurements
were made on two fully expanded leaves per tree (~2 months
old) in the upper third of the canopy at the northern side (sun-
exposed) of each tree. Midday leaf water potential (V) was
measured on another leaf of the same trees (same age and
position in the crown) between 12:00 and 14:00 h.

Volumetric xylem sap flux density, which is equivalent to the
velocity of water transfer in the trunk (V,,), was measured on all
labelled trees using the thermal dissipation method (Granier
1985). Each tree was equipped with two home-made tempera-
ture probes at 1.3 m above soil level with 10 cm vertical spacing
and at 20 mm depth in the trunk. We assumed that probes mea-
sured an integrated instantaneous sap velocity over the average
sapwood thickness for instrumented trees. Sap flux sensors
were protected from thermal influences and water intrusion by a
reflective foil. Sensor output voltage was recorded every 30s,
and the average value was stored every 30 min (CR1000 data-
loggers and AM16/32 multiplexers, Campbell Scientific Inc.,
Logan, UT, USA). The volumetric sap flux density was calculated
using a calibration equation established previously for E. grandis
trees at our study site from direct measurements of water uptake
in a bucket for 18 trees (between 18 and 72 months of age)
destructively sampled (slope of 0.97 and R?> =0.94 between
predicted and measured values of tree transpiration, J.S. Delgado-
Rojas, personal communication). Sap flux density was scaled to
whole-tree xylem sap flux (Jy,) by multiplying V, by the sapwood
area that was estimated by dye injection in each stem cut at the
end of the experiment.

Tree growth in circumference at 1.3 m above soil level was
monitored weekly from 26 May 2012 to 5 September 2012 at
0.2 mm resolution on all labelled trees using aluminium den-
drometer bands. Bark cross-sectional area of each labelled tree

was estimated from the tree circumference measured above
and below the bark at 1.3 m high when the trees were destruc-
tively sampled at the end of the experiment. Leaf area was
estimated for each tree from measurements of the leaf biomass
and specific leaf area (SLA) in three crown sections (lower,
middle and upper). Fresh mass of all leaves in the three crown
sections was measured in the field, and subsamples were
brought back to the laboratory, scanned, oven-dried at 65 °C
and weighed.

A bark strip (5 cm length and 1 cm width) was collected at
1.3 m on one tree per treatment (two trees in —K +W) and stored
in 3.75% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2).
Cross sections of bark strips (40 um thick) were coloured with
safranin, dehydrated by ethanol and xylene and mounted in Can-
ada balsam. Microphotographs were taken with a magnifying
power of 100 (Figure 1b). The thickness of phloem tissue from
cambium to the outer bark, the number of sieve tubes per unit
area of phloem tissue and the cross-sectional area of the sieve
tubes were estimated on the central 0.8 mm width part using an
image analysis software (Imagel, version 1.47v; National Insti-
tutes of Health, Bethesda, MD, USA). Only well-differentiated
and non-collapsed sieve tubes were counted and measured.

Pulse labelling of tree crown

The whole crown of a tree was inserted into a 27 m3 (trees from
—K treatments) or 38 m3 (trees from +K treatments) chamber
made of 300 um polyane film and held with ropes by a 10—-15m
height steel scaffolding set-up around the tree the previous day
(Figure 1c). The base of the chamber, made with two stainless
steel half-plates with circular openings to accommodate the
trunk, was set up at the base of the crown and secured on the
scaffolding.

One air conditioner (YORK 9000 BTU/h, Hong Kong, China)
and four axial fans were disposed in the labelling chamber to
ensure a good mixing of air and to help maintaining air tempera-
ture inside the crown labelling chamber ~5 °C above the outside
air temperature, which averaged 24.4 £ 0.5 °C during the 12
labelling periods.
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Immediately after closing the chamber, the CO, concentration
inside the labelling chamber was continuously monitored with an
infrared gas analyser (LI-840A, LI-COR Industries, Lincoln, NE,
USA) that was designed and calibrated for 12CO, and that exhib-
ited a low sensitivity to '3CO,. The CO, concentration decreased
linearly by 25-45 pumol mol=' during the first 5 min after the
chamber was closed because of CO, uptake by photosynthesis.
The slope of this decline was used to calculate in real time the
net CO, uptake of the crown. The flow rate of pure '3CO,
(99.299%, Cambridge Isotope Laboratory Inc., Andover, MA,
USA) was then constantly injected into the labelling chamber for
40 min using a mass flow controller (SLA5860S, Brooks, Hat-
field, PA, USA) at a rate adjusted to balance the estimated net
rate of CO, consumption by crown photosynthesis. The amount
of 13CO, injected ranged from 0.34 to 0.81 mol per tree,
depending on the size and the activity of the tree crown. The
3CO, was delivered in the vicinity of two fans. After the 40-min
injection period, the tree was allowed to assimilate most of the
remaining '3CO, in the labelling chamber for an additional
20 min. Then the chamber was rapidly opened and removed. The
label duration was thus 60 min for all trees. We opted for short
and constant pulse duration to limit biases in our estimation of
the rate of transfer and residence times of C in labile pools
(Epron etal. 2012a). The labelling was done around noon, start-
ing not earlier than 11:00 h and ending no later than 14:00 h.

3C composition of trunk and root CO, efflux

The appearance of '3C in trunk and root CO, effluxes was deter-
mined by off-axis integrated cavity output spectroscopy (CCIA-
36d, Los Gatos Research, Mountain View, CA, USA). The
analyser was connected to 48 chambers (two trunk chambers
and two root chambers on each tree). Measurement frequency
was changed to make more frequent measurements (every
50 min) during the first 2 days after labelling and less frequent
measurements thereafter (every 200 min for two additional days
and every 400 min until 7 days after labelling). The analyser
sampled the gas in each chamber through 6 mm diameter Tygon
plastic tubing for 4 min, including a 1-min purge period before
and after the measurement that was initiated by closing the
chamber and terminated by opening it. All tubes were 33 m
long, which was the longest distance between a chamber and
the analyser.

The trunk chambers (height: 10 cm, length: 20 cm and width:
20 cm; i.e., 4 | without trunk) were made of two transparent
acrylic parallelepiped half-boxes with semi-circular openings to
accommodate the trunk. One side on the box was opened and
closed automatically with a pneumatic cylinder. Chambers were
left open between measurements, and air renewal was ensured
by a small electric fan. One chamber was set up just under the
crown, ~30 cm below the base of the labelling chamber, from
2.1 to 3.6 m above the soil, depending on the height of the tree.
The second chamber was set up at the base of the trunk

just above the soil (0.3 m). The height of each chamber was
measured.

The root chambers were set up after carefully removing the
soil with a vacuum cleaner down to 20 cm, leaving only the tar-
get root segment of the focal tree. An acrylic board was inserted
just under the root to limit the contribution of CO, diffusing from
deeper soil layers (Dannoura et al. 2006). Two holes were cut
at the bottom edge of a 20 cm diameter collar to accommodate
the root. The collar heights ranged from 14 to 20 cm, depending
on the root depth. The collar was sealed with putty on the acrylic
board and filled with sand leaving 4.1 = 0.3 cm of air above the
sand (~1.31). A mobile lid at the top of the collar was controlled
by two pneumatic cylinders to close the chamber during each
measurement. The chambers were left open between measure-
ments with lids in vertical position. For each tree, one chamber
was set up close to the trunk (0.1-0.3 m away) on a coarse root
(20-58 mm in diameter) and the other chamber was set up
farther from the trunk (0.4—2.2 m) on another root (6—15 mm
in diameter).

Ninety-six solenoid valves (SY5000, SMC Corporation, Tokyo,
Japan) were used to switch measurements from one chamber to
another (Figure 1d). Another set of 48 solenoid valves was
used to control the air flow into each pneumatic cylinder from a
gas tank pressurized by an air compressor, allowing the closure
of the desired chamber. All the valves were controlled using six
relay controllers (SDM-CD16AC, Campbell Scientific Inc.) con-
nected to a data-logger (CR3000, Campbell Scientific Inc.). Air
was circulated continuously from the inlet to the outlet of the
selected chamber with a membrane pump (KNF Neuberger N86
KNDC, Freiburg, Germany) at a flow rate of 6 | min~'.

After the closure of the chamber, the CO, concentration [CO,]
increased linearly and the isotope composition of CO,
(8'3C-CO,) in the chamber decreased or increased depending
on whether the initial atmospheric CO, was mixed with
13C-depleted CO, (unlabelled source) or '3C-enriched CO,
(labelled source). The isotope composition of respired CO, was
determined as the intercept of the linear relationship between
the reciprocal of [CO,] and 8'3C-CO, (Keeling 1958).

Time lags and velocity of C transfer

Due to the low precision achieved by the CCIA-36 device under
field conditions (5%o), the estimated isotope composition of
respired CO, was used only for detecting the time lag between
labelling and the onset of the recovery of labelled CO, in the
respiratory efflux. The precision of the lag estimates depends
on the measurement frequency and was thus 50 min in our
experiment.

The velocity of C transfer in trunk (V, m h™') was calculated
as

d

VC:LB—LT

(1)
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with d (m) the distance between the two trunk chambers and L;
and Lg the lag after labelling estimated for the top chamber (just
below the crown, L;) and for the bottom chamber (at the base
of the trunk, Lg). As already noticed, this calculation assumed
that delays between the time the labelled carbohydrates arrived
at a given position along the trunk and the time they were used
for respiration were similar at the two positions, so that they
were cancelled by the subtraction of the two lags (Dannoura
etal. 2011). It also assumed that the time needed to reach the
detection threshold is the same at the two positions along the
trunk.

We did not calculate the velocity of C transfer in root because
of the short distance between the base of the trunk and the two
root chambers. We calculated lag in root as the difference
between the onset of the recovery of the labelled C in the respi-
ratory efflux at the base of the trunk and the onset of the recov-
ery of the label in the respiratory efflux in each root chamber.
Because the bottom trunk chamber was not at height zero but
~30 cm above the soil, we estimated the time the labelled CO,
arrived at height zero for each tree knowing the height of the
bottom trunk chamber and V...

3C composition of bulk leaf organic matter
and phloem extracts

Leaves were collected just before the installation of the labelling
chamber, within the 20 min following the withdrawal of the
labelling chamber, 5h and 1, 2, 4 and 7 days later. Two leaf
samples were collected each time at three positions in the crown
that was divided into three equal-length sections (lower, middle
and upper). Each sample was made of 12 leaves collected along
four branches from the four cardinal directions. The leaf samples
were frozen in liquid nitrogen, stored at —20 °C, and finally
freeze-dried and ground.

Two small disks of bark (12 mm diameter) were collected
near the trunk respiration chambers both at the base of the
crown (from 2.7 to 4.0 m above the soil) and at the base of the
trunk (from 0.1 to 0.3 m above the soil) just before the installa-
tion of the labelling chamber, 5 h and 1, 2, 4 and 7 days after
labelling. The outer part of the bark was removed and the inner
bark tissue was infused in a 10 ml vial containing 2 ml of ultra-
pure water for 5h at ambient temperature. The inner bark
extracts were filtrated on nylon cartridges (Whatman, 0.2 um,
diameter 25 mm, ref. 17,463,433) and the filtrates were evapo-
rated at 40 °C.

Leaf and inner bark extract samples were weighed in tin cap-
sules and analysed for C isotope composition and total C using
an elemental analyser coupled to an isotope ratio mass spec-
trometer (Europa ANCA-GSL with HYDRA 20-20, Sercon Lim-
ited, Crewe, UK, for leaf samples, and CHN-1110, Carlo Erba,
Milan, Italy, with Delta Plus, Thermo Scientific, Bremen, Germany,
for inner bark extracts).

Potassium, throughfall exclusion and phloem transport 11

Calculation of excess 3C

The stable isotope results are expressed according to the
nomenclature recommended by the Commission on Isotopic
Abundances and Atomic Weights of the International Union of
Pure and Applied Chemistry (Coplen 2011). The '3C atom frac-
tion, x('3C), was calculated from the isotope composition §'3C
with Ryppg the isotope ratio of Vienna Pee Dee Belemnite stan-
dard (0.0111802):
13C (8"3C + 1) X Rypps

13 - =
X( C) - 12C +13C - [(813C+1)XRVPDB]+1 (2)

Excess '3C, xE('3C), was calculated after accounting for the
background '3C atom fraction measured on the same tree before
labelling, x(*3Cyy):

XE(12C) = x(C) = x(*Cuy) (3)

xE('3C) in the whole crown was calculated for each tree at each
sampling time as the weighted average of x£('3C) in leaves col-
lected in the upper, middle and lower parts of the crown, taking
into account the distribution of leaf biomass between these
three compartments.

Tracer kinetics analysis

The time courses of xE(13C) within the crown after labelling were
described by exponential curves, assuming that (i) the pro-
cesses involved followed first-order kinetics, (i) the amount of
labelled C was maximal immediately after labelling and (iii) the
xE('3C) disappearance was only governed by tracer efflux
(Epron et al. 2012a):

xE(13C) (t) = . x exp(—k x t) + Cs (4)

C, was the labile pool of xE('3C) at time O, Cs the asymptotic
amount of xE('3C) remaining [C, + C5 was the total x£(13C) at
time O] and k the rate of disappearance of xF('3C) with time (t).
The mean residence time of the labile pool of xE('3C), 1, was the
reciprocal of k. The parameters were determined after fitting the
model by iteratively minimizing the sum of squared differences
between measured and predicted xE('3C) using the Microsoft
Excel solver tool.

Statistics

Because of the low number of replicates (n=3), treatment
effects on tree dimension, velocities, fluxes, water potentials and
kinetic model parameters were analysed using the conservative
Scheirer—-Ray—Hare extension of the Kruskal-Wallis test (Sokal
and Rohlf 1995), which is a non-parametric two-way analysis
of variance based on the ranks that we have implemented in R soft-
ware version 2.13.0 (R Development Core Team 2012). Statistical
analyses on the time course of xE('3C) in leaves and inner bark
extracts were performed with R software using mixed-effect
models, with tree as a random effect to estimate the effects of
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12 Epron et al.

time after labelling, sampling position, K fertilization and
throughfall exclusion (fixed effects). Regression and covariance
analyses were used to analyse linear relationships between
parameters while accounting or not for treatment effects.

Results

Climate, tree growth and physiology

The 2012 dry season was unexpectedly delayed in the Sdo
Paulo state with heavy rains still occurring until the middle of
June. There were, however, large differences in the amount of
water stored in the first 6 m of soil between treatments during
the first labelling period, with less water in =W compared with
+W and less water in +K compared with —K (Figure 2). The
lower amount of water stored in the soil in +K than in —K treat-
ments (Figure 2b) was clearly related to much higher transpira-
tion rates for +K trees that used more water than —K trees
(Figure 3a). In addition, the lower water availability in =W than
in +W may account for the lower tree transpiration under
throughfall exclusion. High transpiration rates with low amount
of water stored in the soil may account for lower midday leaf
water potentials in +K compared with —K trees. Potassium fertil-
ization significantly increased the difference between predawn
and midday leaf water potentials (Table 1).

Potassium fertilization had a strong effect on tree dimension
(higher circumference and height) at age 2 years, which was
reflected in the size of the selected trees (Table 1). The cumula-
tive cross-sectional growth was much higher for +K than for —K
trees (Figure 3b). Within each K treatment, the cumulative cross-
sectional growth was lower in =W than in +W, and only the trees
of the +K-W treatment exhibited a marked decline in growth
during the dry season.

Whole crown leaf biomass and leaf area were affected by K
fertilization and, to a lesser extent, by throughfall exclusion. The
CO, uptake by the crown was two times higher in +K trees than
in =K trees, with no significant effect of throughfall exclusion
(Table 1). Crown CO, uptake was well correlated with whole
crown leaf biomass (R>=0.71; P <0.001, data not shown).

Temporal dynamics of '3C in excess in leaves

The '3C in excess in the leaves collected in the upper part of the
crown, xE('3C), was maximal just after labelling and decreased
thereafter (Figure 4a). The maximum xE('3C) values in leaves
collected in the middle part of the crown were reached few
hours after labelling (samples collected after ~5 h), except for
the +K+W treatment (Figure 4b). The same pattern was
observed in leaves collected in the lower part of the crown for
all treatments (Figure 4c). x£('3C) values decreased significantly
from the top to the bottom of the crown, and the initial xE('3C)
was higher for +K trees than for —K trees, but the effect of K
fertilization vanished afterwards (significant interaction between
fertilization and time after labelling, Table 2). In contrast,

(a)100
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Soil water storage (m)
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15/5 29/5 12/6 26/6 10/7 24/7 7/8 21/8 4/9

Figure 2. Time courses of (a) daily rainfall (bars) and daily minimum
relative air humidity (RH, dashed line), (b) soil water stored down to a
depth of 6 m in each treatment (closed symbols: +K, open symbols: —K,
circles: +W and triangles: —W) and (c) average daily air temperature (T,
solid line) and daily global radiation (R, dashed line) from 15 May to 4
September 2012. The thick horizontal bars indicate the two labelling
periods.

throughfall exclusion did not significantly influence the time
series of leaf xF('3C).

The time series of xE('3C) in the whole crown of labelled
trees (Figure 4d), modelled according to Eq. (4), revealed the
existence of two significant pools of '3C in the tree crown: a
stabilized pool (Cs, asymptote of the curves drawn in Figure 4d)
that was unaffected by the treatment and a labile pool (C, the
portion of the curves above the asymptote in Figure 4d) that
was strongly affected by the level of fertilization. Cs accounted
for <20% of total 13C (Cs + C) in +K trees and for 25-30% of
total '3C in —K trees. C| decreases rapidly with time with a mean
residence time (T) that was longer in —K than in +K trees, but
not significantly because of large variations unrelated to the
treatment (Table 3).
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Figure 3. Time courses of (a) xylem sap flow and (b) cumulated cross-
sectional area growth for three labelled trees in each treatment (closed
symbols: +K, open symbols: —K, circles: +W and triangles: —W). Vertical
bars are standard errors of the mean (n = 3). The thick horizontal bars
indicate the two labelling periods. Symbols and standard error bars are
omitted in (a) for clarity.
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The amount of '3C that was taken up by the crown during the
1-h labelling pulse (U'3C) was estimated by multiplying
(Cs + C)) by the leaf C content and the leaf biomass, assuming

Table 2. Probabilities (P-values) for the main effects of sampling posi-
tion (P), K fertilization (F), throughfall exclusion (T) and time after label-

ling (D) and their interactio

n on xE('3C), the '3C in excess, in leaves and

inner bark extracts, using mixed-effect models with tree as a random
effect (ns indicates a P-value > 0.05). Degrees of freedom (df) are

given in brackets.

Factor XE(13C)
P-values [df]
Leaves Inner bark extracts

Position (P) <0.001 [2] <0.001 [1]
K fertilization (F) 0.017 [1] 0.008 [1]
Throughfall exclusion (T) ns [1] ns [1]

Day after labelling (D) <0.001 [5] <0.001 [5]
PxF ns [2] 0.001 [1]
PxT ns [2] ns [1]
FxT ns [1] ns [1]
PxD <0.001 [10] <0.001 [5]
FxD <0.001 [5] ns [5]
TxD ns [5] ns [5]
PxFExT ns [2] ns [1]
PxFxD 0.012 [10] ns [5]
PxTxD ns [10] ns [5]
FxTxD ns [5] ns [5]
PxFxTxD ns [10] ns [5]

(C) 0.2
A
[} \\
\
0.1 N
“M----- L.\\
0.0 . : : . :
(d)o.3

0.2

0.1

Day

3 4 5 6 7
after labelling

Figure 4. Time courses of x£('3C), the '3C in excess, after pulse labelling in leaves collected in the (a) upper part, (b) middle part and (c) bottom part
of the crown, and (d) calculated for the whole crown (closed symbols: +K, open symbols: —K, circles: +W, triangles: —W). Vertical bars are standard
errors of the mean of three trees per treatment. In (d), the lines show the best fit of the model describing the decrease in xE('3C) with time after label-

ling. Model parameters are in Table 4.
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14 Epron et al.

Table 3. Model parameters describing the decrease in x£(3C), the 13C in excess, with time after labelling in tree crown (Eg. 4). C_ is the labile pool of
xE('3C) at time O and Cy is the asymptotic remaining of xE ('3C) in the crown. T is the mean residence time of the labile pool of x&('3C) in the crown,
the reciprocal of rate constant of the decrease in x£('3C). U'3C, the total amount of '3C in leaves at time O, is the sum of C and Cg multiplied by the
leaf C content and the leaf biomass. U'3C/1 is the initial rate of '3C disappearance. Values are means and their standard errors for three trees per treat-
ment. Effects of K fertilization (F), throughfall exclusion (T) and their interaction were tested using a non-parametric two-way analysis of variance based

on the ranks (P-values are shown).

biomass (R? = 0.80) and CO, uptake by the crown (R? = 0.88).
The difference in the amount of '3C uptake reflected thus the

2.0

F T G (%) Cs (%) T (h) UC (9) U/t (gh™)
+K +W 0.23+£0.02 0.05£0.01 213 51x04 0.27 £0.08
+K -W 0.23+0.02 0.05+0.00 24 +1 3.7+0.6 0.15+0.02
K +W 0.12+0.02 0.04 £0.01 28+8 20+0.6 0.08 £0.03
-K -W 0.13£0.01 0.06 £0.01 31£3 1.2£0.1 0.04 £0.00
F effect 0.004 0.94 0.20 0.004 0.006
T effect 0.81 0.34 0.15 0.34 0.34
FxT 0.81 0.69 0.52 0.87 0.74
negligible losses by respiration and negligible transfer to the @) 8o [
other tree compartments during the short labelling period. This 0 —— K+ W
assumption was supported by the lack of '3C enrichment in ;(3 -k--+K-W
inner bark extracts sampled 30 min after labelling at the base E; 60 1 —O0—-K+W
of the crown on two trees (data not shown). U'3C ranged from 3 A=K — W
1.0 to 6.5 g, depending on the tree with a strong fertilization ] 4.0
effect (Table 3). This amount was strongly correlated with leaf ;

3

2

£

difference in crown size and activity among trees that were
mainly related to the effect of K fertilization. The initial rate of
13C disappearance from the foliage, approximated by dividing
U'3C by 1, was significantly higher in +K than in —K trees,
whereas the decrease due to throughfall exclusion was not
significant.

3C in excess in phloem sap

Although time series of xE('3C) in inner bark extracts did not
exhibit clear treatment-specific patterns, the main result for all
trees was a drop in xF('3C) in inner bark extracts at the bottom
of the trunk, with values on average 10 times lower at the bot-
tom of the trunk than at the base of the crown (Figure 5). The
significant interaction between K fertilization and sampling posi-
tion (Table 2) highlighted lower xE('3C) values in inner bark
extracts of +K trees than —K trees at the base of the crown. The
increase in xF('3C) was faster at the base of the crown than at
the bottom of the trunk, whereas xE('3C) did not show any
decrease during the 7-day survey except for +K +W trees.

Velocity of C transfer in the trunk

The velocity of C transfer in the trunk (V,), estimated from the
difference in time lags of recovery of '3C in trunk respiration
between chambers located at the base of the crown and at the
bottom of the trunk, was two times higher in +K trees than in —K
trees, with no significant effect of throughfall exclusion (Table 4).
The bark area (Ag) of +K trees was higher than that of —K ones
(Table 1). Thus, when V- was multiplied by Ag, the difference
between +K and —K trees was more pronounced (Table 4).

0.0

~

Inner bark extract xE('3C) (%)

Day after labelling

Figure 5. Time courses of xE('3C), the '3C in excess, after pulse labelling
in inner bark extracts collected at (a) the base of the crown and (b) the
base of the trunk (closed symbols: +K, open symbols: —K, circles: +W
and triangles: —W). Vertical bars are standard errors of the mean of three
trees per treatment.

Interestingly, when V. or V- X Ag was plotted against crown CO,
uptake (Figure 6), the correlation was strong when the tree from
the +K -W treatment labelled in August was excluded. The time
course of cross-sectional growth suggested that, for this tree,
the water stress at the labelling date was much higher than that
for all the other labelled trees (Figure 3b). This pattern was con-
firmed by midday leaf water potentials at the labelling date that
ranged from —1.2 to —1.7 MPa for all the trees, except a value of
—2.2 MPa for this tree.
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Table 4. Velocity of C transfer in the trunk (V) and V. multiplied by bark
area (VX Ag). Values are means and their standard errors for three trees
per treatment. Effects of K fertilization (F), throughfall exclusion (T) and
their interaction were tested using a non-parametric two-way analysis of
variance based on the ranks (P-values are shown).

Potassium, throughfall exclusion and phloem transport 15

Table 5. Sieve tube density, sieve tube cross-sectional area (means and
their standard errors for 53—75 sieve tubes) and sieve tube cross-
sectional area relative to bark area for only one tree in each combination
of K fertilization (F) and throughfall exclusion (T) treatment, except for
—K+W where two trees were sampled.

F T Ve (mh) Ve X Ag (dm3 h™1)
+K +W 0.71 £0.09 1.26+0.14
+K -W 0.58+0.14 0.72+£0.18
—K +W 0.33+0.07 0.28 £ 0.06
—K -W 0.31+£0.02 0.20+0.03
F effect 0.02 0.004
T effect 0.42 0.34
FxT 0.87 0.87
(a) 10
R2=0.90
08
= 06t
=
£
o 04
02
0.0
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Figure 6. Relationship between net crown CO, uptake (crown U) and (a)
the velocity of phloem transfer in the trunk (V) and (b) Vi multiplied by
bark cross-sectional area (Ag). Closed symbols: +K, open symbols: —K,
circles: +W and triangles: —W. The lines are the linear regressions (with
R?-values) when the +K —\W tree labelled in August is omitted (dotted circle).

Based on samples collected on only one tree per treatment
(two trees in =K +W), the relative area of phloem element from
cambium to the outer bark was 1-2% of the total inner bark area.
The cross-sectional area of the sieve tubes was higher in +K trees
than in —K ones, and the density of the sieve tubes was higher in
+W trees than in —W ones (Table 5). The similarity between the
two —K +W trees suggested a rather low variability between trees.

Time lag in root respiration

The additional time needed for labelled C to be recovered in root
respiration after reaching the base of the trunk increased with

F T Sieve tube Sieve tube Relative sieve tube
density cross-sectional cross-sectional
(mm~2) area (Um?) area (%)
+K +W 33 612+ 34 2.1
+K -W 25 571+ 24 1.4
-K +W 29 426+ 23 1.3
30 422 £43 1.3
—K -W 21 423 +23 0.9
25
= R?2=0.45 A
E 20+ e
X
c
>
= 15 A
1
(S
g 1.0
S
(7]
a 05 ?
] 44
0.0
-6 0 6 12 18 24 30

Lag in root (h)

Figure 7. Lag between the onsets of the recovery of the label in the
respiratory efflux at the base of the trunk (extrapolated) and in roots in
relation to the distance from the trunk. Closed symbols: +K, open sym-
bols: —K, circles: +W and triangles: —W. The line is the linear regression
(with R?-value).

the distance from the trunk (R?=0.45; P <0.001; Figure 7).
When this distance was accounted for in a covariance analysis,
the time lag in root was lower in K-fertilized trees (P=0.015)
and higher under throughfall exclusion (P=0.021). Values
close to zero or even negative values were observed for cham-
bers in the vicinity of the trunk in +K+W trees, reflecting the lack
of precision in our calculation of lag differences over short dis-
tances when V.- was high. Although the velocity of C transfer in
root can hardly be estimated from these data, the time required
for C to run over 2 m of roots was on average three times more
than that for the same distance in trunks, and thus, the velocity
was three times lower.

Discussion

Uptake and fate of C in eucalypt foliage

Regardless of the treatment, the amount of '3C that was
taken up by the crown and recovered in leaves just after label-
ling was the highest in the upper part of the crown, which
contained on average 46% of the total assimilated '3C, and
the lowest in the bottom part of the crown, which contained
only 13% of the total assimilated '3C. But interestingly, and in
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contrast to the leaves in the upper part of the crown, the
maximum xE(3C) values in leaves of the bottom part of the
crown, and to a lesser extent in leaves of the middle part,
were not reached immediately after labelling but few hours
later. This suggests that leaves at the base of the crown
import C that has been assimilated by leaves from the upper
part for sustaining part of their energetic demand. Vertical
gradients of leaf CO, assimilation are common in tree canopy.
In addition to the decrease in light availability with depth in
the crown, a decrease in the light-saturated photosynthetic
rate occurs and is often related to gradients in SLA and area-
based leaf nitrogen content (Ellsworth and Reich 1993,
Niinemets et al. 1998), which also account for a decrease in
the leaf respiration rate with depth in the crown (Lusk and
Reich 2000, Meir et al. 2002, Weerasinghe et al. 2014).
However, within-crown vertical variations in SLA are generally
small in fast-growing eucalypt trees, much smaller than those
between co-occurring small and tall trees (Nouvellon et al.
2010). Owing to the fast vertical growth of these species, it
was postulated that leaves found at the bottom of the crown
were produced several months before in the upper part of the
crown, which can explain the lack of morphological acclima-
tion to the low light condition that prevails deep in the canopy
(Nouvellon et al. 2010, Niinemets et al. 2015). Thus, our
results suggest that old leaves at the bottom of the crown
may become unable to fully fulfil their own energetic require-
ment at least during some parts of the day when most of the
light is intercepted by the upper leaves. The fact that the
position of leaves changes rapidly in fast-growing trees, and
thus their light status, is probably a major constraint on leaf
lifespan (Ackerly 1999).

Crown CO, uptake did not differ between the two water sup-
ply regimes. This is consistent with the lack of effect of through-
fall exclusion on stomatal conductance until end of August in
2012 (Battie-Laclau et al. 2014b), which was expected
because of the deep rooting pattern of this species (Christina
etal. 2011, Laclau et al. 2013) and the large amounts of water
stored in deep soil layers.

The positive effects of K fertilization (+K treatments) on tree
growth, crown CO, uptake and the amount of '3C in excess
recovered in leaves just after labelling are in agreement with
former results on a nearby stand, showing that K fertilization
increases gross primary production (GPP) and the fraction of
GPP allocated to stem wood production (Epron et al. 2012b).
Although variations of crown CO, uptake among trees were con-
sistent with differences in the total leaf area, K fertilization also
enhanced crown CO, uptake per unit leaf area by 36% across
the two water regimes, but to a lesser extent compared with the
2.5 times higher leaf CO, assimilation at saturating irradiance
measured by leaf gas exchange on nearby trees (Battie-Laclau
et al. 2014a), which may reflect higher self-shading of leaves
within larger tree crowns.

The mean residence time of labelled C in the foliage was
short (21-31 h) as commonly observed (Hogberg et al. 2008,
Epron et al. 2012a, Warren et al. 2012), slightly shorter in
K-fertilized than in K-deficient trees. Because the amount of 3C
in the crown immediately after labelling, and especially in the
labile pool, was higher in K-fertilized trees, the initial rate of '3C
disappearance from the foliage was thus also higher. The disap-
pearance of the labelled C from the foliage was due both to its
use to fuel foliage respiration and to its translocation to the other
tree compartments. Although the partitioning between these two
processes is unknown, a higher amount of C is expected to be
exported from the leaf mesophyll in K-fertilized trees than in
K-deficient trees. The lower initial xE('3C) in inner bark extracts
of +K trees than —K trees at the base of the crown may reflect a
high sink strength of young, rapidly expanding leaves, which is
consistent with a higher osmotically driven rate of leaf expan-
sion in +K than in —K trees (Battie-Laclau et al. 2013).

Phloem transport and K supply

The velocity of C transfer in the trunk was about two times
higher in K-fertilized trees than in K-deficient trees. This is con-
sistent with a lower, yet not significant, mean residence time in
the foliage. This is also consistent with observations made
decades ago on sugarcane (Hartt 1969), tomato plant (Mengel
and Viro 1974) and castor oil plant (Mengel and Haeder 1977).
Potassium ions may affect the rate of phloem loading by promot-
ing the efflux of assimilates into the apoplast prior to loading
(Mengel and Haeder 1977, Doman and Geiger 1979). Although
a symplastic loading mechanism has been postulated for Euca-
lyptus globulus Labill. (Merchant et al. 2010), there is no indica-
tion whether E. grandis is an apoplastic or a symplastic loader,
but it has been suggested that passive loading is the major
mechanism for tree species (Rennie and Turgeon 2009).

The fact that the linear relationship between crown CO,
uptake and V. or V. x Ag did not differ between +K and —K trees
suggests that the low V. in —K trees is mainly the consequence
of a lower source activity (Figure 6). In addition, the observed
growth stimulation by K fertilization may also stimulate sink
strength, contributing to the high V. observed in +K trees.
According to the classic Miinch hypothesis, the turgor difference
resulting from the loading of soluble sugars in the sieve tubes of
source leaves and their unloading from the sieve tubes in sink
organs drives the flow of solutes in the phloem (Van Bel 2003).
However, the rate of transfer is controlled by the resistance to
the flow, which mainly depends on the phloem anatomy and on
the viscosity of the phloem content (Knoblauch and Peters
2010).

There was no difference in sugar concentration in the phloem
sap of nearby trees across fertilization treatments (Battie-Laclau
et al. 2014b). The concentration (21% w/v, on average) is
close to the optimal concentration for sugar transport in plants
(Jensen et al. 2013), which suggests that a difference in phloem
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sap viscosity between —K and +K trees is unlikely to account for
the difference in velocity. Lang (1983) hypothesized that K
could significantly enhance the driving force for transport by
increasing the turgor gradient without increasing the viscosity of
the phloem sap. Holtté et al. (2009) demonstrated theoretically
that the maximum transport rate was limited by the sap viscosity
and that this viscosity problem may be limited by using other
solutes such as K, which would increase the turgor pressure
gradient by the same amount as was the fraction of K in the
phloem sap. Potassium fertilization led to a twofold increase in K
concentration in phloem sap in nearby trees (Battie-Laclau et al.
2014b). However, these absolute K concentrations (12—
25 mM) are several times lower than those for willow (50—
300 mM, Grange and Peel 1978) or castor bean (60—90 mM,
Vreugdenhil 1985), and the effect of K on the driving force
depends on the relative contribution of K and its balancing
anions to the total osmotic potential of the phloem sap
(Thompson and Holbrook 2003a). In our case (Battie-Laclau
et al. 2014b), K contributes marginally to the total osmotic
potential of the phloem sap (12-25 mM compared with 21%
w/v for total soluble sugars), which suggests that the higher
phloem K concentration contributes only marginally to the higher
velocity we observed in +K compared with —K trees.

Based on our observations made on only one tree per treat-
ment, a higher resistance to sap transport is expected in the
phloem of —K trees due to a lower cross-sectional area of their
sieve tubes (Table 5). According to the Hagen—Poiseuille
equation, the resistance is a function of the diameter of the
sieve element at the power of —4. A one-third increase in sieve
element cross-sectional area in response to K fertilization may
thus decrease the resistance by a factor of 2 and thus increase
the velocity by the same factor. The resistance does not only
depend on the sieve tube dimension; part of the resistance is
related to the anatomy of the sieve plate, including the num-
ber of sieve pores per sieve plate, the radius of sieve pores
and the thickness of the plate (Sheehy et al. 1995, Thompson
and Holbrook 2003a). However, the lumen resistance scaled
with the end wall resistance across tree species, and both
contribute almost equally to the total resistance (Jensen et al.
2012b, Liesche et al. 2015). The effect of environmental fac-
tors, and especially of K availability, on the anatomy of the
sieve plate remains largely unexplored (Thompson 2006), but
the sieve tube anatomy would probably better explain the dif-
ference in velocity than did differences in phloem sap compo-
sition and viscosity.

Regardless of the mechanism that accounts for the low V. in
—K trees, it cannot be ruled out that the increase in leaf sugar
concentration may partly account for the low rate of leaf photo-
synthesis observed in —K trees (Battie-Laclau et al. 2014a) and
thus that the inhibition of photosynthesis in K-deficient trees
may be more the consequence than the cause of a low rate of
phloem transport (Lemoine et al. 2013).
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Impact of throughfall exclusion on phloem transport

There is much experimental evidence from tree seedlings that
the exportation of labelled substrates from source leaves can
be affected by water stress (Deng et al. 1990a, 1990b, Ruehr
et al. 2009). In our study, the depressive effects of throughfall
exclusion on the disappearance rate of the labelled C from the
foliage and the velocity of C transfer in the trunk were not sig-
nificant. Throughfall exclusion did not expose the trees labelled
in June to marked water stress (predawn water potential was at
—0.33 MPa for trees labelled in June in the —W treatments).
Such a lack of mild drought effect on phloem transport has
already been reported in beech trees (Dannoura et al. 2011).
Although, on average, the velocity of C transfer in the trunk was
not significantly lower in =W than in +W trees, the value recorded
for the +K—W tree labelled in August was half (0.33 m h~") of
that recorded for +K —W trees labelled in June (0.71 m h=' on
average).

The volumetric flux of phloem sap (Jc), which is the product
of the velocity of C transfer and the cross-sectional area of all
sieve tubes, is determined at steady state by the time-integrated
crown net CO, uptake divided by the phloem sap concentration
(Holtta et al. 2009). The fact that the +K —W tree labelled in
August was a clear outlier of the relation between crown CO,
uptake and V- or V- X Ag (Figure 6) may indicate higher concen-
tration of sucrose in the phloem sap, and thus an increase in sap
viscosity that would have decreased the velocity. A rise in
phloem sap sucrose concentration was indeed observed in
August in the +K W trees of our experiment (Battie-Laclau et al.
2014b), as observed for other fast-growing eucalypt species in
response to drought (Pate et al. 1998, Cernusak et al. 2003).
The +K =W tree labelled in August is the one that exhibited the
lowest midday leaf water potential (—2.2 MPa), which confirms
that the water stress was higher than that for the other labelled
trees. Having additional data from trees experiencing a stronger
water deficiency would, however, be required to back up these
trends.

Because the xylem tissue is the source of water for the
phloem tissue, assimilate transport in the phloem requires that
the osmotic pressure at the phloem loading sites exceeds the
drop in leaf water potential between soil and leaves due to tran-
spiration (Nikinmaa et al. 2013, Sevanto 2014). Thus, low
xylem water potential implies high osmotic pressure in the sieve
tubes to attract water from the xylem, and this could be achieved
by an increase in solute concentration. An increase in sugar con-
centration and in viscosity with water stress was recently
reported in Douglas-fir trees (Woodruff 2014). The observed
higher phloem sap sucrose concentration (Battie-Laclau et al.
2014b) would also increase the viscosity of the phloem sap,
which would thus slow phloem transport down (Holtta et al.
2006).

It has been suggested that solutes such as K could increase
the osmotic pressure of the phloem without increasing its
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viscosity (Talbott and Zeiger 1996). However, Battie-Laclau et al.
(2014b) showed at our study site that the concentration of Kin
the phloem sap was not influenced by throughfall exclusion,
which is also consistent with the lack of interaction between K
fertilization and throughfall exclusion in our experiment.

The fate of assimilated C in the phloem sap

The velocity of C transfer in the trunk ranged between 0.20
and 0.82 m h~" among trees across the four treatments, which
is a typical range reported for broad-leaved trees using the
same approach (Dannoura et al. 2011, Epron et al. 2012a).
There is still an active debate whether or not the phloem-
specific conductivity and the turgor pressure differences that
are commonly observed in trees can account for such a high
velocity (Sevanto et al. 2003, Minchin and Lacointe 2005,
Jensen et al. 2012a, Ryan and Asao 2014). It has been theo-
retically demonstrated that short sieve tubes in series would
transport sap at a much higher velocity than a single long tube
(Thompson and Holbrook 2003a, 2003b), supporting the
‘relay hypothesis’ introduced by Lang (1979) that assimilates
are transferred from one short tube to the next one, being lost
and retrieved. However, there is no experimental or anatomical
evidence supporting the existence of isolated phloem seg-
ments (Murphy and Aikman 1989). Alternatively, a ‘leakage-
retrieval mechanism’ may take place at the sieve plates along
long sieve tubes (Van Bel 2003, De Schepper et al. 2013b).
There is, indeed, evidence that assimilates are downloaded
along the phloem pathway. This is at least needed to supply
radial growth, storage and maintenance of branches, trunks
and roots. However, the reloading step has been documented
less (Minchin et al. 1983, Minchin and Thorpe 1987, De
Schepper et al. 2013a), and its role in supporting a rapid
translocation in the phloem is more controversial (Jensen et al.
2012a). As far as we know, the reloading of carbohydrate
along the phloem pathway has not yet been experimentally
demonstrated in field-grown trees where it is more likely to
occur owing to the length of the phloem path. Our result
showed that 10 times less '3C in excess was recovered in inner
bark extracts at the bottom of the trunk when compared with
the base of the crown. Because xF('3C) is the amount of 3C in
excess divided by the total amount of C, this decrease sug-
gests that a large part of the labelled assimilates has been
exported out of the phloem and at least partly replaced by
unlabelled soluble C containing molecules. This pattern is in
agreement with the leakage-retrieval mechanism, even though
further research at the scale of phloem tubes is needed to fully
demonstrate it and to estimate how much of the lost C is
reloaded into the phloem. Owing to the suspected role of K in
the reloading of sucrose leaking from the phloem (Gajdanowicz
et al. 201 1), the low V¢ in K-deficient trees may also result
from a less efficient reloading mechanism if K channels are
acting along the phloem pathways.

Conclusion

Potassium supply affects the long-distance transport of photo-
synthetic C in the phloem of field-grown eucalypt trees,
increasing the velocity of C transfer by a factor of 2, but no
clear interaction between K fertilization and drought was
observed. Potassium probably has a little contribution to the
turgor gradient that is driving the flow of solutes in the phloem
and may not contribute to limit an increase in phloem sap vis-
cosity under drought. However, K supply may affect the resis-
tance to the flow of phloem sap through its impact on phloem
anatomy. Owing to the growing evidence that the maintenance
of phloem transport may play a central role in tree survival
under drought, two major points deserve further attention: (i)
how are the sieve tube and the sieve plate anatomy modulated
by growth conditions such as tree nutrition and drought and
how it affects phloem transport? (ii) Do sugar unloading and
reloading occur along the phloem tubes, does K contribute to
the efficiency of this leakage-retrieval mechanism and does
this mechanism counterbalance the drought-induced change in
phloem turgor pressure and avoid phloem failure related to
viscosity build-up?
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