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Abstract

Background and aims Belowground carbon (C),
nitrogen (N) and phosphorus (P) inputs by plants via
roots and rhizodeposition are key drivers of these ele-
ments cycling in soils. Tracing and quantification of
rhizodeposition using isotope enrichment techniques
is based on assumptions that have not simultaneously
been tested for C, N and P. Our objectives were: (i)
to compare the elemental and isotopic composition
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(IC) of roots and soluble rhizodeposits for C, N and
P; and (ii) to compare the IC of root segments of dif-
ferent ages to assess the homogeneity of root system
labeling.

Methods The legume Canavalia brasiliensis was
grown in sand and labeled with '*C, N and **P by
using a novel tri-isotope method in two different
experiments lasting two (percolate collection) and
three weeks (root observation) after labeling.

Results Soluble rhizodeposits were less isotope
enriched than roots at each time point, and each
element showed a different course over time. The
BC:BN and *C:¥P ratios of rhizodeposits were
higher shortly after labeling than at later samplings,
highlighting faster transfer of '*C than >N and **P
into rhizodeposits. Phosphorus fertilizer increased the
difference between IC of P in roots and rhizodepos-
its. Youngest root segments were more isotopically
enriched than older segments, again with element
specific time course, showing that root segments of
different ages differ in IC.

Conclusion Assumptions underlying the quanti-
fication of rhizodeposition are not met. Temporal
and spatial differences in IC of roots and soluble
rhizodeposits are element specific, which needs to be
considered in stoichiometric studies.

Keywords Legume - Tri-isotope plant labeling -

Rhizodeposition - Root exudation - C:N:P
stoichiometry

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-025-07205-z&domain=pdf
http://orcid.org/0000-0002-5416-986X
https://doi.org/10.1007/s11104-025-07205-z
https://doi.org/10.1007/s11104-025-07205-z

650

Plant Soil (2025) 513:649-671

Introduction

Belowground plant carbon (C), nitrogen (N) and
phosphorus (P) inputs via roots and root-derived
organic matter are a major source of soil organic mat-
ter and affect the availability of nutrients and their
cycling in the soil (Cotrufo et al. 2019). Growing
plants release a variety of organic materials through
their root system such as lysates of sloughed-off
cells and root debris and root exudates from intact
root cells including diffusates, secretions and excre-
tions (Neumann 2007; Obuger and Jones, 2018). The
release of compounds from living plant roots, which
includes ions and volatile compounds, has been
termed rhizodeposition (Uren 2007). Belowground C
input to soil largely affects soil C dynamics in agro-
ecosystems (Keel et al. 2017) and may account for
30-90% of total organic C inputs to agricultural soils
(Kitterer et al. 2011). Carbon from rhizodeposition
may reside in soil considerably longer than C derived
from aboveground crop residues and organic soil
amendments (Rasse et al. 2005; Zhang et al. 2015).
In the case of legumes, 15-30% of total assimilated
plant N might end up as rhizodeposition (Mahieu
et al. 2007; Hammelehle et al. 2018). While C and
N rhizodeposition have been widely studied (Fustec
et al. 2010; Kuzyakov and Schneckenberger 2004;
Wichern et al. 2008), less is known about P release
from roots (McLaughlin et al. 1987; Foyjunnessa
et al. 2015).

Rhizodeposition is affected by abiotic and biotic
factors, which influence the amount and elemental
composition of compounds released by roots (Dakora
and Phillips 2002; Jones et al. 2004; Nguyen 2009),
and which in turn may affect the fate of rhizodepo-
sition in the soil-plant system. Elemental relation-
ships and their implications are the core of ecologi-
cal stoichiometry, which has been defined by Sterner
and Elser (2002) as “the balance of multiple chemical
substances in ecological interactions and processes,
or the study of this balance”. The elements most often
considered in ecological stoichiometry are C, N and
P (Frossard et al. 2016). The C:N and C:P ratios of
belowground inputs affect the rate of C incorpora-
tion in soils and change the levels of N and P avail-
able for the growth of plants and microorganisms
in soils (Zechmeister-Boltenstern et al. 2015). For
instance, P fertilization to a plant available P-limited
tropical soil may affect root growth, root exudation
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and mycorrhizal association, directly influencing the
quantity and composition of rhizodeposition (Rao
et al. 1996; Lynch 2019; Chen et al. 2023). Therefore,
a multi-element approach is needed for simultane-
ously studying C, N and P in rhizodeposition.

The fate of rhizodeposition in the soil-plant sys-
tem can be studied with stable and radioisotope plant
labeling techniques (Wichern et al. 2008; Fustec
et al. 2010; Zang et al. 2015; Foyjunnessa et al. 2018;
Kuzyakov and Domanski 2000). Labeling of carbon
belowground inputs can be done by exposing plants
to an isotope enriched CO, atmosphere in a labeling
chamber (Meharg 1994; Soong et al. 2014). Pulse
labeling with *C- or '*C-CO, has been largely used
to trace C compounds released from plant roots to the
soil. While continuous labeling gives more homo-
geneous labeling of the plant C pools, allowing the
study of long-term processes and fluxes, pulse labe-
ling provides information on dynamics (Studer et al.
2014) and C distribution within the plant at a specific
growth stage (Kuzyakov and Schneckenberger 2004).

In contrast to '*C labeling, °N labeling techniques
with mineral N forms usually imply plant manipu-
lation by applying (“feeding”) the >N labeled solu-
tions to different plant organs (Wichern et al. 2008;
Fustec et al. 2010). The leaf feeding and the cotton-
wick stem feeding with a solution of '>N-enriched
urea have been mostly used to determine the fate of
N within the plant-soil system (Ledgard et al. 1985;
Palta et al. 1991; Russell and Fillery 1996; McNeill
et al. 1997; Mayer et al. 2003a).

Although the P radioisotope plant labeling tech-
nique was developed in the 1960s to investigate the
distribution and extent of living roots of annual crops
(Racz et al. 1964), **P or 3P plant labeling has rarely
been used for studying rhizodeposition. Foyjunnessa
et al. (2014) adapted the P stem wick-feeding for
labeling roots of canola and lupin and quantifying
total P accumulation belowground and its transfer
to wheat as a companion species (Foyjunnessa et al.
2015, 2016). Furthermore, Foyjunnessa et al. (2018)
combined a stem feeding labeling with >N followed
by ¥P to estimate the amount and the stoichiom-
etry of belowground N and P. Finally, Stevenel et al.
(2019) presented a novel tri-isotope 3¢, PN, ¥p)
labeling approach to simultaneously study rhizodepo-
sition of C, N and P by combining >N and **P cot-
ton-wick stem feeding with >CO, pulse labeling.
However, this novel method has not yet been used to
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study how the isotopic composition (IC) of C, N and
P changes over time and space within the root sys-
tem, and during rhizodeposition. This knowledge is
essential for the application of multi-isotope labeling
approach in stoichiometric studies.

Whilst rhizodeposition is conceptually defined as
the release process from living roots (see above), it
is operationally defined by researchers as the plant
derived C, N and P remaining in the soil after separa-
tion of roots (Mayer et al. 2003a; Fustec et al. 2010).
The rhizodeposited element in soil is then quanti-
fied by dividing the IC of the soil by the IC of the
roots (Janzen and Bruinsma 1989). This calculation
is based on two important assumptions: the IC of
rhizodeposition is equal to the IC of roots (Janzen and
Bruinsma 1989), and the IC of roots is constant over
time and space (Sawatsky and Soper 1991; Jensen
1996). These assumptions have been tested for the IC
of N: Sierra et al. (2007) showed that root exudates
collected over five weeks from Gliricidia sepium
5N-labeled with leaf feeding were less enriched
than the roots. The '’N enrichment of roots changed
over time in a six-week lasting experiment after
leaf labeling of Trifolium pratense L. (Gasser et al.
2015). Assumptions underlying C isotope labeling in
rhizodeposition studies have not been systematically
tested. Pausch and Kuzyakov (2011) reported the
presence of “hotspots” with high *C activity within
the root system of Lolium perenne by labeling plants
with a single pulse of '4C-C02 suggesting a hetero-
geneous root labeling. Similarly, Rasmussen et al.
(2013) observed high variations in "’N and '*C tracer
distributions within the root system of white clover
and perennial ryegrass four days after labeling with
the leaf feeding method. To the best of our knowl-
edge, no study has investigated the homogeneity of
root labeling with 33P.

The overall aim of this study was to use a novel
tri-isotope (Bc, PN, ¥p) labeling method (Stevenel
et al. 2019) to quantify tracer distribution in the roots
and rhizodeposits of the legume Canavalia brasilien-
sis Mart. Ex. Benth (Canavalia) over several weeks
following isotope labeling. We used Canavalia, a
tropical drought tolerant and fast growing multipur-
pose legume, that may derive about 70% of its shoot
N uptake via symbiotic nitrogen fixation from the
atmosphere (Douxchamps et al. 2010). We divided
our study into two separate experiments: (i) a perco-
late collection experiment to compare the IC of roots

and soluble rhizodeposits; and (ii) a root observation
experiment to investigate tracer distributions within
the root system over time and space. In the percolate
experiment, we applied two P fertilizer doses in order
to test the tri-isotope labeling and underlying method
assumptions in the presence of a plant growth factor
known to affect root growth and rhizodeposition. We
also aimed to gain insight into root and rhizodeposi-
tion stoichiometry by comparing patterns of elemen-
tal and isotopic C:N and C:P ratios.

Material and methods

Both experiments (percolate collection, and root
observation) were conducted in a C-free substrate
under greenhouse conditions (mean temperatures
28.2/21.7 °C day/night, 12 h photoperiod). We grew
the plants in a sand model system over a few weeks
to study the rhizodeposition from plant roots with-
out mycorrhizal inoculation. Seeds of canavalia were
beforehand scarified and pre-germinated prior both
experiments.

Percolate collection experiment

The percolate experiment consisted of 48 pots planted
with one Canavalia plant each. The completely ran-
domized experimental design comprised two P fer-
tilizer doses (low, high), two labeling treatments
(labeled, non-labeled reference), three harvest dates
and four replicates. Seeds of Canavalia were sown
into plastic pots (1 seed per pot) where an aluminum
bag has been placed before filling with 1000 g of
coarse quartz sand (0.7-1.2 mm, Carlo Bernasconi
AG, Switzerland) previously washed with a 0.65 M
HCI solution, rinsed with deionized water and oven
dried at 60 °C for two days. Pots were daily weighed
and watered with deionized water to 40-50% of the
water holding capacity (WHC; 24 g water per 100 g
dry sand determined by using gravimetric method)
(Agroscope 2020) and received regularly 20 mL. N-
and P-free nutrient solution (Unkovich et al. 1994),
with the following final concentrations for macro-
nutrients (mM) MgSO,-7H,0 (4), CaCl,-2H,0 (4),
K,SO, (4), FeSO,-7TH,0O (0.1), and for micronutri-
ents (uM) H,BO; (10), MnSO,-H,0 (3.6), ZnCl,
(2), CuSO,5H,0 (0.6), Na,MoO,2H,O (0.1)
NiSO,-6H,0 (0.1) and CoSO,-7H,0 (0.1). Each plant
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was inoculated twice over the first two weeks with
Bradyrhizobium strain (CIAT 4969) freshly cultivated
in liquid media (Somasegaran and Hoben 2012).
Solution of 1 M KH,PO,/K,HPO,-3H,0 was added
every week to reach two different P fertilizer levels
until the start of the isotope labeling: 5 mg P (low)
and 28 mg P (high) per pot. Additionally, a 0.05 M
NH,NO; solution was weekly applied to all pots to
obtain a medium N level corresponding to 20 mg
N per pot. Plants were grown for 36 days and were
moved randomly each week within the greenhouse
prior to labeling.

Plants were harvested at 1, 8 and 15 days after
labeling (d.a.l). In order to determine the IC of sol-
uble rhizodeposits, we needed to make sure that we
worked without residual N or P from nutrient solu-
tion. To this end, two days before each harvest, eight
plants (four plants from low P and four from high P
supplies) were transplanted by carefully shaking off
the sand, placing the plants into a new pot filled with
sand and adding the N- and P-free nutrient solution.
Thus, the measure of the IC at 1 d.a.l corresponded
to the IC of the rhizodeposits collected between the
labeling at day O and the excavation 1 d.a.l, while for
8 and 15 d.a.]l the measured IC represented the IC of
rhizodeposits collected from 6 to 8 d.a.l, and from 13
to 15 d.a.l, respectively.

At the beginning of all three harvests, deionized
water was added to the pots, so that moisture content
in the pot reached 100% WHC. Because moisture in
pots had every day been readjusted to 50% WHC,
the volume of water required was between 120 and
190 mL. The plastic pot containing the aluminum bag
with the sand was removed, and the bag was placed
on a square PVC platform where needles are jutting
out above the surface and piercing the bag (Stevenel
et al. 2019). The platform was linked to a peristaltic
pump, and solution was pumped out between five and
ten minutes after water addition and was collected in
a 125 mL bottle. Percolation lasted approximately
five minutes to collect between 80 and 100 mL of per-
colate. Thanks to this method, percolates containing
soluble rhizodeposits could be collected without fur-
ther disturbing the root system after the earlier sand
replacement at transplanting (Stevenel et al. 2019).
Percolates were filtered (Whatman no. 42 filter paper)
to remove small particles and acidified to pH 3 using
9.8 M HCI to limit gaseous losses of ammonia and
then stored at —18 °C until analysis. Shoots were
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removed by cutting the stem just above the sand sur-
face and roots were carefully separated from the sand
by shaking and soaking in deionized water for remov-
ing adhering sand particles.

Root observation experiment

The root observation experiment consisted of 32
rhizoboxes, each planted with one canavalia plant,
and the randomized complete block design com-
prising one P level (medium), four harvest dates,
two labeling treatments (labeled, non-labeled refer-
ence) and four replicates. Rhizoboxes (L x W x H:
15 cmXx 1.5 cmx45 cm) were filled with 1400 g of
coarse sand. One canavalia seed was sown in each
rhizobox and inoculated with freshly cultivated
Bradyrhizobium (CIAT 4969). Similar to the perco-
late experiment, rhizoboxes were daily watered by
weighing and received regularly 10 mL of N-free
nutrient solution. In contrast to the pot experiment,
only one P level was selected corresponding to a
medium P fertilizer dose (11 mg P per rhizobox).
Plants were grown for 41 days after germination prior
to isotope labeling. During the entire plant growth,
the root growth was regularly recorded by tracing
the newly formed roots with permanent markers on
the rhizobox observation window with a color code
according to the age of root section (Fig. 1) (Lem-
ming et al. 2016). Plants were harvested at 1, 8, 15
and 22 d.a.l. Shoots were cut at 1 cm above the sand
surface and the rhizobox windows were carefully
opened to get access to the root system. Root seg-
ments were collected according to the recorded age
and classified as root segments grown from sowing
to one week before labeling (r<0d), within the last
week before labeling (r1w <0d) and roots developed
for 1 to 8, 9 to 15, and 16 to 22 days after labeling
(r1-8d, r9-15d and r16-22d). Additionally, roots not
visible through the rhizobox window that could not
precisely be categorized were collected, pooled and
defined as bulk roots (rb). Results with '*C enrich-
ment (Fig. 6a) have already been reported before (Ste-
venel et al. 2019) but these are included again in this
study for comparison.

Tri-isotope labeling

The same labeling procedure was applied to the per-
colate collection and root observation experiments.
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Fig. 1 Tracking of root development and distribution in sand
during whole plant growth in the root observation experiment.
Root system developed from sowing to one week before labe-
ling (r<0d, black line), within the last week before labeling
(rlw <0d, red line) and roots developed between 1 and 8§ d.a.l

Firstly, a 1*CO, single pulse labeling was applied to
the canavalia shoots (Bromand et al. 2001). There-
fore, plants were enclosed in a transparent airtight
Plexiglas® chamber (120 cmXx 100 cmXx90 cm)
equipped with fans for air mixing and with ice packs
for keeping temperature between 26 °C and 28 °C.
The monitoring of total CO, and H,O concentra-
tions within the labeling chamber was done online
with an infrared gas analyzer (LI-840A, LI-COR®,
USA). The CO, concentration in the chamber was
lowered to 300 uL L~! with a CO, trap composed of
soda lime enclosed in a cylinder. Then a pulse of 99
atom% 13CO2 (Euriso-Top®, France) was injected
up to a concentration of 750 uL L~! and plants were
kept approximately 3.5 h in the chamber until the
CO, level fell to 300 uL L~!. At the end of the labe-
ling, the chamber was flushed by opening its door and
plants were removed from it. To avoid any cross con-
tamination of '*C released by respiration from labeled
plants, we grew labeled and non-labeled plants in

22d.al

(r1-8d, green line), 9 and 15 d.a.l (r9-15d, blue line) and 16 and
22 days after labeling (d.a.l) (r16-22d, dotted red line). Figure 1
22 d.a.l is adapted from Stevenel et al. (2019) and is licensed by
Springer Nature Customer Service Center GmbH. Figure 1 22
d.a.l is not part of the open access content of this article

separate greenhouses under the same growth condi-
tions. In both experiments, non-labeled plants were
used as reference samples in order to calculate atom%
excess values.

On the day after the 'C pulse labeling, each
13C -labeled plant was also labeled with a solu-
tion of '’N-urea and carrier free **PO, using the
cotton-wick stem feeding technique described
by Russell and Fillery (1996a). Briefly, a hole (&
0.5 mm) was drilled through the stem of the plant
approximately 3 cm above ground and a thick cot-
ton wick was passed through the hole using a fine
needle. Then, the wick ends were passed through
the perforated lid of a 1.5 mL vial that contained
0.6 mL of labeled solution composed of 0.1% (w/v)
5N-urea (99 atom % 5N, Sigma-Aldrich Chemie
GmgH, Steinheim, Germany) and a total 3P activ-
ity of 450 kBq with carrier-free 3*P-orthophosphate
(Hartmann Analytic, Braunschweig, Germany).
The wick parts in contact with air were protected
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by flexible silicon tubes sealed against the stem
with Terostat-IX® putty (Teroson, Henkel, Ger-
many) to prevent evaporative losses of labeled
solution and contamination. The total uptake of
labeled solution by the plants was completed after
12-24 h and once the vial was empty, 1 mL of
deionized water was added to rinse the vial and
cotton wick to maximize the uptake of the °N and
33P labeled solution. Then the vial and cotton wick
were removed from all plants. To have representa-
tive controls, the same method was applied to the
NL plants by replacing the 0.6 mL of labeled solu-
tion with deionized water.

Sampling and analytical methods

Plant samples (i.e. shoots and roots) of both experi-
ments were dried at 60 °C for 48 h, weighed for dry
matter (DM) determination and ground to a fine pow-
der using a centrifugal mill (ZM 200, Retsch, Ger-
many) and a ball mill (MM 200, Retsch, Germany)
for shoots and roots, respectively. Root samples from
the rhizobox experiment were manually powdered
using a ceramic mortar to minimize losses. Total P
was determined by ashing 0.2 g of DM at 550 °C
for 4 h, dissolving the ash in 2 mL of 15 M HNO;
and adjusting the volume to 50 mL with deionized
water (Nanzer et al. 2014). The P concentration in
the extract was then determined colorimetrically by
using a malachite green method (Van Veldhoven and
Mannaerts 1987). The **P beta-emission in the plant
extracts and percolates were measured by liquid
scintillation counting (TRI-CARB 2500 TR, Liquid
scintillation analyzer, Packard Instruments, Meriden,
CT, USA). The counts were corrected for radioactive
decay and referred to the starting date of the labe-
ling procedure. Plant N, C, >N/'N and *C/'2C were
determined by EA-IRMS (Vario PYRO cube, Ele-
mentar, Germany and IsoPrime100 IRMS, Isoprime,
United Kingdom). Percolates were analyzed for total
organic C and total N concentrations using a TOC/
TN analyzer (Shimadzu, Japan) (Supplementary
material, Table S1). Total P was determined by a
colorimetric method after digestion in 2.5 M H,SO,
and 0.2 M K-persulfate (Tiessen and Moir 1993). An
aliquot of each percolate sample was also analyzed
for 1N/MN and '3C/'?C determination using the EA-
IRMS coupled with a liquid sampler.
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Calculations and statistics

The >N and '3C data were expressed as the atom%
5N excess and atom% '3C excess, respectively, which
is the difference between the IC (N/('>N + *N) and
Bc/(3C +120), respectively) of the labeled plant and
the non-labeled plant (control):

Atom% X excess = atom% Xiypeted plant — 20M% Xonirol plant

ey
where X corresponds to >N or 1*C. This formula also
applies to the percolate calculations.

The radioactivity (¥P) was calculated back to the
beginning of the experiment to correct for radioac-
tive decay and expressed as kBq using the following
equation:

-0.693t

R,=R /e 2

where R, is the initial radioactivity of *°P, R, is the
radioactivity at counting day, t is time (days) between
the counting day and the day of application and T,
is the half-life time of 3P (25.34 days). All activities
are presented as the specific activities (SA, in kBg/mg
P) and calculated by dividing the activity measured in
a pool (i.e. shoot, roots or percolate, in kBq) with the
total P content of this pool (mg P):

3P activity

SA (kBq/mg P) = 3)

Total P content
In the root observation experiment, the IC of the
total root system was calculated by the weighted
arithmetic mean of all root segments using the fol-
lowing equation:
n
Zio WiX;

atom%"3C eXCeSS;oots = ——m W “
21:1 i

where w; is the C content and x; the atom% '*C
excess of a given root segment, with 1 denoting the
root segment of r<0d. The same relation was used
for N by using root N and the atom% °N excess, and
for P by using root P content and the specific activity.

The recoveries of >N and **P tracer in shoot
and roots were calculated by relating the recov-
ered amount of tracer and the total amount of tracer
applied to the plant (Gasser et al. 2015). Despite
the amount of *C supplied to the fumigation cham-
ber was known, the exact '*C amount assimilated by
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the plant was unknown. Therefore, only relative 1*C
recoveries were calculated by relating the amount of
13C in a compartment and the total amount of '3C
recovered in the entire plant (i.e. in shoot and roots).
The C:N, C:P, 13C:N and 3C:**P ratios of roots and
percolates were obtained by relating the mass of C (or
1C) to the mass of N (or '°N) and P (or **P). Mass (m)
of **P was calculated by using the following formula:

M*A*T,,

3p _
m P Mme) = 50603

*1000 4)
where M is the atomic weight (i.e. 33), A the activity
in Bq, T,,, the half-life time of 3P in s and N, the
Avogadro constant in mol ™.

The effects of P level, plant part (i.e. shoot vs. root)
and time after labeling on plant dry matter, C and P
concentrations, C:N and C:P ratios, tracer recoveries
and 13C, 1N and **P enrichments of plants and perco-
lates were evaluated by factorial analysis of variance

Table 1 Dry matter (DM), nitrogen (N) and phosphorus (P)
concentrations, C:N and C:P mass ratios of shoot and roots of
canavalia grown at two different levels of P dose and from two

(ANOVA) followed by multi comparison post-hoc
test using Tukey Honest Significant Differences test
(HSD-test) using SigmaPlot ver.13.0 (Systat Software
GmbH, Erkrath, Germany). The normal distribution
test (Shapiro—-Wilk) and homogeneity of variances
test (Brown-Forsythe) were performed beforehand.
Significant differences were determined at a=0.05.

Results

Percolate collection experiment

Plant dry matter and N and P concentra-
tions Both root and shoot biomass significantly
increased over the two weeks after labeling for both
P levels, from 1.8 g to around 2.8 g for shoot and
from 0.5 g up to 0.7 g for roots (Table 1). Phosphorus

different harvests at 1 and 15 days after labeling (d.a.l.) in the
percolate collection experiment

Plant part P level Harvest (d.a.l) Dry matter Concentration (g/kg C:N C:P
® DM)
N P
shoot low P 1 1.87% 17.5% 1.66% 23% 247%
15 2.68° 24.9° 1.39° 17° 299°
high P 1 1.84% 20.7% 4.75% 21? 87%
15 2.93° 23.5% 4.30° 21? 98
Significance level (p):
P level ns ns ok ns ok
harvest HkE * ns * ns
P level x harvest ns ns ns ns *
roots low P 1 0.49* 22.0% 2.28% 17¢ 169?
15 0.57° 30.6° 2.49° 14° 171*
high P 1 0.55% 26.0* 8.67% 15% 46°
15 0.74° 28.6° 6.10° 15° 73°
Significance level (p):
P level * ns ok ns ook
harvest ok * ns ns ns

P level x harvest
plant part x harvest
plant part x P level

plant part x harvest x P level

ns

ns

skokosk

ns

ns

ns

ns

ns

ns
%k

ns

ns

ns

ns

ns

ns

ns

ns

seoksk

ks

ns: not significant, *p <0.05, **p <0.01, ***p <0.001. Different lower-case letters within columns denote significant differences at

p<0.05 across time points within P levels

@ Springer



656

Plant Soil (2025) 513:649-671

fertilization did not affect shoot biomass but a higher
P fertilizer dose increased by 30% 15 d.a.l root dry
matter compared to lower P dose (p<0.05). There
was no difference between 1 and 15 d.a.l in N concen-
tration of roots and shoots at high P dose, while both
plant parts showed a significantly higher N concentra-
tion (+42% in shoot and+39% in roots) at 15 d.a.l
compared to 1 d.a.l in the low P dose (Table 1). Con-
sequently, N uptake increased over time in both shoot
and roots for both low P (32.6 to 66.5 mg N in shoot,
10.8 to 17.5 mg N in roots) and high P dose (37.4 to
67.5 mg N in shoot, 14.1 to 21.8 mg N in roots) (data
not shown). The C:N ratios ranged from 14 to 17 in
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Fig. 2 (a) ¥*P and (b) "N tracer recoveries within the plants
related to the total amount of tracer applied to the plant, and
(c) 3C tracer recoveries as relative distribution recovered in
the plant parts (recoveries in shoot plus root=100%) in the
percolate collection experiment 1, 8 and 15 days after labeling
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roots and were slightly higher in shoots, 17 to 23,
than roots. Significantly (p <0.001) higher P concen-
trations were observed at high P dose in both shoot
and roots. Total plant P uptake slightly increased over
time at low P (4.2 to 5.1 mg P) and high P dose (13.6
to 17.0 mg P). Accordingly, C:P ratios in shoot and
roots were lower under high P than under low P dose
and increased with time in both, shoot and roots.

Isotopic tracer recoveries within the plant Total
recoveries in the plant (i.e. in roots and shoot) were
97-108% of applied >*P and 72-88% of applied °N
(Fig. 2). Both tracers were mostly recovered in shoots
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(d.a.]). The 33P radioactivity recovered in “wick” represents the
average of the activity measured in six labeling devices. Differ-
ent letters denote significant differences at p <0.05 across time
points within a same plant part. Error bars represent the stand-
ard deviation (n=4)
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with more than 75% for >*P and 65% for °N, while
recoveries in roots did not exceed 16% for **P and 9%
for PN. The P fertilizer levels did not affect >*P and
5N distributions within the plant. Whereas no sig-
nificant difference was observed in N distributions
over time in both roots and shoot, >*P tracer recovered
in roots was significantly higher at 15 d.a.l than at 1
d.a.l for both P levels. Of the total '*C tracer amount

Fig. 3 Atom% "’C excess a)
(a), atom% N excess

(b) and specific activity

(c) in roots and percolate

from plants grown at two

different P treatment levels

(low, high) in the percolate

collection experiment. Error

bars represent the standard

error of the mean (n=4)

b)

0
-~

recovered in the plant, between 81-85% was in shoot
and 15-20% was in roots at 1 d.a.l. Two weeks after
labeling, relative 13C recoveries (in % of total recov-
ered in the plant) in shoot increased up to 88-92%,
while they decreased accordingly in roots (down to
8-12%), with a significant evolution in low P treat-
ment. The P fertilizer dose did not significantly affect
13C partitioning in plant although there was a trend
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to a greater proportion recovered in roots at high P
treatment.

Isotopic composition of roots and percolates Per-
colates were less enriched in labelled isotopes than
roots for all three elements at all time points and with
both P levels (Fig. 3). The IC of roots and percolates
showed similar patterns over time and in response
to P level. The 13C enrichments of roots were about
double those of percolates for both low and high P
levels. The *C excess of roots and percolates tended
to be lower at high P than low P fertilizer dose. The
13C excess values decreased by half over the first two
weeks after labeling in both roots and percolates. The
1BC enrichment of percolates showed a significant
decrease from 62 to 23% of the *C enriched roots
along the experimental period at low P dose (Fig-
ure S1). At high P treatment, '*C percolate enrich-
ment was stable, at around 34 and 41% of the root
enrichment.

The >N enrichments in roots were 10 times higher
than in percolates and were not significantly affected
by P levels. The >N excess in roots decreased from
around 0.2 atom% excess at 1 d.a.l to 0.1 atom%
excess at 15 d.a.l. Percolate enrichments ranged from
6-11% at low P and from 11-15% of root enrichment
at high P fertilizer dose.

The SA of *P in roots and percolates were
affected by the P fertilizer levels. The SA of both
roots and percolates were significantly higher at low
P than high P dose. Similar temporal patterns were
observed for SA in roots and percolates at low P
dose with a maximum SA at 8 d.a.l. Percolates had
constantly about half the SA of the roots (35-51%)
at low P dose (Figure S1). In contrast, percolates
had three times higher SA than roots (282%) at 1
d.a.l with high P treatment followed by a significant
(p<0.05) decrease to finally reach only 29% of the
root enrichment at 15 d.a.l.

Elemental and isotopic stoichiometry of roots and
percolates Elemental and isotopic stoichiometry
often differed between roots and percolates (Fig. 4).
Overall, C:N ratios ranged between 10 and 20 and
tended to decrease over time. The only significant dif-
ference (p<0.05) in C:N ratio was observed in per-
colate at high P dose between 1 and 15 d.a.l. The P
treatment level did not affect the C:N ratio measured
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in roots and percolates (Fig. 4). In contrast, the C:P
ratio of roots and percolates were significantly lower
(p<0.01) under high P than under low P level and did
not change over time. There was no significant differ-
ence between C:P ratio in roots and C:P ratio in per-
colates at high P dose whereas C:P ratios were sig-
nificantly lower (p <0.01) in percolates (90-104) than
in roots (156-182) at low P level.

The isotopic ratios differed much from elemental
ratios, as they directly depend on the level of labe-
ling (Fig. 4). They also differed often between roots
and percolates and were affected by the P level. The
13C:5N ratios in roots were not affected by the P ferti-
lizer level and had an average of 34, which was about
twice higher than the C:N ratios of roots (14-17).
The main differences between C:N and *C:'>N ratios
were observed in percolates. Already at 1 d.a.l, the
13C:N ratios were 312 and 112 at low and high P
treatments, respectively, and these values signifi-
cantly decreased to reach a similar '*C:'>N ratio as in
roots at 15 d.a.l. The P fertilizer level only affected
the '3C:15N ratios in percolates shortly after the plant
labeling.

Although the C:P ratios were significantly
higher (p<0.001) than C:P ratios, *C:**P ratios
showed a similar temporal pattern as *C:'N ratios,
with a significant decrease between 1 and 8 d.a.l.

Root observation experiment

Tracer distributions and recoveries within the
plant The >N and *3P recoveries ranged from 80 to
88% for >N and from 84 to 93% for 3P of the iso-
tope contained in the labeling solution (Table 2). For
Bp 1.3% (n=6) was recovered in the labeling device,
including wick, tubing and vial. The major proportion
of >N and *P tracers remained in shoot with 70-75%
for "N and 74-80% for **P. The isotope recovery
in the entire root system of canavalia was greater
for >N than 3*P, with an allocation of 5-18% of the
plant recovered N and 2-11% for **P recovered in
the roots. The recoveries of both tracers in roots were
significantly higher at 22 d.a.l than at 1 d.a.l showing
a continuous allocation of tracers to the root system.
During that time span, root dry matter increased by
50% whereas shoot dry matter doubled (Table S2).
The P and N concentrations in the roots tended to
increase with time while they decreased in the shoots
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Fig. 4 C:N, '3C:"N, C:P and '*C:**P mass ratios in roots and percolates of transplanted plants grown at two different P treatment
levels (low, high) in the percolate collection experiment. Error bars represent the standard error of the mean (n=4)

(Table S2). However, C:N and C:P ratios increased
over time in both, shoots and roots.

The recoveries of N and *°P in the different root
segments grown after labeling (r2-8d, r9-15d and
r16-22d) tended to decrease with time due to a lower
dry matter of younger root segments (Table 3).
Within roots, 79% of the N and 83% of 3P recov-
ered in roots remained in roots grown before labeling
(r<0d and rlw<0d). This proportions significantly
decreased (p<0.001) to 33% for N and 57% for
3p at 22 d.al. A similar decrease, from 35 to 20%
of PN and from 18 to 10% of **P, was observed in
roots grown after the labeling during the whole dura-
tion of the experiment. In contrast, the proportion

of tracer recovered in the non-categorized roots (rb)
increased and represented 46% of >N and 33% of 3°P
contained in roots, at the end of the experiment due to
the increasing biomass of this segment.

Isotopic composition of root weighted mean and
shoot The !*C enrichment of both shoots and roots
significantly fell by 50% over 21 days due to growth-
induced dilution with non-'"*C-enriched C assimila-
tion, respiration and root exudation following the
13C-CO, pulse labeling (Fig. 5a). A constant atom%
5N excess (0.8%) was observed in the shoot while the
enrichment tended to increase (p>0.05) from 0.2 to
0.4 atom% in the weighted average for the entire root
system (Fig. 5b). Similar to '3C, the **P SA values

@ Springer
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Table 3 Distribution of N and **P tracer recovered within
the roots at 1, 8, 15 and 22 days after labeling (d.a.l.) in the
root observation experiment

% tracer recoveries within the roots !

d.a.l  Roots grown Roots grown Roots not
before labeling  after labeling  categorized

S N 79.4% na’ 20.6°

8 39.0° 34.6 26.5%

15 34.0° 20.7° 45.4°

22 33.2° 20.3° 46.4°
¥p g 83.4% na' 16.7°

8 63.7% 17.6* 18.8%°

15 58.7° 9.9° 31.3"

22 57.3° 9.6 33.1°

I entire root system being 100%, 2 na: not available due to

experimental design since no root segment has been identi-
fied only 1 d.al, ns: not significant, *p<0.05, **p<0.01,
**%p <(0.001. Different lower case letters within columns
denote significant differences at p <0.05 across time points

in shoot were significantly lower at 22 d.a.l than at
1 d.all (p=0.02). In contrast, the SA values in roots
increased significantly over the experimental period,
from about 4 to 11 kBg/mg P (Fig. 5c).

Isotopic composition of root segments of different
age over time In the oldest root segment (r<0d),
corresponding to roots growing from planting to one
week before labeling, the >C excess showed a sig-
nificant decrease (p<0.01) between 1 and 22 d.a.l
(different harvests of that segment in Fig. 6a). Also,
in all other segments, the '*C excess decreased from
one harvest to another (significantly for r2-8d), show-
ing that the '>C excess was not constant over time.
At a given harvest date, the 3C excess was higher
in younger than in older root segments for segments
up to r2-8d, while segments grown later than 9 days
after labeling (i.e. 19-15d and r16-22d) had lower
13C excess (p<0.05). Considering that younger root
segments had explored different space (Fig. 1), this
shows that the '3C excess was not constant over space.

In contrast to '*C enrichment, '°’N enrichments of
any given root segment did not significantly differ
between harvests, i.e., the N excess was constant
over the three weeks of study (Fig. 6b). However,
the >N IC varied between root segments of differ-
ent ages, i.e. spatially: it was greater in root segments

grown until 8 d.a.l, similarly to '*C, while segments
grown during the last two weeks tended to lower N
enrichment.

The SA values in root segments grown from plant-
ing to 1 week before labeling (r<0d) were signifi-
cantly increasing with time (different harvests of that
segment in Fig. 6¢). However, the following root seg-
ment (i.e. r1w<0d, the second oldest one) showed
similar SA values among all harvests. For younger
root segments grown later than 2 days since labeling
(from r2-8d to r16-22d), the SA values increased sig-
nificantly (p<0.05) over time of harvest and were
higher in younger segments, suggesting a transloca-
tion of the *3P tracer from aerial plant part to newly
formed roots from labeling until the end of the exper-
iment. Thus, the SA was not constant in either space
or time.

Discussion

The simultaneous tracking and quantification of
belowground C, N and P inputs and their fate in
soil-plant systems require the combination of differ-
ent isotope plant labeling approaches. In this study,
we successfully combined a '*CO, single-pulse labe-
ling with the simultaneous >N and **P cotton-wick
stem feeding and for the first time quantified the dis-
tribution of these three tracers in the plant-sand sys-
tem. The use of these tracers to track belowground
C, N and P is based on assumptions presented in the
introduction. The percolate collection experiment
revealed lower IC in soluble root rhizodeposits than
in the roots during 15 days since labeling (Fig. 3).
Results from the root observation experiment that
lasted for 22 days showed that the IC of a given root
segment changed over time (Fig. 6). In addition, root
segments of different ages usually had different ICs,
indicating spatially inhomogeneous root labeling.
These temporal and spatial differences in IC were
isotope, i.e., element specific. These results are dis-
cussed below, including their implications for stoichi-
ometric studies of plant derived belowground inputs.

Soluble rhizodeposits and roots differ in isotopic
composition for C, N and P

The IC of C, N and P contained in percolates were
always lower than the IC of roots for all three tracers
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Fig. 5 Atom% '’C excess
s a) 2.0]
(a), atom% N excess (b)
and specific activity (c) in
shoot and roots at 1, 8, 15
and 22 days after labeling in
the root observation experi-
ment. For the root part,
each dot corresponds to the
weighted mean of all root
segments. Different letters
denote significant differ-
ences at p <0.05 across
time points. Error bars
represent the standard error £
of the mean (n=4)
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but the magnitude varied in function of isotopes and decreasing over time suggesting a comparable dilu-
time (Fig. 3). Similarly to the atom% '*C excess of tion effect. Transplantation enabled to measure the
roots, the atom% '°>C excess in percolates was also IC of exudate produced over only two days, which
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Fig. 6 Atom% '’C excess
(a), atom% N excess (b)
and specific activity (c) in
sampled root segments at

1, 8, 15 and 22 days after
labeling (d.a.l) in the root
observation experiment.
Root segments were divided
in roots growing from
planting to 1 week before
labeling (r<0d), 1 week
before labeling (r1w < 0d),
2 to 8 d.a.l (r2-8d), 9 to 15
d.a.l (r9-15d) and 16 to 22
d.a.l (r16-22d). Error bars
represent the standard error
of the mean (n=4) and
stars indicate significance
for unequal enrichment
within a same root segment.
Figure 6a is adapted from
Stevenel et al. (2019) and is
licensed by Springer Nature
Customer Service Center
GmbH. Figure 6a is not part
of the open access content
of this article
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was long enough to collect sufficient volume of exu-
dates with C, N and P concentrations above the detec-
tion and quantification level (Table S1). In the time
frame of our experiment and using filtered perco-
lates, rhizodeposition is probably largely composed
of diffusates and secreted compounds such as sugars,
organic and amino acids, and mucilage (Uren 2007,
Farrar et al. 2003). However, transplantation provokes
a stress to the plant which might affect rhizodeposi-
tion (Kerbiriou et al. 2013). While maximum care
was applied to avoid root damage, we cannot fully
exclude the existence of small root debris (smaller
than the 2.5 pm pore size of the filters), root secre-
tion or exudation in response to the change in the root
environment. However, we assume that root turnover
was a minor component of the soluble rhizodeposits
collected two days after transplanting.

Damage of delicate root cells, particularly from
root hairs, could have been another impact of trans-
planting of young plants. It could have caused some
leakage of cell metabolites. As root hairs grow behind
the root tip, in the maturation zone, they mostly
develop in very young root segments. The IC of *C
and 3°P of younger root segments often were higher
than those from older segments (Fig. 6). Damaging
them would have resulted in overestimated values of
IC of soluble rhizodeposits in the percolate collection
experiment, even though these values were always
lower than those of the IC of roots. Similarly, dam-
age of mycorrhizal hyphae could have also caused
some bias in our estimates because these hyphae are
an important sink for C assimilates of plants (Zhou
et al. 2020). However, we point out that mycorrhizal
networks were not considered as a component of this
study. Firstly, the duration of our experiments was
short for mycorrhizal networks to develop without
inoculation (Thonar et al. 2011). Secondly, the sand
pre-treatment condition described in Material and
Methods section would have reduced the possibility
of developing an effective mycorrhizal network with-
out inoculation (Liao et al. 2003; Maitra et al. 2021).

Carbon in exudation derives mainly from C assimi-
lated a few hours to days before (Hogberg et al. 2001;
Kuzyakov and Cheng 2001). This fast C transfer from
shoot to soil (Domanski et al. 2001; Studer et al.
2014) may explain the relatively high '>C enrich-
ment observed in percolate C at 1 d.a.l, followed by
a decrease (Fig. 3a). However, percolates were 40%
less enriched than roots at 1 d.a.l and this difference
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significantly increased up to 80% at 15 d.a.l at low P
fertilizer dose while they were about 60% constantly
less enriched at high P dose (Figs. 3a and S1). This
would result in underestimated C rhizodeposition,
if the IC of the root would be used for calculating
it. In addition to the allocation of C in metabolites,
plants invest a substantial proportion of C for struc-
tural compounds which show longer residence time in
the roots (Studer et al. 2014). Thus, the enrichment
of assimilates in exudates declined more rapidly than
in roots.

The N rhizodeposition had a lower enrichment
than root N over two weeks after labeling (Fig. 3b).
This is in agreement with Sierra et al. (2007), who
labeled the legume Gliricidia sepium with a "N-leaf
feeding. They also observed that root exudates were
always depleted in "N relative to the roots, in spite
of the longer time scale, and another root exudate
collection method used by Sierra et al. (2007). Con-
sidering the slow translocation of the >N tracer from
shoot to roots over time, we might expect an increase
in the rhizodeposition enrichment after a longer
period when more root turnover is involved. Thus, a
repeated collection of rhizodeposits over the experi-
mental period like our or Sierra et al. (2007) can be
used to determine the IC of percolates and correct the
bias on the rhizodeposition quantification induced by
such a difference in values of IC between root and
rhizodeposition.

The atom% >N excess in the percolates changed
little over time. Studies using '°N labelled urea for
leaf-feeding of clover (Gasser et al. 2015) and soy-
bean (Araujo et al. 2023) suggested leakage of >N
through the root system, indicated by a rapid appear-
ance in the soil of '°N applied to the legume. Gasser
et al. (2015) suggested that >N labelled ammonium,
produced from the hydrolysis of urea, was a main car-
rier of leaked "°N. In our experiment, we did not see a
faster appearance of >N in percolates than for '3C or
3P, when compared to the enrichment of root system
(Fig. 3). Thus, °N tracer leakage seems not to have
taken place.

The P SA values of percolates and roots differed,
with lower SA of percolate P especially at low P level
(Fig. 3). Because rhizodeposition in soils is quantified
using the IC of the roots, its quantity would be under-
estimated at low P dose in short-term experiments
where root debris deposition would be negligible. In
contrast, under the high P fertilizer level at 1 d.a.l., the
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SA of P in percolates was higher than in roots, which
also contrasts with the observations following N
and '*C labelling, where the enrichments were always
higher in roots than percolates. This suggests a signif-
icant release of **P, agreeing with the **P root “loss”
(term by Emmert 1959) observed in beans growing
in hydroponic systems (Emmert 1959). This might
result in an overestimation of short-term P exudation.
This confirms the observations of Emmert (1959)
who showed that 3?P root release increased exponen-
tially with available P concentration. Loss of radio-
active P from roots might, according to McLaughlin
et al. (1987) and Weigl (1968), be attributed to an
isotopic exchange on the cell membranes instead of
exudation per se. We could also assume that the **P
re-uptake by plants was limited under higher P treat-
ment. Still, our experiment has been carried out under
low to moderate P fertilizer dose, and with small N
addition in order to stimulate symbiotic fixation.

Elemental isotope ratios differ more than elemental
mass ratios between roots and soluble rhizodeposits

The isotopic ratios directly depend on the amounts
of tracer accumulated within the plant, which in turn
depend on the amounts of tracer used for labeling.
Therefore, the isotope ratios do not allow quantify-
ing rhizodeposition under the given labeling method
used, but facilitate investigating the evolution of iso-
topic ratios over time compared to elemental ratios.
This is relevant, because multi-isotope labeling is
used for multi-element (stoichiometric) studies. The
C:N ratios observed in roots and percolates in our
study changed over time and revealed that elemental
composition of soluble rhizodeposits was similar to
root composition and were not affected by P levels
whereas C:P ratios were impacted (Fig. 4). In con-
trast, 1°C, >N and *P stoichiometry in percolates
showed different patterns. While the temporal evolu-
tion of '*C:>N ratios in roots was in line with the C:N
ratios, plants allocated a relatively greater proportion
of >C to exudates than into roots shortly after the
13CO, pulse labeling, resulting in high '3C:'°N ratios
in percolates, especially at low P dose. The result-
ing high '*C:'>N and "C:*P ratios indicated a faster
incorporation of '>C in soluble rhizodeposits than
of PN and 3P, confirming the fast C transfer from
shoot to soil (Hogberg et al. 2001; Kuzyakov and
Cheng 2001; Studer et al. 2014). We do not know the

molecular nature of the released compounds. Muci-
lage would be a compound with high C:N ratio, as
it is mainly composed of polysaccharides and of up
to 6% w/w proteins (Nguyen 2009). While the C:N
ratio of amino acids ranges from 1.3 to 7.7 (mean
value=3.6), mucilage has been reported to have a
C:N ratio of 64 (Nguyen 2009). However, given its
low solubility, we assume that only a very low part
of root mucilage was collected in our study (Gri-
mal et al. 2001). In addition to mucilage, sugars and
organic acids contain between 34 and 42% w/w of C
and no N and P, greatly increasing the C:N and C:P
ratios of the total rhizodeposition. Thus, the high '3C
proportion recovered in percolate at low P treatment
suggests that canavalia plants enhanced exudation of
C-compounds such as carboxylates when P fertilizer
dose was severely limiting (Vance et al. 2003; Neu-
mann and Romheld 2007). The '*C pulse labeling
enabled the labeling of C-rich exudates that have
been released shortly after the pulse while ’N and
3P stem feeding highlighted a longer release process
of more complex mixture of compounds, including
the proportion of N-rich compounds such as amino
acids and border cells and P-rich compounds such as
DNA. Thus, *C:""N and '3C:3*P ratio would induce a
bias on C:N and C:P ratio of rhizodeposition in short-
term experiments or by harvesting plants shortly after
the labeling.

Non-homogeneous labeling of the root system for C,
N and P

The IC of entire root system and segments changed
with time, and different temporal patterns were
observed for the three isotopes (Figs. 5, 6). Data from
both experiments showed a decrease with time of the
atom% '>C excess in shoot and roots (Figs. 3a, 5a).
This is typical of the *C tracer dilution effect due to
growth with new non-labeled C assimilated following
an enriched-'*C pulse labeling (Swinnen 1994; Swin-
nen et al. 1994; Studer et al. 2014). As previously dis-
cussed in Stevenel et al. (2019) and in agreement with
Pausch and Kuzyakov (2011), the actively growing
new roots were more '°C-enriched than the older ones,
suggesting that '>C-pulse labeling preferentially labels
newly formed roots to meet the demand for C assimi-
lates (Meharg and Killham 1988; Meharg 1994).
Entire root system enrichment variations over
time as well as dissimilarities within the root system
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were also observed for 3P and N tracers. We
recovered less *P in the root system than Foyjun-
nessa et al. (2015). Indeed, we recovered 2-16%
of 3*P tracer in roots while recoveries obtained by
Foyjunnessa et al. (2015) were 17-50% and even
up to 64-71% (Foyjunnessa et al. 2018). The *°P
distribution within the plant is probably driven by
plant species, growth stage and P availability for
the plants. In our study, the *’P labeling has been
done during the vegetative stage of Canavalia while
Foyjunnessa et al. (2015, 2016, 2018) applied the
tracer at early flowering stage of lupin and canola,
when plants have an extensive root system with
a high root-hair density (Misra et al. 1988). Addi-
tionally, we harvested plants at different time points
after labeling and observed a significant increase
of 3P recoveries and SA in roots from 1 to 22 d.a.l
with no difference in root P concentrations at all
P supplies (Table 1, Fig. 2). By assuming that this
increase stays steady over time, a greater recovery
(>20%) might be detected at 60 d.a.l, the time point
when Foyjunnessa et al. (2018) harvested the plants.
In both our experiments, the 3P recoveries and the
SA values increased in roots with time indicating
a progressive *’P translocation from shoot to roots
(Figs. 2 and 5¢) with a higher **P root recovery at 15
d.a.l with low P than high P fertilizer dose. Moore
(1949) also observed a greater downward movement
of P to the roots when the roots were growing in a
P-deficient medium indicating that plants re-allo-
cated shoot P to the root system for its development
for a better soil P acquisition. The **P translocation
mainly occurred to roots recently formed (i.e. until
22 d.al, Fig. 6¢), suggesting that the cotton-wick
stem feeding method provides a continuous labeling
over a specific time period. This contrasts with the
pulse labeling obtained with '3C which also labels
the root system but only for a few hours to days after
labeling (Studer et al. 2014).

The translocation pattern showed different time
lapse between *°P and 'N. Although no differ-
ence over time was detected in >N recovery in both
shoot and roots in the percolate collection experi-
ment (Fig. 2), we observed a significant increase of
5N recovery in roots in the root observation experi-
ment suggesting a continuous translocation of the
tracer from shoot to roots, similarly to the 3P tracer
(Fig. 5). However, the shoot—root partitioning of >N
(70-80% in shoots, 5-18% in roots) was consistent
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with previous studies (Russell and Fillery 1996;
Mayer et al. 2003b; Mahieu et al. 2009) and the N
enrichment of roots did not vary significantly over
time in both experiments as already observed in
previous studies (Gardner et al. 2012; Gasser et al.
2015). This °N redistribution toward the root system
kept the root segment specific enrichments constant
to compensate for growth dilution, as also reported
by Palta et al. (1991). The observed SN distribu-
tion within roots (Fig. 6b) was in agreement with the
expected pattern for single pulse labeling, which gen-
erally results in a higher enrichment in roots newly
formed following the labeling than older ones (Wich-
ern et al. 2008). Our data showed an increase of the
enrichment in the youngest roots over the first week
after labeling (12-8d) and a decrease until the end of
the experiment. Gasser et al. (2015) observed similar
pattern and attributed this time shift to slow release of
5N compounds (i.e. urea and ammonium) from vacu-
oles of leaves and roots. Interestingly, the '°N tracer
seemed to be less mobile in roots than the other trac-
ers since at a given root age, no significant change in
the enrichment was detected. Results from this study
indicate that the youngest root segments were more
isotope enriched than older segments over the first
week after labeling and even longer for **P, showing
that root segments of different ages do not have the
same IC.

Consequences on rhizodeposition estimates and
studies using isotope labelled roots

To limit the over- or underestimation of the
rhizodeposition or the root decomposition rate
induced by the change in IC of the root system over
time for all the tracers, temporal variation needs to
be taken into account by sampling roots several times
during the experimental period (not only at the end)
and derive a time integrated IC of the root (Gasser
et al. 2015). The rhizodeposition can then be quan-
tified using the mean root enrichment over time,
calculated as weighted mean (Chalk et al. 2014) or
weighted geometric mean (Hammelehle et al. 2018).
Since changes in IC in the root system are differ-
ent for each element, an element-specific function
is needed. Thus, a time repeated sampling of the
roots is essential to integrate these changes in stud-
ies of longer duration. Still, this correction does not
account for the differences between the IC of roots
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and soluble percolates found in our study. Assuming
that soil-based experiments often last longer than in
sand, and thus root turnover may become increas-
ingly important, this bias may lose importance with
time. Nevertheless, the question on whether the IC
of the roots properly reflects the IC of the source of
rhizodeposition needs further testing.

The root observation experiment clearly showed
that additionally to the changes in IC of root seg-
ments over time, we observed for the three tracers a
marked heterogeneity in the spatial distribution of the
root segments. This might also affect the rhizodeposi-
tion quantification, for instance if not the entire rooted
soil is sampled, or if rhizodeposition mainly coming
from a specific root segment of specific age would
be collected. Root segments of different age were
not located in the same areas suggesting a space-
dependent change in IC (Fig. 1). Although there was
space limitation in the rhizobox, the root system of
canavalia has been described as a deep pivoting root
system with long lateral roots (Alvarenga et al. 1995;
Douxchamps et al. 2012; Kahle et al. 2012). Regard-
ing the lower SA in older root segments, we can
assume that deeper, younger root segments might be
more 33P-enriched than older root segments that are
located in the topsoil. The same would apply for the
5N enrichment, whilst the pattern for the 13C enrich-
ment would be even more dynamic across root seg-
ments of different ages and space.

Continuous labeling of plants with all three iso-
topes throughout their life (e.g., a split root system for
5N and *P, and a constantly enriched atmosphere for
13C) could alleviate the problem of non-homogenous
labeling (Mahieu et al. 2007; Studer et al. 2014).
For N, the use of the "N natural abundance should
further be explored, since it was shown to be robust
for tracking and quantifying the transfer of (mostly
belowground) legume N to associated grass (Hamme-
lehle et al. 2024).

Conclusions

The triple isotope labeling approach allowed to
obtain labeled roots and simultaneously track the
belowground C, N and P of a tropical legume within
the plant-sand system. The translocation of tracers
from the shoot to the roots resulted in a temporal and
spatial variation of IC within the root system, mainly

driven by the age of the root segments, with the
youngest root segments being more enriched than
the older ones. The IC values of soluble rhizodepos-
its were always lower than those of roots and var-
ied during two weeks after labeling. The lower IC
of soluble rhizodeposits from roots would lead to an
underestimation of the amount of rhizodeposition,
if the IC of the root were considered as the source
of rhizodeposition. The *C:!'>N and 3C:%P ratios
differed from the C:N and C:P ratios in percolates,
which was to be expected since the isotope ratios
depend on the amount of isotope used for labeling.
However, the change over time of the 13C:N and
13C:33p, and the difference of these ratios between
roots and rhizodeposits differed markedly from that
of C:N and C:P, implying that the tracers did not
reflect the stoichiometry of soluble rhizodeposits,
nor of roots. This would result in an overestimation
of C rhizodeposition relative to N and P rhizodepo-
sition. The results of this study on the labeling of
all three isotopes did not validate the assumptions
underlying the quantification of rhizodeposition pro-
posed by Janzen and Bruinsma (1989). To reduce
the bias caused by the violation of the assumptions,
repeated sampling of the root system during the
experimental period and collection of rhizodeposi-
tion data to integrate these changes would be neces-
sary, also for studies of longer duration. We recom-
mend also to further explore the use of continuous
labeling methods that follow the plants’ uptake and
assimilation pathways of these elements. More stud-
ies are needed to evaluate how tracer distribution
in roots and rhizodeposition would be affected by
growing plants in soil.
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