
 

Carbon allocation dynamics in conifers and broadleaved tree
species revealed by pulse labeling and mass balance

Document Version:
Accepted author manuscript (peer-reviewed)

Citation for published version:
Rog, I, Jakoby, G & Klein, T 2021, 'Carbon allocation dynamics in conifers and broadleaved tree species
revealed by pulse labeling and mass balance', Forest Ecology and Management, vol. 493, 119258.
https://doi.org/10.1016/j.foreco.2021.119258

Total number of authors:
3

Digital Object Identifier (DOI):
10.1016/j.foreco.2021.119258

Published In:
Forest Ecology and Management

License:
CC BY-NC
General rights
@ 2020 This manuscript version is made available under the above license via The Weizmann Institute of
Science Open Access Collection is retained by the author(s) and / or other copyright owners and it is a condition
of accessing these publications that users recognize and abide by the legal requirements associated with these
rights.

How does open access to this work benefit you?
Let us know @ library@weizmann.ac.il

Take down policy
The Weizmann Institute of Science has made every reasonable effort to ensure that Weizmann Institute of
Science content complies with copyright restrictions. If you believe that the public display of this file breaches
copyright please contact library@weizmann.ac.il providing details, and we will remove access to the work
immediately and investigate your claim.

(article begins on next page)

https://doi.org/10.1016/j.foreco.2021.119258
https://doi.org/10.1016/j.foreco.2021.119258


Forest Ecology and Management xxx (xxxx) 119258

Contents lists available at ScienceDirect

Forest Ecology and Management
journal homepage: www.elsevier.com/locate/foreco

Carbon allocation dynamics in conifers and broadleaved tree species
revealed by pulse labeling and mass balance
Ido Rog ⁎, Gilad Jakoby, Tamir Klein
Department of Plan t & Environmenta l Sciences, Weizmann Institute of Science, Reho vot 76100, Israel

A R T I C L E  I N F O

Keywords:
Ca rbon balance
Ca rbon al location
Mean residence time
Flux partitioning
Root exudation

A B S T R A C T

Fixed carbon (C) is a central resource, whose dynamic allocation by the tree determines its ability to establish,
grow and compete with other species. Traditionally, tree C allocation has been estimated by isotopic or mass bal-
ance approaches. Here we developed a setup of 13CO2 pulse-labeling, with a flux-coupled, three-phase detection,
allowing us to follow C quantitatively. We examined C allocation patterns in 2-year-old potted saplings of five
evergreen forest tree species that co-occur in a typical mixed forest in the Mediterranean region: two early suc-
cession conifers (Pinus, Cupressus) and three late succession broadleaf species (Quercus, Ceratonia, Pistacia).
Across the five species, C moved from leaves to stem and fine roots following an exponential decay, with parame-
ters that are consistent with the ecological role of each species. Eight days post-labeling, conifers allocated ~30%
of the C belowground, and broadleaves <10%. In contrast, leaf C residence time was ~4 days in conifers and
only ~1 day in broadleaves. Root exudation was quantified and shown to be small. We integrated our results into
a compartmental model of 13C distribution in the tree, enhancing our understanding of divergent C allocation
strategies among tree species within the same ecosystem.

1. Introduction

How do trees from different species coordinate above- and below-
ground carbon (C) allocation (Enquist and Niklas, 2002; Poorter et al.,
2012)? Biomass allocation have revealed a typical ratio between shoot
and root growth rates (shoot/root ratio) (Wilson, 1988) that is species-
specific and affected by phyto-geographical origins. In addition, envi-
ronmental and ecological factors (e.g., successional stage) were shown
to affect biomass allocation (Shukla and Ramakrishnan, 1984; Poorter
et al., 2012). Defining C allocation dynamics is more complex in mixed
species forest, where trees with different C allocation strategies co-
occur in the same ecosystem (Sala et al., 2012; Klein et al., 2016) and it
therefore requires individual scale tree C allocation resolution. One of
the key parameters in understanding C allocation dynamics is the rate
of C transfer from aboveground source compartments to belowground
sink compartments, which is in the range of several days (Epron et al.,
2012). Environmental factors together with species-specific parameters
were found to influence the lag time more than the transfer path per se
(Högberg et al., 2008; Dannoura et al., 2011; Kuptz et al., 2011).
Moreover, aboveground and belowground pools are insufficient to
fully understand whole-plant C allocation, which should also include
pools and fluxes of different compartments. These limitations raise the

importance of understanding the short-term C allocation dynamics (i.e.
several days) of different tree species sharing the same ecosystem.

The challenge in studying whole plant C allocation is to follow the
different fluxes and pools simultaneously. C allocation can be sepa-
rated into the C flux that transports between sinks to storage compart-
ments, and the C pool in every compartment. C allocation can be esti-
mated by C mass balance approach, applying biomass measurements
together with respiratory CO2 efflux measurements (Klein and Hoch,
2015). However, small internal and external C fluxes (e.g. exudation)
are potentially masked by the major fluxes (e.g. respiration) and are
difficult to measure directly. Artificial C labeling, using stable 13CO2 as
short-term pulse labeling of the whole plant (Keel et al., 2006; Sangster
et al., 2010) or plant parts (Streit et al., 2013) provide high-resolution
information on recently assimilated C allocation (Schnyder et al.,
2003). The high isotopic signal can be detected in different plant tis-
sues, as well as other forest ecosystem components such as soil and mi-
crobial communities (Brant et al., 2006; Epron et al., 2012). Using this
high resolution, the plasticity of C allocation strategies can be detected
in the different growth stages of the plant (Wegener et al., 2015) and
even the metabolic compound being stored (Desalme et al., 2017), to-
gether with the effect of environmental factors. The complex methods
to measure the entire fluxes and pools in the different compartments to-
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gether with the wish to explore the impact of abiotic factors, encourage
scientists to use models (Franklin et al., 2012; Merganičová et al., 2019)
and specifically compartmental models (Epron et al., 2012) to describe
the C allocation dynamics without direct measurements.

Tree species and environmental factors influence C allocation strat-
egy in terms of C use and storage in the diurnal and annual timescales.
Preferential allocation of fresh C can be affected by seasonal periodic-
ity. For example, in temperate trees, most of the spring photoassimi-
lated C is allocated to stem, in agreement with early wood formation
(Klein et al., 2016). On the other hand, root exudation occurs in the au-
tumn in temperate trees and in the dry season in Mediterranean trees
(Jakoby et al., 2020). Extreme environmental conditions also affect
tree C allocation dynamics directly and in a short time scale, for exam-
ple during drought (Ruehr et al., 2009). In such conditions, trees priori-
tize the allocation of recently assimilated C to belowground fluxes
(Hagedorn et al., 2016). However, elevated temperatures commonly
enhance aboveground C allocation to growth (Way and Oren, 2010),
due to increase in plant respiration (Atkin and Tjoelker, 2003), and to
soil efflux (Blessing et al., 2015). Understanding the response of various
tree species to disturbances such as elevated temperature can improve
our ability to predict forest trees’ response to climate change. Still,
quantitative measurements of C allocation among tree compartments
in the Mediterranean species that are exposed to harsh environmental
conditions and vulnerable to climate change (Giorgi and Lionello,
2008; Alessandri et al., 2014) are currently lacking.

Here we examined the C partitioning strategies of potted saplings of
five different widespread species co-occurring in forests around the
Mediterranean region. In particular, we were interested in interspecific
differences and the proportion between aboveground and belowground
C allocation of the different species. To follow C quantitatively, and
study its distribution between the different sinks, we developed a CO2
labeling and detection setup using a stable 13C isotope. By using a 13CO2
pulse-chase experiment with mass and flux measurements, we enhance
the resolution of the labelled C detection, allowing the measurement of
small C fluxes at high temporal resolution. We measured the three main
short-term C sinks: respiration, biomass pool, and root exudation. We
enhanced our quantification of C kinetics by using a compartmental
model of 13C distribution in the tree. The model described the continu-
ous and linear flux rates (i.e., the compartment fluxes are expected to
be related to the amount of C in the tissues) however unique species-
specific C allocation fluxes are not characterized by the model and
stand out. We hypothesized that (1) C allocation strategies should di-
verge in phylogenetically distant tree species; (2) C will be distributed
to above/belowground sinks differently among the five species accord-
ing to their succession processes or functional groups.

2. Materials and methods

2.1. Plant material and growth conditions

Two-years-old saplings (diameter 0.5–1.5 cm; n = 3 per species) of
Quercus calliprinos Webb, Ceratonia siliqua L., Pistacia lentiscus L., Pi-
nus halepensis Miller and Cupressus sempervirens L. were taken from a
Forest Service nursery (KKL, Jewish National Fund, Eshtaol, Israel) and
planted in 2 L pots (Fig. S1, Table S1). All five species are evergreen; Pi-
nus and Cupressus are conifers, whereas the others are broadleaved. The
species were selected for being among the dominant tree species in the
East Mediterranean forest and maquis. Among the many tree species in
this forest biome, Pinus and Quercus are typically the dominant genera.
Pinus and Cupressus are characterized by traits of early succession
species, such as fast growth and massive seed production (Delipetrou et
al., 2008; Sheffer, 2012). In contrast, our Quercus, Ceratonia and Pista-
cia species are characterized with late succession properties such as low
growth rate, shade tolerance and longer lifecycle (Ne'eman and Izhaki,
1996; Bonet, 2004; Maestre et al., 2004; Sheffer, 2012).

Soil from Harel forest (31°43′30.9″N 34°57′38.8″E), where all
species are naturally co-occurring, was mixed with sand in a ratio of 1:4
to preserve the naturally occurring fungi and bacteria in the media.
Saplings were grown for four months in a glass greenhouse (light shad-
ing of ~25%, temprature was controled by aircondition at ~25 °C; no
humidity control) on the Weizmann Institute of Science campus (Re-
hovot, Israel) and irrigated (manual irrigation, every 3–4 days). Envi-
ronmental conditions around Rehovot during March-July 2017 were:
overall minimum and maximum temperatures of 8.0 °C and 38.3 °C, av-
erage temperature at night 19.6 °C and day 25.2 °C, average mid-day
global light intensity of 800.2 W×m−2, average midday relative humid-
ity of 50.1% and average midday VPD 2.02 kPa (Beit-Dagan meteoro-
logical station, 10 km North of the research institute). After labeling
and during the measurements, trees were located in the Weizmann in-
stitute garden under ambient conditions (conditions during the 8 days
post labeling): minimum and maximum temperatures of 23.3 °C and
33.2 °C, average light intensity of 858.6 W×m−2 and average midday
relative humidity of 55.6%.

2.2. General experimental design

A setup of isotopic labeling followed by pools and fluxes measure-
ments in different compartments was developed (Fig. 1). For labeling, a
controlled atmosphere sealed chamber equipped with a top high light
lamp was connected to 13CO2 labeling and detection systems (For fur-
ther details see “13CO2 labeling and detection”). Saplings of 5 different
Mediterranean species were labeled and intensively measured once a
day following labeling. Measurements were separated into pools and
fluxes of three plant compartments: leaves (mature, large leaves), lat-
eral shoots (representation to all woody tissues aboveground) and fine
roots (lateral, 1st −2nd order, ~5–10 cm long, representation to the
sapling root system) for holistic C balance. For C balance analysis, the
total amount of labeled C entering the plant was quantified using two
methods: Assimilation rate during the labeling; and biomass sampling
immediately after the labeling period (For further details see “13CO2 la-
beling and detection”). Description of the different methodologies ap-
pears in the next sections below.

2.3. 13CO2 labeling and detection

A total of 15 potted saplings, three per species, were pulse-labeled
(July 2017) for three hours. The soil surface was covered with a plastic
bag to prevent label transfer by dark fixation or diffusion to the roots. A
consistent close atmospheric control chamber (0.90 × 0.65 × 0.60 m;
COY, MI, USA) was equipped with a top, high light LED lamp (Agro
light, Beit Yehoshua, Israel) modified to photosynthetically active radi-
ation, PAR, of 700–1000 µmol m−2 sec−1 (inside the chamber in differ-
ent heights of the foliage). The conditions in the sealed chamber were
regulated using two main components: (1) humidity control: by ultra-
sonic humidifier (uses high-frequency sound vibrations to produce ex-
tra fine water droplets) and a chemical desiccant. (2) Temperature con-
trol: by electrical heating and cooling systems. Steady conditions of
25 °C and 60% relative air humidity were stabilized and homogenized
in the chamber by continuous air movement using a pump and vent.
The desired concentration of 13CO2 was created using labeled sodium
bicarbonate (13C, 99%, Cambridge Isotope laboratories, Tewksbury,
MA, USA) dissolved in 50% HCl (Fig. S2). This was achieved after initial
flush of 12CO2 out of the chamber using Zero air (air continuing no CO2)
and pure N2 (99.99%) for maintaining 12CO2 levels < 50 ppm for a few
minutes only (Fig. S2). All 13C measurements were performed using a
13C cavity ring down spectroscopy analyzer (CRDS) (Picarro G2131i, Pi-
carro, Santa Clara, CA, USA) (<0.1‰ precision, < 0.5‰ drift for δ13C
in CO2) and a closed system measurement package (Picarro A0701/2).
Stabilized conditions of 400 ± 150 ppm of 13CO2 were maintained in
the sealed chamber for the duration of the three-hours of pulse labeling.
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Fig. 1. Schematic representation of our methodology and experimental design. (a) Carbon allocation dynamics were measured by 13CO2 pulse labeling and tis-
sue specific, flux coupled, and three-phase detection method. For clarification, 13C was measured in respiration and biomass of each of the tree compartments
(leaves, stem and branches, and roots). (b) Schematic experimental design for the potted labeling and carbon allocation measurements. One day before the la-
beling, flux measurements and biomass samples were taken to be used as a baseline. For labeling, a continuous atmospheric control chamber was connected to
13CO2 labeling and detection systems. Saplings of 5 different Mediterranean species were labeled and intensively measured once a day following labeling. All
pools were converted into mg C day−1 sapling−1, for a species-specific carbon balance analysis. (c) Schematic representation of the compartmental model of C
pool distribution in the tree. Measured carbon allocation dynamic compared to the compartmental model outpost.

In order to expose all the trees to equal conditions without overcrowd-
ing the sealed chamber, saplings were divided into two consecutive la-
beling batches. Immediately after labeling, subsamples from each plant
compartment were taken to determine the amount of initial fixed 13C
entering the plant (For further details see the “biomass sampling” sec-
tion).

2.4. Gas exchange measurements

To quantify the amount of labeled 13C respired from specific tissues
of each sapling, we measured the dark respiration flux rate and C iso-
topic ratio, simultaneously. Respiration of the different tissues was
measured by a portable photosynthesis, infra-red gas analyzer (IRGA;
GFS-3000, Walz, Effeltrich, Germany). The gas flux of the IRGA was
analyzed with a CO2 analyzer (Picarro G2131i) which was directly in-
terfaced to the exhaust ventilation of the IRGA module and simultane-
ously measured the ratio of 13CO2 and 12CO2 isotopes from the respired
CO2. Because the exhaust ventilation of the IRGA produced higher flow
rate than needed for the isotopic analyzer inlet, an open valve was inte-
grated, from which extra flow was released. Standard leaf chamber
(Walz 3010-S) with top LED light source (Walz 3040-L) were set to
zero light. The CO2 level was set to provide a stable concentration of
400 ppm; flow rate was set to 750 µmol s−1; and the impeller to speed
7. Saplings were covered for 30 min for dark adaptation and a single
intact (connected) mature leaf from the broadleaves trees, or a group of
10 adult needles from Pinus and mature scales from Cupressus; discon-
nected lateral shoot (~3 cm length, non-photosynthetic shoots); or dis-
connected root (lateral, 1st −2nd order, ~5–10 cm long, cleaned by
rapid nitrogen gas pressure) was inserted to the IRGA chamber and
measured. All measurements were taken after the IRGA and the CRDS
values were stable. Leaves were sampled during the morning
(10:00–12:00) and fine roots were sampled in the afternoon
(12:00–14:00).

In addition to respiration, the rate of net photosynthesis was mea-
sured once a day prior to labeling to estimate the total amount of as-

similated 13C during labeling. Conditions inside the IRGA chamber were
set similarly to the dark respiration measurement (CO2 400 ppm; flow
rate 750 µmol s−1; impeller speed 7; no temperature or humidity con-
trol), with additional photosynthetically active radiation, (PAR) of 700
or 1000 µmol m−2 s−1 (according to the plant’s distance from the light
source during labeling (Table S2).

2.5. Biomass sampling

Leaf, woody tissues and fine root tissues were sampled 24 h before,
immediately after, and once a day following labeling of each sapling.
To minimize sampling damage to saplings, the same tissues used for res-
piration measurements, were used for biomass measurements (one leaf,
few needles or root branchlet (2nd −3rd order roots) ~ 1% of the com-
partment in every sampling). All saplings, mainly of the late succession
species (Quercus, Ceratonia and Pistacia) have relatively low growth
rate and thus low number of branches. Sampling woody tissues inten-
sively would have caused damage to the entire sapling and affected the
carbon allocation measurements and interpretation. Sample sizes were
kept as small as possible, therefore woody tissues’ (branches carrying
bark, representing whole woody shoot) sampling was skipped in some
of the days. Similarly, biomass leaves and roots samples were skipped in
day 6 and 7. Leaves were sampled during the morning (10:00–12:00)
and fine roots were sampled in the afternoon (12:00–14:00). Samples
were oven-dried at 60 °C for 48 h and kept dry until further analysis.
An amount of 1 mg of dry tissue biomass (leaves, woody tissues (whole
branch, including phloem), or fine roots), not grinded (for reducing
contamination), with three technical replicates, was weighed in a tin
capsule and installed onto a combustion module equipped with an
auto-sampler (ECS 4010, Costech Analytical, Valencia, CA, USA). The
resultant CO2 gas product was analyzed with the 13C analyzer, which
was directly interfaced to the combustion module (Fig. 1). Results were
expressed as parts per thousand (‰) deviations from the international
C isotope standard (Vienna Pee Dee Belemnite, VPDB). Three replicates
from each biological sample were measured and averaged to minimize
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variance related to local tissue patches, and to better represent the en-
tire plant compartment. An international standard (IAEA-CH-3 (-
24.724‰), Cellulose, International Atomic Energy Agency, Vienna,
Austria) (Verkouteren, 2006), (IAEA-303, 93.3‰ and 466‰) (Parr and
Clements, 1991) was used and internal standards (homogeneous Spir-
ulina powder with a 13C of −29.2‰) and Glucose (Sigma) −11.1‰)
were used every 9 samples. In addition, standard samples of C amount
(Acetanilide C8H9NO and Atropine C17H23NO3, Costech Analytical)
were used for calculating the amount of C present in each sample.

2.6. Area and mass of sapling compartments

Area and mass of the different plant compartments were measured
following the 8 days of C balance measurements. Saplings were divided
into the three compartments (Leaves, aboveground woody tissues and
roots). Surface area of each compartment was measured by a tabletop
scanner (MFP-M477fdh, HP, CA, USA) and analyzed by ImageJ soft-
ware (Rueden et al., 2017) using threshold tool and area calculation.
Next, samples were oven-dried at 60 °C for 48 h and kept dry until dry
mass measurements. For samples with extremely large surface area (i.g.
conifers’ fine roots, conifers’ needles, Pistacia fine roots) a ratio be-
tween areas to mass was calculated for three subsamples and the aver-
age ratio was multiplied in order to upscale to the total sapling com-
partment area. Area and mass values of the samples from all the mea-
surements (total of 10 days) were added to compute the total area and
mass value of each sapling compartment.

2.7. Root exudation sampling and analysis

Root exudates were collected from intact lateral fine roots using a
non-soil syringe system modified from Phillips et al. (2008) for measur-
ing exudation flux. Eight days after labeling two to three fine roots of
each sapling were excavated (representative to high-branched fine
roots), washed in double distilled water (DDW) and inserted into a
20 ml syringe filled with glass beads (5 mm). The intact root was incu-
bated with 10 ml DDW for 24 h. Next, liquids were sucked out and fil-
tered immediately thorough a 0.22 µm sterile syringe filter (Millex
PVDF, Millipore Co., Billerica, MA). Samples were separated into two:
(1) C isotope analysis: samples were lyophilized (Gamma 2–16 LSCplus,
Christ, Osterode am Harz, Germany) to a completely dry pellet, and
1 mg of the pellet was weighted in tin capsuls and measured using the
combustion module and the 13C analyzer (Picarro G2131i), similarly to
the biomass measurements (Further information in “biomass sampling”).
(2) Exudation amount determination: Half of the solutions were ana-
lyzed for dissolved organic C on a total organic C analyzer (TOC; Shi-
madzu TOC-L CPH/CPN; Shimadzu Scientific Instruments, Kyoto,
Japan). Additional two control samples were collected: (1) From unla-
beled saplings species for isotopic baseline; and (2) From samples with
no root in the syringe for the organic material background in the solu-
tion. Samples from unlabeled Quercus and Cupressus were not collected
and the average value of the other three tree species was used as a con-
trol value (Table S4).

2.8. C allocation calculation

Isotopic composition of the different pools and fluxes are presented
in δ-notation in per mill units (‰) relative to the VPDB standard. δ13C
values were transformed into atom fraction as contribution of 13C atoms
number to the total C atoms (Coplen, 2011). Calculating atom fraction
(AF) was as follows:

(1)

where VPDB is the standard value for the isotope ratio of the Vienna
Pee Dee Belemnite (0.0111802).

The units of the total amount of 13C originating from the pulse-
labelling were standardized separately for the different plant pools and
fluxes. The pools units (i.e. mg 13C compartment−1 day−1) were ob-
tained using the following equations (Eq. 2–6):

(2)

where atom fraction time zero (AFtz) values were taken prior to labeling
and atom fraction time x (AFtx) are samples taken on a day-x post label-
ing (both values are related to the baseline value of an empty chamber).
Flux is the dark respiration flux (µmol CO2 m−2 s−1) of the specific tissue
(leaves/woody tissues/roots); Area (total) (m2) is the total area of the
respected tissue in each sapling; t is the up-scaling of the flux to total
amount per day (86400 sec day−1) assuming equal respiration flux dur-
ing day and night in the same temperature (Farquhar and Busch, 2017);
values converted from µmol CO2 to mg C by (multiplying by 0.012).
Normalization of respiration rate to temperature of 25 °C and upscaling
to average daily temperature (Rescorrected) was calculated according to
Eq. (3):

(3)

where is the respiration rate measured at 25 °C. Q10 value was
taken from the observed temperature dependence, where T is the aver-
age temperature during the 8 days of measurements (Fig. S3; Table S3).

For calculating the allocation of 13C into biomass, we followed Eq.
(4):

(4)

Values of samples prior to labeling were used as atom fraction in
time zero (AFtz) and samples taken post labeling were used as atom frac-
tion time x (AFtx). Mass (total) is the total biomass of the specific tissue
(leaves/woody tissues/roots; mg) in a specific sapling, assuming no
changes except of the sacrificed parts. For the timeframe of the experi-
ment, i.e. 8 days, biomass increment through tissue growth, and bio-
mass loss, through litter production, were assumed neglectable (i.e. no
growth or tissue loss). The % C in each sample was analyzed by the
CRDS and multiplied by the aforementioned components. For biomass
change rate calculations, the biomass pool of day t was subtracted from
day t-1 separately for the different tissues.

Root exudation rates and their 13C allocation were calculated using
the following equations:

(5)

Exudation rates (Exurate) were calculated as the total amount of C ex-
uded from each root system. Exudationcontrol is the amount of organic C
in a control collection tube, (without root) (mg); Exudationlabeled is the
amount of organic C in a collection tube with intact root (mg); t is the
incubation period (days); Root area is the root surface area (cm2) of the
investigated root strand.

Exudation 13C (Exu13C) values were calculated using the equation:

(6)

where parameters are as in Eq. (4); exudation rate was calculated from
Eq. (5); Area (roots) is the total root area of the individual sapling
(cm2).

Estimation of mean residence time and half-life times of the 13C in
leaves was calculated by:
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(7)

where N0 is the initial amount of pulse-labeling originated 13C in leaves
immediately after labeling occurred; λ is the decay constant; N(t) is the
quantity of labeled C at a given time. Mean residence was calculated as
1/λ and the half-life time was calculated as . Verification
of the whole set of calculations (units conversion, conifers size upscal-
ing) was tested by calculating both parameters twice: first by using the
δ13C values, and second by using the total amount of pulse-labeling
originated 13C, after transformation to mg 13C leaves−1 day−1 units.

2.9. Whole-tree C balance calculations

C fluxes were calculated from independent measurements of three
saplings from each species to form a whole tree C balance for the
8 days’ post-labeling period. The total amount of labeled C which en-
tered the sapling (samples taken after 3 h of labeling) was used for the
total C budget for each species. This value was verified by comparing
with an additional method of calculating the assimilation rate during
labeling. Assuming no additional influx of labeled C after labeling (re-
fixation of respired 13CO2), the mean of the total budget of C in any day
following labeling was estimated by subtracting the mean pool accumu-
lation (in absolute values, respiration (leaves, woody and roots) and ex-
udation from roots) from the C budget in the previous day. Each of the
C pools (respiration, exudation and biomass) was measured indepen-
dently on a daily basis post labeling. Daily changes in pools (measured
once a day) were converted into mg C day−1 sapling−1 units, and daily
means were integrated into a C balance, species-specific, dataset (Table
S9). Aboveground woody tissues’ biomass pool and respiration (stem
efflux) were measured only on days 2 and 4 (Cupressus only in day 2),
and were estimated on the other days; 13C allocation into aboveground
woody tissues’ biomass was estimated each day to complete the C bal-
ance, and samples from day 2 were used to calculate the labeled respi-
ration ratio of the woody tissues (i.e., the ratio between the amount of
labeled C in a respiration pool and that in a certain biomass sample).
The ratio between the amount of labeled C in root biomass and the exu-
dation flux was calculated on day 8 only.

2.10. Statistical analysis

Statistical analysis was done using R and the interface R Studio
(Team, 2018). We used repeated-measures ANOVA to test for differ-
ences among tree species (5 species (fixed), 3 replicates of each (ran-
dom)), within days of measurement (before, immediately after labeling
and 5-time points following the labeling (fixed)), and within tissues of
each plant (leaf or root) (fixed) and the interactions between them in
the δ13C values and in the total C day−1 sapling−1 units (Package stas
(version 3.6.1) and car (version 3.0)). Logarithmic transformation has
modified to the δ13C and C day−1 sapling−1 units to conform a quasi-
normal distribution. For testing the significant effect between early and
late succession species in individual days (before labeling and 8 days af-
ter labeling) we used t-test and Bonferroni correction for the multiple
comparison applied (Using stats package) (Table S5). Expected expo-
nential decay curves representing C movement from leaves to stem and
roots were calculated using the non-linear least square function (Pack-
age stats version 3.6.1) (Fig. 2 & Fig.3). Values of p-value for and λ
(the two estimated parameters in the exponential curve) are presented
in Table 1 & S8. Calculation of the two estimated parameters for indi-
vidual saplings and averaging them yielded similar values Table S10.

2.11. Compartmental model of 13C distribution in the tree

We employed a mechanistic tree compartmental model of C distrib-
ution to complement and extend our empirical approach. We used a
“box-model” (Epron et al., 2011; Epron et al., 2012) to investigate how

a set of fluxes and initial conditions affect the pools dynamics of the
different compartments. The model is based on three compartments
(Leaf (L), Woody tissues (W), and Root (R)) and two additional sinks,
atmosphere (Atm) and soil (S), for the respiration and exudation fluxes,
respectively. Three components were used for the model: First, ordinary
differential equations: Mathematical expressions specify the amount of
C in each of the compartments changes as a function of the magnitude
of each flow in terms of time (Table S6).

(8)

where di/dt is the mathematical expression (box i in time t) of the
amount of C in each of the compartments change (k), where the flux
denoted by Ki:j is read as from box i to box j, as a function of the mag-
nitude of each flow (A).

Second, flow parametrization: Assuming linear fluxes, the various
rate coefficients were taken from the empirical measurements (calcu-
lated the average rates (day 1–8 post labeling) (Table S7).

(9)

where is the mass of box i in time t and is the flux rate calculated
from box i to box j.

Third, initial conditions: Empirical initial 13C mass of the different
compartment pools immediately after 13C pulse labeling (assuming no
re-fixation of the labelled CO2) (Table S7). Finally, Mathematical algo-
rithm (ode45, MATLB solver) (Dormand and Prince, 1980; Shampine
and Reichelt, 1997) was used for solving the differential equations. For
temperature sensitivity of the model, different warming scenarios were
tested (+5°C and + 10 °C) for calculating the various rate coefficients
that averaged (days 1–8 post labeling) and entered to the model.

3. Results

3.1. Assimilation of 13CO2

Saplings were allowed to photosynthesize for three hours at a ~99%
13CO2 environment (at 250–450 ppm 13CO2) under high light condi-
tions (PAR of 700–1000 µmol m−2 s−1, representing the range of light
level across the saplings’ crowns) and optimal temperature and humid-
ity (see Materials and Methods). Rates of net photosynthesis were mod-
erate for the study species, on average 4.27 ± 1.63 µmol CO2 m−2 s−1

across saplings and the light levels (Table S2). Interspecific differences
were small, but Pistacia showed rates higher than 5 µmol CO2 m−2 s−1 at
PAR of 700 µmol m−2 s−1 (Table S2). In contrast, leaf area varied widely
among the species, and primarily between the typically taller conifers
saplings, and the shorter broadleaf saplings (Table S1). Differences in
leaf area caused high variability in the amount of fixed 13CO2, with up
to 3-fold increase in 13C uptake in Cupressus vs. Quercus (Fig. S4, Table
S1). In addition, after labelling, the two conifers and Pistacia allocated
part of the 13C to the branches while in Quercus and Ceratonia most of
the 13C remain in the leaves (Fig S4). Following pulse labeling, we were
able to use these estimates and follow quantitatively the 13C distribu-
tion in the different sapling sinks.

3.2. δ13C of leaves, branches and roots

Saplings from different species allocated different amounts of 13C
among the compartments in the different days after labeling. When
comparing the interaction between the tree species, and the time of
measurement, there was a significant effect (Species:Day, Repeated-
measures, ANOVA, F28,150 = 2.7, p < 0.001, Table S5). Prior to label-
ing, fine roots of all saplings were significantly enriched with 13C com-
pared to leaves, −26.6 ± 0.3‰ and −28.3 ± 0.3‰, respectively
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Fig. 2. Evolution of δ13C in leaf and root biomass following 13CO2 labeling of five major Mediterranean forest tree species. Labeled C distributed between leaf bio-
mass (green) and root biomass (brown). Each point represents the mean ± SE of three individual saplings. Dashed lines are the exponential decay of δ13C of
leaves. Woody tissues measurements are not presented. Shapes of mature tree are presented in top right corner of every plot. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Carbon mean residence times (MRT, in hours) in the leaves of five major Mediterranean forest trees days following 13CO2 labeling. The two p-values (p)
represent the level of significant of the two variables in the exponential function. The r is the correlation coefficient (Pearson's r) of the exponential model
fit.

Based on meas ured δ13C Based on calculated mg C sa pling−1

MRT p (N0) p (λ) r MRT p (N0) p (λ) r
Pinus 19.31 <0.001 0.008 0.981 41.55 <0.001 0.012 0.94
Cupressus 80.65 <0.001 0.025 0.856 168.29 <0.001 0.063 0.726
Quercus 18.91 <0.001 <0.001 0.998 20.36 <0.001 <0.001 0.996
Ceratonia 15.52 <0.001 0.001 0.995 18.54 <0.001 0.004 0.988
Pistacia 13.82 <0.001 0.003 0.994 19.81 <0.001 0.018 0.974

(paired t-test, t14 = −4.58, p-value < 0.001). These differences are
typical of woody plants, but are small compared to the increase during
label. Imediatelly following the labeling, δ13C of conifers leaves and
fine roots reached 298.3‰ and −25.7‰, respectively, while brodleaf
leaves and fine roots reached 1078.7‰ and 22.1‰, respectively (Fig. 2,
Table S7). In general, the label was higher in brodleaf leaves compared
to conifers needles (t-test, t7 = 7.09, p-value < 0.001). In addition, 13C
signals were higher where the leaf area was lower (i.e. in Quercus and
Ceratonia vs. the other three species). However, 13C signals directly af-

ter labelling in the branches were high in conifers and Pistatica and neg-
lectable in the other brodleafs (Table S8).

3.3. δ13C dynamics

During the following days, post labeling, leaf δ13C decreased and
root δ13C increased, peaking after 72 h (Fig. 2). Cupressus was the ex-
ception, with more gradual trends in both leaf and root tissues, high-
lighting the inter-dependence between the tissues. Interestingly, in Cu-
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pressus and Pistacia there was a second, small, delayed leaf enrichment
(at 96 and 120 h, respectively) which was not significant. Leaf enrich-
ment was consistently higher than root enrichment in Quercus, as well
as in the other species mainly during the first days after labelling
(Day:Tissue, Repeated-measures, ANOVA, F7,150 = 44.72, p < 0.001,
Table S5). However, in Pinus 72 h post labeling, the peak root enrich-
ment was ~200‰, almost double the leaf enrichment. Root enrichent
showed a second peak after 192 h in conifers but not in brodleafs. The
exponential decay of δ13C (mean values per species) in leaf biomass was
fitted to exponential curves (Fig. 2), from which the half-life time and
the mean residence time were calculated (Table 1, S8). Modelled expo-
nential curves were statistically significant with the measured data for
each species (p < 0.05). Half-life times were 9.6–13.1 h in brodleaf and
13.4–55.9 h in conifers. Similarly, mean residence times were
13.8–18.9 h in brodleaf and 19.3–80.65 h in conifers.

3.4. The amount of C allocated to biomass and respiration of leaves and
roots

The measured δ13C signals were transformed into C amounts (mg)
using Eqs. (1)–(6), taking advantage of our flux-coupled detection
methodology (Fig. 1) and were upscaled to daily values (assuming a sta-
ble flux during the day). This quantitative approach further highlighted
the differences between leaf and root C allocation. Significant differ-
ences were found among leaves and roots in the 8 days of measure-
ments (Day:Tissue, Repeated-measures ANOVA, F7,150 = 44.72,
p < 0.001, Table S5). Allocation of C to leaf biomass generally de-
creased with time across the five tree species (Fig. 3). Allocation of C to
roots peaked after 72 h in all species and decreased thereafter, but in-
creased again in Pinus and Cupressus (Fig. 2). Measured fluxes of
respired 13CO2 were up-scaled to daily amounts, also expressed as C
mass (mg C d−1 sapling−1) assuming equal fluxes Rday and Rdark. Alloca-
tion of C to leaf respiration was generally in similar timing with alloca-
tion to leaf biomass, or delayed by one day in conifers (Fig. 3). Across
the five tree species, there was a second, small respiration peak after
144 h. Allocation of C to root respiration showed the most consistent
dynamics, with a gradual increase followed by a gradual decrease. Root
respiration peak was after 72–96 h in conifers, and after 96–120 h in
broadleaf (Fig. 3). As for the leaf δ13C dynamics, exponential curves
were fitted to the C amount curves of leaf biomass pool (Fig. 3), from
which the half-life time and the mean residence time were calculated
(Table 1, S8). The exponential curves, based on C amounts, were signif-
icantly fitted (p < 0.05, except of Cupressus p = 0.06), to the different

time points data (Fig. 3) and the values calculated based on the expo-
nential curves were close to those calculated based on the δ13C data
(Fig. 2; Table 1, S8). The mean residence time and half-life of the
conifers were double (Table 1, S8) of those of brodleaf parameters.
Residuals of the model are observed in the second half of the chase pe-
riod of the exponential model (Fig. 3, Table S10).

3.5. Dynamics of C partitioning among tree compartments and fluxes

Our three-phase flux-coupled methodology enabled the accurate
determination of the fate of assimilated C in space and time. In general,
C was gradually moving from biomass to CO2 (in respiration) and solu-
ble C (in root exudation) (Table S4), and from leaves to woody tissues,
and on to roots. During the 8 measurement days post labeling, parti-
tioning to respiration was >28% of assimilated C in Pinus (57%), Quer-
cus (28%) and Pistacia (32%), but only ~16% in the other species (Fig.
4). At the temporal scale of the study, respiration was mostly from the
leaves: of the entire respired CO2 flux, leaf respiration was >70% in all
species but Pistatica, where respiration from woody tissues was 51% of
total respired CO2. The rest of the respiration was from the roots, with
respiration from woody tissues being neglectable except in Pistatica.
Root exudation accounted for >0.3% of total C in conifers, or less
<0.1%, in the other species. The movement of C from leaves to woody
tissues and on to roots, was rather consistent in Ceratonia, but not in
the other species. The partitioning to belowground C allocation on Day
8 was 28–38% in conifers, and much lower in the brodleaf: <10% in
Quercus and Ceratonia, and <5% in Pistacia (Figs. 4, 5) (t-test,
t7 = −3.25, p = 0.028). These trends were related to the root/shoot
ratios among the tree species, as reflected in their compartment parti-
tioning (Table S1). Root/shoot ratio of brodleaf was higher than that
of the conifers (Quercus 1.1 ± 0.2, Ceratonia 0.5 ± 0.1 and Pistatica
0.6 ± 0.2 verses Pinus 0.3 ± 0.1 and Cupressus 0.4 ± 0.2). Cupressus
diverged from the other four species in its leaf tissue allocation, which
could be partly explained by its high leaf biomass.

3.6. Compartmental model of recent assimilated C distribution in the tree

We employed a compartmental model of C distribution to comple-
ment and extend our empirical measurements, and gain a better mecha-
nistic description of the C allocation dynamics. A standard approach in
modelling is the use of box-model to describe the kinetics of the labeled
C in the different tree compartments (Fig. 1c, Fig. 6; see methods for de-
tails). Applying the measured amounts of C after the labelling as the ini-

Fig. 3. Allocation of 13C (mg) to biomass pool (top) and respiration (bottom) following 13CO2 pulse labeling, in leaves (green) and fine roots (brown) of five
major Mediterranean forest tree species. Each point represents the mean ± SE of three individual saplings (small SE are invisible). Dashed lines are the expo-
nential decay of 13C of leaves. Woody tissues measurements are not presented. Shapes of mature tree are presented in top right corner of every plot. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Three-phase C balance of five major Mediterranean forest tree species along eight days. Internal pools of biomass (dark colors) and external flux of respira-
tion (bright colors) partition to different tree compartments: leaves (green), woody tissues (orange) and fine roots (brown). Each of the three fluxes and three pools
was measured independently once a day, except for woody tissues biomass, woody tissues respiration (measured on Day 2 and 5, respectively, and estimated on
other days). Each bar represents the mean of three individual saplings, except for woody tissues biomass (1–2 replicates). Shapes of mature tree are presented in
every plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Aboveground and belowground C pools and fluxes (%) in biomass, respiration and exudation 8 days after labeling of five Mediterranean forest tree
species. Internal pools of biomass (dark colors) and external fluxes of respiration (bright colors) and exudation (red) partition to different tree compartments:
leaves (green), woody tissues (orange) and roots (brown). Each bar represents the mean of three individual saplings, except for woody tissues biomass and root
exudation (1–2 replicates). Shapes of mature tree are presented. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

tial conditions, the calculated rate constants in the model revealed simi-
lar C pools dynamics to the measurements. The outputs of our model di-
verged among tree species (Fig. 6). The model provided continuous res-
olution of the C allocation dynamics and filled some of the gaps left by
the empirical measurements. We observed similar dynamic patterns be-

tween the measurements and the model outputs, which confirmed our
assumption for linear fluxes among the tree compartments and sinks.
The model predicted the C alocation dynamic pattern in the five tree
species. However, because of the linear fluxes assumption, the model
did not simulate the late belowground C allocation peak in Pinus and
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Fig. 6. Empirical results and compartmental model output of C pool dynamics in the tree. a. The change of the amount of 13C in the different compartments pools
(Leaf, Woody tissues and root) during 8 days post labelling. b. Box model outputs of the change of 13C in the different compartments pools dynamics using initial C
amounts and rate constants of the measurements. Each point represents the mean of three individual saplings.

Cupressus (Model formulation can not allow such a peak). More discrep-
ancies were found mainly in wood values of Pinus, Cupressus and Pista-
cia. Finally, we used our model to observe the effect of warming (+5°C
and +10 °C) on the respiration fluxes, and thereby on the C allocation
dynamics. For a first approximation of warming effects, we included a
temperature effect on respiration fluxes. We did not include potential
temperature effects on other fluxes. C allocation dynamics were only
mildly affected by the higher respiration fluxes (Fig. S5), however the
total amount of C allocation to biomass of the different compartments
(leaves, woody tissue, roots) were lower (Fig. S5).

4. Discussion

How is C partitioned among tree compartments and sink fluxes in
co-occuring Mediterranean tree species? And could these C allocation
strategies relate to succession processes or functional groups? Here, we
revealed fundamental differences in C allocation between phylogeneti-
cally distant tree species (confirming our first hypothesis). In addition,
we confirmed our second hypothesis: C partitioning between above-
and belowground compartments was significantly different among the
five tree species. Pinus and Cupressus allocated larger amount of C be-
lowground compared with Quercus, Ceratonia and Pistacia. More im-
portantly, we show that measurements on a single species are not trans-
ferable to other, co-existing species. In other words, C allocation strate-
gies diverge among tree species within an ecosystem.

4.1. Integrated pulse labeling and C mass balance

Pulse-labeling of trees has been a major approach for studying their
C allocation dynamics for the past thirty years (Schneider and Schmitz,
1989; Epron et al., 2012). The results of those studies shaped our under-

standing of the rate of transfer of assimilated C to tree compartments.
At the same time, the use of a C mass balance approach complemented
these observations, especially for mature trees and temporal sclaes
longer than, e.g., a month (Klein and Hoch, 2015). This study attempts,
for the first time, to combine these two approaches into a powerfull,
hollistic view of tree C allocation. It is unique in (i) combining continu-
ous measurements of C flux and 13C enrichment, permitted by coupling
of continuous 13C detection with IRGA CO2 gas analysis; (ii) tracing the
labeled C in solid, liquid, and gas forms simultaneously (including root
exudation); and (iii) integrating the data collected based on (i) and (ii)
above into a whole-tree mass balance. In addition, to the best of our
knowledge, this is the first study of detailed C allocation dynamics of
(iv) Mediterranean tree species, and (v) simultaneously performed on
five tree species. Overall, the main strength of our setup is the ability to
couple fluxes and pool measurements which improves our understand-
ing of C allocation in different tree species and environmental condi-
tions.

4.2. Limitations and advantages of our approach

For calculating a whole tree C balance, several assumptions and
simplifications were taken. First, saplings were divided into three main
compartments, which presented C allocation differences in the short
time scale of days (Figs. 3 & 4). However, a higher resolution measure-
ment of C dynamics, e.g. by separating the root system into coarse and
fine roots, can expose significant differences within the root system
(Wegener et al., 2015). Second, our assumption of constant pools and
fluxes dynamics during 24 h, relying on a single time-point prevented a
finer temporal scale onservation. Nevertheless, we did correct for the
respiration dependence on temperature, using the current daily temper-
ature (Fig. S3, Table S3), and Q10 values (Atkin and Tjoelker, 2003)
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post labeling (Fig. 3, Fig. 4). Because of the short time scale (8 days)
and the relatively slow growth of these Mediterranian species, specifi-
cally in the dry season (when the mesurements took place), neglectable
growth was assumed. In addition, the measurements took place in a
certain plant phenology (i.e. mid-summer) and the C allocation strate-
gies are accurate for this time of the phenology alone. Furthermore, the
measurement were only for 8 days, which the allocation patterns may
have extended or even increased mainly regarding the C allocation to
roots (Fig. 3). Our approach offerred some notable advantges: Saplings
compartments were measured directly, without assumptions on rhizos-
phere respiration ratio (i.e autotrophic versus heterotrophic), since root
respiration and root exudation were measured directly (Fig. 4). In addi-
tion, the mass balance calculation approach is based on the exact area
and mass of the different measured plant compartments and the total
sapling. Last, a verification of our pool and flux calculation was made
by comparing the total amount of labeled C in the sapling by assimila-
tion flux and the total pool of C present in biomass post labeling (Fig.
S4). Future experiments, including measurements of all pools and fluxes
(without estimations to fill the gaps), will also include recovery rates,
and will better inform our understanding of C allocation mechanisms.

4.3. Carbon allocation dynamics using a compartmental model

The compartmental model of C allocation dynamics (Epron et al.,
2012) makes a better mechanistic description of the highly complex
tree system, and it can be used to extend the results and predicts the ef-
fects of other environmental conditions (e.g., temperature) that were
not tested directly. We observed similar C allocation dynamics between
the measurements and our model outputs (Fig. 6). The main discrepan-
cies are in the wood compartment, probably because this was the only
compartment that was not measured directly in all days, and was calcu-
lated using the mass balance approach. The model predicted lower allo-
cation belowground in conifers and similar amounts in broadleaves.
This gap is probably because the late C allocation flux is not part of the
linear dynamic (which was part of the model assumptions) and is
species-specific or specific to conifers or early succession species. This
high belowground investment can be explained by the “second peak” in
the root pools and fluxes, which was not predicted by the model (Figs. 4
& 6). Double peaks in belowground C allocation after pulse labelling ex-
periments were observed in other resource-limited conditions (Barthel
et al., 2011; Wegener et al., 2015). Interestingly, the belowground in-
vestment of conifers is also partially sensitive to high temperature (Fig.
S5). Under warming scenarios, our model predicted lower C allocation
to biomass and higher C amount in the atmospheric and soil sinks (Fig.
S5). This can be explained by an increase in the transfer time of below-
ground C (Blessing et al., 2015). This result supports the varied effects
of temperature on C allocation dynamics and the interactions with
plant respiration (Atkin and Tjoelker, 2003) and metabolic rates
(Blessing et al., 2015) or species origin (Way and Oren, 2010). Also,
contributing to the unique C allocation dynamics, we observed the high
C allocation plasticity of the Mediterranean species (Zunzunegui et al.,
2005; Wegener et al., 2015), and the limited nutrients in the soil which
forces faster micobial interactions in the early successional species.

4.4. C allocation dynamics in various functional groups of trees

Published C allocation studies typically focused on 1–2 species, with
four species the maximum number so far (Ghirardo et al., 2010). Here,
the inclusion of five species offered an opportunity to test for interspe-
cific differences. Among such differences, the major divergence was be-
tween two groups of trees, Pinus and Cupressus vs. Quercus, Ceratonia
and Pistacia. These two groups can be separated by their functional
group for conifers vs. broadleavs, respectively. In contrast to
broadleaves, conifers showed (i) a second root C allocation peak on
Day 8; (ii) sustained root C allocation; (iii) higher mean residence time

in leaves; and (iv) higher partitioning of C allocation belowground
(Fig. 4). Based on data from 47 pulse labeling studies, Epron et al.
(2012) concluded that the label transfer rate from leaves to soil was, on
average, an order of magnitude lower in conifer vs. broadleaf species.
Differences in phloem anatomy between conifer and broadleaf (Jensen
et al., 2012) can indicate a longer retention time of C in a given tissue.
It is hence possible, that the higher allocation to fine roots in conifer is
unrelated to transfer rates through the phloem tissue (which are proba-
bly higher in broadleaf), but rather, to longer retention in fine roots in
conifer vs. broadleaf. Another possible explanation considers one of the
implications of the so-called ‘pot binding effect’ on the conifers in our
study. It is possible that Pinus and Cupressus saplings reached the maxi-
mum height allowed by the pot size (Fig. S1), however, a similar root
mass fraction (~40%) was found in larger pots of the same Pinus
specie. In summary, belowground C allocation was higher in conifer
than in broadleaf but the exact mechanism is yet to be unraveled.

4.5. Ecological strategy influence tree C allocation

Why conifer saplings allocate more C belowground than broadleaf
saplings? The similarities between the pot experiment and a mixed for-
est go beyond the tree species identity. The five Mediterenean species
we studied partitioned in the same way along the conifers versus
broadleaf divide and early versus late succession species. The conifers,
which are the early succession species among the five species (Sheffer,
2012), invest more C belowground (Fig. 5), probably because of the
faster establishment strategy (Shukla and Ramakrishnan, 1984;
Gleeson and Tilman, 1994). Because we grew the plants with forest soil
(that has limited nutrients) and unlimited light we can assume the limit-
ing factor was belowground. Both limitations have been shown to af-
fect C alocation (Wegener et al., 2015). The late sucssion species, Quer-
cus, Ceratonia and Pistacia, were found to invest more C in the woody
tissues, consistent with their shade tolerance and longer life cycle prop-
erties (Fig. 5). Thus, the differences in C allocation strategies can be ex-
plained in part by succession growth characteristics. However, the five
tree species are seperated to functional group and succssional
charecteristic in the same way, thus understanding this phenomenas
would requier further research including more tree species, e.g. an early
succession broadleaf species.

4.6. Root exudation and its proportion in the C balance

Root exudation fluxes are relatively small. Nonetheless, they pro-
vide important contribution to our understanding of tree C allocation
and species-specific strategies. Root exudation flux (Phillips et al.,
2008) together with root exudation composition (Gargallo-Garriga et
al., 2018) are affected by a variety of environmental parameters, can
be plant-specific (Grayston et al., 1997) and successional stage related
(Sun et al., 2021). Root exudation accounted for 0.7% of total C in Cu-
pressus, and less in the other species (Fig. 5). In addition, Cupressus C al-
location into root biomass is high while root respiration flux is low (Fig.
3). This high C allocation to the roots that maintain low respiration
flux and high exudation rate might suggest that the high belowground
investment is directed to root exudations. In addition, this high exuda-
tion flux is in line with the relatively high exudation rate found in the
same species (i.e. Cupressus and Pistacia) in a mature forest (Jakoby et
al., 2020). Furthermore, this potted experiment took place in mid-
summer, which is the time of the high exudation flux detected in the
forest. The early successional species are known to exude higher quanti-
ties of C than the late-successional species (Sun et al., 2021), potentially
for stimulating microbial communities and improving nutrient avail-
ability. The low but significant root exudation flux underscores the
need for more research into exudation mechanisms and their impor-
tance to the functional and ecological strategies used by trees. Our mass
balance, pulse labeling, and compartmental model setup promises to
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expand our capabilities to understand the exudation flux in many
species and plant types.

5. Conclusions

Carbon allocation dynamics research in a mixed forest requires
quantification at the individual tree scale with compartment resolu-
tion. By combining pulse labeling, mass balance, and compartmental
model, we quantified C allocation dynamics in five tree species, repre-
senting contrasting functional types and successional stages. C alloca-
tion strategies diverged among tree species co-habiting in a typical
Mediterranean forest. Within 8 days, conifers allocated 30% of the C
belowground, and broadleaves allocated <10%. This belowground in-
vestment could be explained by the early successional stage of the
conifers. However, further research using broadleaves which are also
early succession species is needed. Root exudation fluxes were small but
significant and are in agreement with the ecological niche of the entire
C allocation strategy (mainly in Cupressus). Our unique setup could be
used in potted experiments as well as mature trees and should allow to
extrapolate the fluxes that cannot be quantified directly. Such applica-
tion will lead to better understanding of forest tree C allocation dynam-
ics and the inputs of environmental factors.
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