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1  |  INTRODUC TION

Intensification of drought frequency driven by climate change leads 
to a strong reduction in the amount of carbon (C) trees sequester 
(Chiang et al., 2021; Joos et al., 2001). Drought-stressed plants may 
also reach their physiological thresholds, leading to ecosystem de-
cline (Berdugo et  al.,  2022). Exceptional resilience to drought was 

found in mixed forests, which host various tree species with dif-
ferent C allocation strategies (Rog, Tague, et  al.,  2021; Schnabel 
et al., 2021; Werner et al., 2021). However, the forest-scale methods 
like eddy covariance and canopy imaging might be insufficient, requir-
ing species-level measurements of all C pools and fluxes (Baldocchi 
et al., 2001; Richardson, 2019). Such tree-level measurements can 
reveal species-specific mechanisms involving C allocation between 
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Abstract
Tree species differ in their carbon (C) allocation strategies during environmental 
change. Disentangling species-specific strategies and contribution to the C balance 
of mixed forests requires observations at the individual tree level. We measured a 
complete set of C pools and fluxes at the tree level in five tree species, conifers and 
broadleaves, co-existing in a mature evergreen mixed Mediterranean forest. Our 
study period included a drought year followed by an above-average wet year, offering 
an opportunity to test the effect of water availability on tree C allocation. We found 
that in comparison to the wet year, C uptake was lower in the dry year, C use was the 
same, and allocation to belowground sinks was higher. Among the five major C sinks, 
respiration was the largest (ca. 60%), while root exudation (ca. 10%) and reproduc-
tion (ca. 2%) were those that increased the most in the dry year. Most trees relied 
on stored starch for maintaining a stable soluble sugars balance, but no significant 
differences were detected in aboveground storage between dry and wet years. The 
detailed tree-level analysis of nonstructural carbohydrates and δ13C dynamics sug-
gest interspecific differences in C allocation among fluxes and tissues, specifically in 
response to the varying water availability. Overall, our findings shed light on mixed 
forest physiological responses to drought, an increasing phenomenon under the on-
going climate change.
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tree compartments (Klein & Hoch,  2015), C storage build-up and 
use, and relations to water use (Babst et al., 2014; Mund et al., 2010). 
To date, C allocation studies at the tree level are rare in water-limited 
environments such as semi-arid and Mediterranean mixed forests. 
These systems are instrumental as they represent a significant part 
of the globe and can contribute to the understanding of forest dy-
namics in a future drier climate.

In both global C cycle simulations and direct measurements, 
the C budgets of terrestrial plants are rarely balanced (Le Quéré 
et  al.,  2016; Marshall et  al.,  2023), indicating missing C sinks. The 
missing sinks are probably belowground fluxes that are difficult 
to measure, like root growth and C transfer to the rhizosphere 
(Crowther et  al.,  2019; Klein, Bader, et  al.,  2016; Schiestl-Aalto 
et al., 2019). In local observations and global estimates alike, trees 
allocate more C belowground in water-limited environments (Brunn 
et al., 2023). Globally, the region with the highest proportion of roots 
in total biomass is the Mediterranean region (Ma et al., 2021). Trees 
growing in more arid climates also have shorter shoots but deeper 
and narrower root systems (Tumber-Dávila et  al.,  2022). In addi-
tion, trees exposed to drought reduce the rooting zone area (Gao 
et al., 2021); exudate more C into the soil (Brunn et al., 2022, 2023); 
and probably grow roots to deeper soil layers.

The challenge in studying the relationships between photosyn-
thesis, C transport, and belowground C is to follow the different 
fluxes simultaneously over extended time scales, that is, months 
and years. However, to study the in situ response to climatic change, 
there is a need for multi-annual research. To address this chal-
lenge, 13CO2 labeling may be advantageous (Epron et al., 2012; Sala 
et al., 2012), but in mature forests, and specifically in mixed forests, 
this would require massive investment. Thus, the more traditional 
C mass balance approach is the only viable way to attain a compre-
hensive quantification of C fluxes (Ågren et al., 1980). For this ap-
proach, whole-tree C fluxes and pool size changes are determined 
with time resolutions between months and seasons. The method 
allows quantifying the rate of C transfer among compartments, the 
residence time in each compartment, and the specific metabolic 
compound being stored in the compartment (Klein & Hoch, 2015). 
Previous work has shown that the mass balance approach is able to 
distinguish between C allocation dynamics in different tree species 
with different seasonal behaviors (Le Roux et al., 2001; Rog, Jakoby, 
& Klein, 2021) and in response to abiotic factors like elevated CO2 
(Dror & Klein, 2022; Wegener et al., 2015).

The ability to store and use nonstructural carbohydrates (NSC) 
and lipids is thought to contribute to tree survival. The stored C can 
provide energy and C skeletons when newly fixed carbon amounts 
are too low, as during drought when stomatal conductance is reduced. 
Hence, the dynamics of storage compounds like NSC were suggested 
to indicate tree resilience to drought (Hoch & Körner, 2012; O'Brien 
et  al.,  2014; Signori-Müller et  al.,  2021). NSC levels drop when the 
balance between demand and supply is skewed, while resilient trees 
continue to grow, as growth is permitted by sufficient turgor (Zweifel 
et al., 2021). NSC reduction during drought is expected to be smaller 
than in vulnerable trees, by minimizing activities of C sinks like growth. 

In saplings, NSC decreases after severe drought years, especially in 
the root (He et al., 2020); however, in mature trees, no NSC decrease 
was detected (Hesse et al., 2021). In addition to drought, C supply af-
fects NSC levels and can be reduced under long C-limitation in trees. 
Shade-tolerant tree species maintain high NSC levels as a strategy 
to recover faster from disturbance (Poorter & Kitajima,  2007). On 
the other hand, tree species with light-demanding characteristics al-
locate more C to growth and invest less in NSC storage (Poorter & 
Kitajima,  2007). However, in water limited but not light-limited en-
vironments, the link between NSC storage and light requirements 
is weaker (Poorter & Kitajima, 2007). Understanding the annual and 
seasonal NSC storage dynamics can help define the resilience strat-
egy of each tree species.

Our goal in this study was to provide the first comprehensive tree-
scale carbon allocation dynamics in a mixed Mediterranean forest and 
its response to climatic conditions. We assessed the monthly mass 
balance of C assimilation and investment in above- and belowground 
C sinks in 20 mature trees of five species growing together in a forest 
stand. The 2 years of the study period covered not only the seasonal 
dry period but also two contrasting hydrological years, one with 25% 
lower rainfall and the following with 21% higher rainfall than average 
(Figure 1). To evaluate the resilience of the trees, we measured storage 
pools NSC and δ13C on a seasonal basis. In non-water-limited environ-
ments and less resilient tree species, drought can strongly reduce sink 
activity and thus C allocation belowground (Joseph et al., 2020; Ruehr 
et al., 2009; Zwetsloot & Bauerle, 2021). However, in water-limited 
environments, drought-induced shifts in C allocation are mainly be-
lowground, but the exact mechanism is poorly known. In our water-
limited environment, we hypothesized that trees would invest more C 
belowground in the dry periods, assuming water is the limiting factor 
and can be taken up by investing in root development belowground. 
Furthermore, precipitation will affect the C allocation dynamic mainly 
by reducing assimilation and total sinks in the dry year. Finally, we 
expect a larger NSC reduction during water stress periods and less 
negative δ13C values in drought-resistant trees.

2  |  MATERIAL S AND METHODS

2.1  |  Site and study design

Field measurements of mature trees were conducted in a 1 ha forest 
research plot at the Judean foothills in Israel (Yishi forest, 31° 43′ N, 
34° 57′ E, 320 m elevation; Klein et al., 2013; Lapidot et al., 2019; 
Rog, Tague, et al., 2021). The climate is Mediterranean, with annual 
precipitation of 510 mm falling between September and May, ren-
dering May–September as a prolonged drought. The mean diurnal 
temperatures are 16.0°C in February and 25.3°C in August. The veg-
etation is dominated by the conifers Pinus halepensis and Cupressus 
sempervirens, planted ca. 50 years ago. Shortly after the planting, 
the local broadleaf woody species Quercus calliprinos, Ceratonia si-
liqua, and Pistacia lentiscus started to resprout in the stand. Since 
forest management was minimal, we assume natural tree growth. 
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The forest canopy is dominated by the relatively tall conifers, espe-
cially the Pinus, with lower-stature Quercus, Ceratonia, and Pistacia. 
Considering >1 m height individuals, we monitored by GPS instru-
ment (eTrex30x; Garmin, Olathe, USA) 242 Pistacia, 146 Cupressus, 
109 Quercus, 31 Pinus, and 9 Ceratonia trees. Stand density, account-
ing only for ca. 50-year-old individual is 134 trees ha−1. For more 
information about forest density and tree distribution, see Rog, 
Tague, et al. (2021). We selected 4–10 mature trees of each of the 
five studied species.

2.2  |  C mass balance of mature trees

During two consecutive hydrological years (October 2017–
September 2019), we assessed monthly C mass pool sizes and fluxes 
and upscaled them to the compartment and tree levels. For this pur-
pose, we combined direct and indirect measurements and data from 
previous onsite studies (Table S1, Figure S1). While we obtained data 
about the tree compartments: stem (including bark), branches and 
twigs, reproductive tissues, foliage, root collar, coarse roots, and fine 
roots (Tables S2, S3). For further analyses, we aggregated the data 
into the four compartments: wood, reproductive tissues, foliage, 
and roots (detailed in Table S1). Allometric equations for the differ-
ent tree species were used for creating compartment-specific total 
area (Table S2) and the C mass pool dataset (Table S3; Rog, Tague, 
et  al.,  2021). We additionally evaluated the content of the non-
structural carbohydrates (NSC) starch and soluble sugars in woody 
branches. We focused on this tissue because woody tissues contain 
the largest absolute storage pools in trees (Furze et al., 2019; Hoch 
et al., 2003), and because extracting stem cores multiple times can 
be fatal for the trees. Carbon fluxes were based on in  situ meas-
urements conducted for more than 3 years (2017–2020; Table S1). 
We measured six fluxes: photosynthetic assimilation, reproduction, 
respiration, growth, litter, and exudation (to focus on the tree-scale 
C allocation, the term “flux” is also used for growth, litter, and re-
production). The frequency of the measurements ranged from once 

every 2 weeks to once a year (Table S1). To integrate all measure-
ments, we transformed the results into means of diurnal flux rates 
(g C tree−1 day−1). The mean and standard error for all fluxes are cal-
culated among the four individual trees of the five tree species. For 
the annual scale, the sum of the representative day of the month was 
multiplied by the number of days (averaged month value calculated 
for bi-monthly measurements). A further explanation of the specific 
measurement and calculation for the six fluxes is presented below.

2.3  |  Carbon assimilation flux

Net C assimilation was measured using two methods: leaf scale 
and tree-level scale. Leaf-scale measurements were measured bi-
monthly (approximately every 2 weeks) using an infrared gas ana-
lyzer (IRGA) with a portable gas exchange and fluorescence system 
(averaged of morning, noon, and after noon measurements, GFS-
3000, WALZ, Effeltrich, Germany, Rog, Tague, et al.  (2021)). The 
five tree species varied in height and canopy structure (Table S2), 
thus all leaf-scale measurements were from sun-exposed leaves at 
the same height (1–2 m) except for Pinus trees (6–8 m) with three-
fold higher canopies compared to the other tree species. We used 
allometric equations for upscaling to the tree-scale net assimila-
tion flux (Atree) and multiplied by the light hours per day in every 
month (assuming the two measurements per month capturing the 
monthly variability). In a complementary method used to verify the 
leaf-scale measurements, Atree was calculated using sap flow meas-
urements available for four species (Klein, Rotenberg, et al., 2016; 
Rog, Tague, et al., 2021; Pistacia trees were not measured because 
of the small stem diameter). All the equations and calculations of 
converting sap flow measurements into tree assimilation are de-
scribed in (Klein, Rotenberg, et al., 2016). The conversion is based 
on the physiological relationship between instantaneous water 
use efficiency (WUEi) multiplied by gs to calculate Atree. In order 
to estimate gs, we calculated Ttree from sap flow divided by VPD 
values taken from the meteorological station (described in section 

F I G U R E  1  Variability in precipitation amounts in the study mixed Mediterranean forest. Dry years, yearly precipitation below average 
(Paverage = 511 mm), and wet years are above average. Carbon allocation measurements in this study were from representative dry year 
(P2018 = 384 mm, dry), and high precipitation year (P2019 = 621 mm, wet) marked by a gray background. Note that preceding years were also 
dry: P2016 = 454 and P2017 = 285. Precipitation data are from Beit Jimal meteorological station (1 km east of the study stand).
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“Environmental conditions and their monitoring”, online dataset). 
WUEi calculated based on δ13C values (described in section “δ13C 
analysis,” online dataset). Sap flow measurements are described in 
Rog, Tague, et al.  (2021). Briefly, sap flux density measurements 
were taken approximately every 2 months using heat balance sen-
sors (EMS, Brno, Czech Republic). To avoid installation artifacts, 
metal slots were continuously installed on tree stems, and probes 
were added only during measurement campaigns. Sensors meas-
ured for 2–4 days, logged every 10 min, and calculated sap flow 
for the sapwood area (ignoring the bark). WUEi was calculated 
based on the significant relationship between stomatal regulation, 
WUEi, and δ13C. Here we used young branches (1–2 years) and not 
leaves, which are more affected by diurnal changes. The year 2019 
is a good proxy for δ13C accumulation of the dry year because it 
came in a third below-average year, and the high assimilation flux 
in 2020 introduced a relatively high C amount to the branch C pool 
(description of δ13C measurements are in “δ13C analysis” section). A 
linear relation was found between the two assimilation measure-
ment methods, measured on the exact same days (Figure S2), with 
mildly lower leaf-scale estimation (vs. whole-tree measurement) 
and higher leaf-scale estimation for conifers and broadleaves, 
respectively. The assimilation values calculated at the leaf scale 
were corrected according to the linear relation between the two 
measurement methods. Thus, we were able to use the relatively 
frequent leaf-scale measurements (every 2 weeks) corrected with 
the tree-scale measurements. Using these two independent ap-
proaches, based on different physiological concepts, provided 
more accurate net assimilation values.

2.4  |  Respiration flux

To estimate respiration rates, we measured CO2 efflux from 
leaves, stems, and roots (Table  S2). Dark foliage respiration (mi-
tochondrial dark respiration) was measured monthly, after the 
sun set, using IRGA leaf gas exchange with four replicates per 
species (Rog, Tague, et  al.,  2021). We assumed dark respira-
tion can be measured during the day by darkening the leaf at a 
given temperature and month (Farquhar & Busch, 2017; Tcherkez 
et al., 2009). IRGA settings parameters were similar to the assimi-
lation measurements, with top and bottom covers for light access 
(Rog, Tague, et al., 2021), and upscaled to the corrected tree scale. 
We measured stem CO2 efflux in bi-monthly intervals over 1 year 
(January 2017–April 2018) using a static stem chamber (Hilman & 
Angert, 2016). After incubation of 1 h, we sampled the chamber 
headspace in a flask and measured the CO2 concentration using 
an IRGA (LI 840A, LI-COR, Lincoln, NE, USA). Measuring root res-
piration in situ is challenging because it requires airtight incuba-
tion of intact roots, which is difficult to achieve. We alternatively 
estimated the root respiration fraction from total soil respiration 
(Rs), which we estimated by measurements and previous data. 
Root respiration fraction from Rs was measured with incuba-
tions of excised roots from the ingrowth cores (more details in 

the growth flux section) during January 2019. In this campaign, in-
growth cores were extracted and inserted directly into the IRGA 
3010-A chamber. Rapidly, after stable measurement of the en-
tire ingrowth core contents, fine roots were sieved and only fine 
roots were inserted for a second measurement. This experiment 
provides information about the fraction of root respiration from 
Rs (Figure S3) and about fine-root respiration in 0.2 m depth soil, 
which we extrapolated with fine-root biomass for another esti-
mation of total root respiration. Root respiration fractions were 
approximately 0.25–0.35 for soil samples below the five tree spe-
cies. Based on (Qubaja, Tatarinov, et al., 2020), we assume small 
differences in the root respiration fraction from the entire soil 
respiration among seasons. Thus, the monthly dynamic of root 
respiration from Klein and Hoch  (2015) was multiplied with the 
total amount of root growth per individual tree to get the most 
accurate estimation of root respiration in the site. Knowing the 
limitations of this root respiration approach, we confirmed the 
fraction of root respiration from total soil respiration approaches. 
By estimating the fraction of root respiration from total soil res-
piration (Table S4). Soil respiration was measured in a nearby plot 
(less than 1 km from the intensively measured plot and with identi-
cal characteristics) on non-disturbed soil during the dry (Sep) and 
wet (Nov) seasons. The soil CO2 flux (Rs) was measured with an 
automated non-steady-state system (LI-8100A; LI-COR, Lincoln, 
NE, USA), using opaque chambers 20 cm in diameter (Long-Term 
Chambers; LI-8100-104; LI-COR) and a multiplexer (Multiplexer; 
LI-8150; LI-COR) to allow for the simultaneous control of several 
chambers (described in detail in (Qubaja, Tatarinov, et al., 2020)). 
The chamber was closed on preinstalled PVC collars (20 cm in di-
ameter, inserted 5 cm into the soil, and 6 cm above the surface) for 
2 min and was positioned away from the collar the rest of the time. 
The air from the chambers was circulated at 2.5 L min−1 through 
the IRGA and were logged in the system logger (1 s−1) half hourly.

2.5  |  Carbon allocation to growth

Carbon allocation to growth was measured and calculated sepa-
rately for each of the three compartments: foliage, stem, and 
roots. Foliage growth was measured and verified with three meth-
ods: Annual dynamics were measured by needle length increment 
in Pinus and by photos and area increment calculation for the other 
species (using ImageJ; (Rueden et  al.,  2017)). For the latter, we 
used three technical replications per tree. Values calculated from 
images were in low quality in part of the data points, and values 
from Pinus needle growth were complemented where needed by 
assuming the similar growth rate. A complementary method was 
included the leaf longevity of each tree species (downloaded from 
the TRY database (Kattge et al., 2020)) for the estimation of an-
nual leaf growth. Mean monthly foliage growth was calculated by 
the total mean growth per year divided by the measured propor-
tion of the growth every month, reflecting the species-specific 
flush growth behavior among the species. Finally, the calculated 
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annual foliage growth was verified using the annual foliage litter 
production (measured directly; see litter flux methods). Annual 
stem growth was calculated by the mean annual DBH increment, 
which was measured bi-monthly using band dendrometers (UMS, 
D1, Alton, England) installed on 10 trees from each species since 
October 2016. Species such as Quercus and Ceratonia trees with 
multistems (3–4 stems) were measured in only one stem and 
were assumed to grow at similar rates in all the stems. Multistems 
Pistacia trees were too small for the band dendrometers; thus, 
manual stem growth diameter was measured using a caliper. With 
no growth during the end of the dry season, the baseline growth 
of every year was set to September stem size. Root growth was 
measured using the ingrowth core method, assuming root growth 
is mostly in the top soil and dominated by fine-root growth (Dror 
& Klein, 2022; King et al., 2002). Twelve ingrowth cores (length: 
0.12 m, diameter: 0.03 m, mesh size: 3 mm) were installed in 1-m 
distance from the main stem of every tree (n = 4) in groups of 
three, covering the entire tree area (Figure  S4). Every group of 
three cores was averaged, and the four groups were used as tech-
nical replications to calculate the annual root growth year−1 area−1 
below every tree. The root growth monthly dynamic was taken 
from Klein and Hoch  (2015). We adjusted the monthly dynamics 
by minirhizotron data from a pine forest site located 50 km south 
from our site. Tubes were buried in the soil at ca. 30 cm depth 
and 1 m from the tree's stem. We used the portable imager CI-
600 In-Situ Root Imager (CID Bio-Science, Camas, WA, USA) and 
the RhizoTrak plugin at ImageJ software to analyze the images. 
Once a month, a panoramic image from every tube was captured 
and compared to previous imaging sessions. Over the time-series 
images, the length for each individual root was calculated and di-
vided by the number of days since the last imaging session to pro-
duce the specific growth rate. We assumed a similar dynamic for 
the different tree species, but species-specific amounts according 
to ingrowth core data.

2.6  |  Litter production and reproduction

The production of aboveground litter and reproduction tissues 
were quantified using litter traps installed below the canopy of 
each tree species (n = 4). Three litter traps (0.5 × 0.2 m) were in-
stalled below every tree (used as technical replications), from 
which litter was collected bi-monthly. The oven-dried samples 
(60°C, 48 h) were identified for tree species, separated manually 
into leaf, branch (woody tissues), and reproduction tissues, and 
weighted with an analytical balance (Mettler Toledo, Columbus, 
Ohio, UAS). The production of the three litter tissues were up-
scaled to a single tree basis by multiplying the ratio between the 
tree crown area of every tree and the litter trap area. Root litter 
was estimated using the global patterns of root turnover in the 
terrestrial ecosystem database (Gill & Jackson,  2000), assuming 
each conifer and broadleaf group share the same root turnover 
rate.

2.7  |  Root exudation flux

Root-exudation data for the Cupressus and Pistacia in our site were 
previously published (Jakoby et  al.,  2020). The exudation rates 
measured during 2017 and 2018 were negatively correlated with 
leaf assimilation rate (Jakoby et  al.,  2020). We used our assimi-
lation rates and the correlation coefficients to calculate exuda-
tion rates in 2019. Assuming no large differences among species 
in the two functional groups (conifers and broadleaves; Dror & 
Klein,  2022; Rog, Tague, et  al.,  2021), we extrapolated the exu-
dation rates to the unmeasured species. In addition, the rate of 
exudate C was assumed to be in proportion to the amount of C 
allocated to fine-root annual growth and the total fine-root com-
partment mass (Table S3).

2.8  |  Branch NSC

Nonstructural carbohydrates (NSC) were measured in non-
photosynthetic branches that were collected every 3 months 
(approximately every season). Immediately after sampling, we 
terminated metabolism by a heat shock (3 cycles of 2-min micro-
wave). Samples were then oven-dried for 48 h and powdered using 
a grinder. We then prepared 30 ± 0.1 mg aliquots for NSC analysis 
(Landhäusser et al., 2018; Tsamir-Rimon et al., 2021). Soluble sugars 
were extracted using 80% ethanol. We then converted the starch 
in the pellet to glucose using the enzymes alpha-amylase (cat no. 
G3293-50ML; Sigma Aldrich, St Louis, MO, USA) and amyloglucosi-
dases (LYO., SQ (500 U)). The sugars glucose, fructose, and sucrose 
were separated in an ultra-high-speed liquid chromatography (UFLC) 
system (Shimadzu Scientific Instruments, Kyoto, Japan) fitted with 
an Aminex HPX-87C Column (300 × 7.8 mm, 9 μm particle, Bio-Rad, 
California, USA) and refractive-index detector. Conditions of sugars 
separation were set according to manufacturer recommendations 
(84°C column temperature, water as mobile phase, 0.6 mL/min flow 
rate). Soluble sugars and degraded starch samples were run sepa-
rately and quantified using standard curves of known concentration 
(Sigma cat. 47,829, 47,289, and F2793). Internal standard (pure glu-
cose, starch standard, and HPLC standard) were used to monitor the 
quality of the analysis routinely between samples. NSC content was 
calculated as glucose equivalent on a % dry matter basis.

2.9  |  Stem lipids and NSC analysis

Lipids were extracted from tree stem samples using a modified Bligh 
and Dyer (1959) protocol. Our extraction is not quantitative because 
we replaced the efficient but toxic original solvent chloroform with 
dichloromethane (DCM). Yet, the results allow between-species com-
parison. The measured samples were composites of two cores taken 
from the northern and eastern aspects of the stems in December 
2020. We milled the sapwood from the outer 2 cm and prepared 
100-mg aliquots. The aliquots were first sonicated for 15 min in 
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methanol and DCM solution (7.5 mL:4 mL). Then we discarded water-
soluble compounds by repeating three times the following: addition 
of water:DCM (4 mL: 4 mL) solution, centrifuge at 733 g for 10 min, 
and removal of the upper water phase. Then the lower phase was 
water-dried over sodium sulfate, reduced to the same volume, and 
quantified gravimetrically. Stem NSC were measured according to 
the Landhäusser et al.  (2018) protocol describe in the branch NSC 
method section. To test if NSC stocks can fuel the C fluxes during 
the drought year and balance the C budget, we measured species-
specific “Maximum annual NSC” in branches and main stems, and 
obtained NSC data for foliage and roots from published studies 
(Table S10). The highest annual concentration of each compartment 
(foliage, branch, stem, and root) in percentage (weight/weight) was 
multiplied by the compartment mass (kg C per year, Table S10). Stem 
NSC assumed to low annual variation (Smith et al., 2018) and was 
hence measured once, in December 2020, using stem cores.

2.10  |  δ  13C analysis

Non-photosynthetic young branches were collected once every sea-
son (the same samples as the NSC analysis), oven-dried at 60°C for 
48 h, and kept dry until grinding. An amount of 1 mg of dry tissue 
biomass was weighed in a tin capsule and installed onto a combus-
tion module equipped with an auto-sampler (ECS 4010, Costech 
Analytical, Valencia, CA, USA). The resultant CO2 gas product was 
analyzed with the 13C analyzer, 13C cavity ring down spectroscopy 
(CRDS; Picarro G2131i, Picarro, Santa Clara, CA, USA; <0.1‰ pre-
cision, <0.5‰ drift for δ13C in CO2), which was directly interfaced 
to the combustion module. Results were expressed as parts per 
thousand (‰) deviations from the international C isotope stand-
ard (Vienna Pee Dee Belemnite, VPDB). An international standard 
(IAEA-CH-3 (−24.724‰), Cellulose, International Atomic Energy 
Agency, Vienna, Austria; Verkouteren, 2006) was used, and internal 
standards (glucose, 11.1‰) were used for every nine samples.

2.11  |  Environmental conditions and their  
monitoring

The meteorological information was provided by the Israel 
Meteorological Service (IMS) station at Beit Jimal, located 1 km east 
of our measured forest plot and at the same elevation. Maximum 
air temperature and maximum relative humidity were measured at 
a standard height of 2 m aboveground. Maximum air temperature 
and maximum air humidity data were further used to calculate the 
vapor pressure deficit (VPD), as outlined in Lapidot et al. (2019). We 
measured soil water content (%, v/v) in the site using a dielectric con-
stant EC-5 soil moisture sensor connected to an Em50 data logger 
(Decagon Devices Inc., Pullman, WA, USA), which was programed to 
record observations at 30-min intervals. The sensors were located in 
two places in the center of the measured forest plot, at soil depths 
of 5 and 25 cm. Solar radiation data (global radiation, W/m2) were 

downloaded from the Beit Dagan IMS station located 45 km from 
the measured plot (Figure S5).

2.12  |  Upscaling from tree to forest scale

The annual species-specific C fluxes were upscaled to the for-
est level using the relative stand densities of each of the five tree 
species (mentioned in the Site and study design section and in Rog, 
Tague, et al., 2021) to g C m−2 year−1 units. The flux means and stand-
ard errors were calculated for the four replicas of each tree species 
multiplied by its stand density to obtain four putative forests with 
the same relative stand density. In addition, for every flux, the rela-
tive percentage from the entire forest C flux was calculated.

2.13  |  Statistics

Data were calculated and visualized using R (Team, 2000) and the 
interface R Studio (Team, 2018). We evaluated the effects of sev-
eral environmental factors and soil water content on tree species 
and C flux (g C tree−1 day−1) using a set of general linear mixed mod-
els (GLMM's). We used the user interface Jamovi (The Jamovi pro-
ject, 2021) and particularly the package “gamlj” (Gallucci, 2024) for 
GLMM. A nested design was used to generate random factors (in-
dividual trees of each species and the month of measurement) and 
calculate the variance partitioning of the C allocation across differ-
ent fluxes, species, and whether they originated from above/below-
ground (all model formulas are presented in Tables S5–S8; statistical 
commands are available in the tables). In all models, the fluxes, spe-
cies, and above/belowground were considered as a fixed factors, 
while the individual trees of each species and the month measure-
ment were considered as nested random effect. We included the 
precipitation, maximum air temperature, minimum air temperature, 
maximum VPD, solar radiation, and soil water content in 5 and 25 cm 
as covariates in the models.

3  |  RESULTS

3.1  |  Carbon allocation patterns

The C source (photosynthesis) and sum of C sinks (reproduc-
tion, respiration, growth, litter, and exudation) per year were 
nearly balanced, with fluxes of 70–90 kg C tree−1 year−1 in conifers, 
60 kg C tree−1 year−1 in Ceratonia, and less than 20 kg C tree−1 year−1 in 
Quercus and Pistacia (Figure 2a). The observation of nearly balanced 
fluxes strengthens our confidence in the method. The source flux 
was significantly higher than the sink flux in the wet year across the 
tree species except for Pistacia (species × flux × year, F32,89 = 3.030, 
p < .001; Figure 2a, Table S5). During the dry year, the source flux 
declined while the sink flux maintained its magnitude, resulting in 
a negative C balance of 3–20 Kg C tree−1 year−1. Carbon partitioning 
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    |  7 of 15ROG et al.

among the five main C sinks was significantly different among spe-
cies (species × flux, F32,89 = 59.107, p < .001; Figure  2b). Respiration 
was the main C sink in all species except Pistacia, which invested 
most of its C in growth. Dividing the sinks to aboveground versus 
belowground revealed larger belowground sinks (mainly respiration) 
during the dry year in all species, with the strongest effect in Pinus, 
Cupressus, and Quercus (species × year × above, F4,89 = 2.519, p < .039; 
Figure 2b).

3.2  |  Seasonal and annual imbalances between 
source and sink

Assimilation flux in trees, except Ceratonia, showed a bell-shaped sea-
sonal pattern with the highest flux during February–April (Figure 3). 
An additional and later peak was observed in some species in the wet 
year (Figure 3). Daily assimilation ranged from >500 g C tree−1 day−1 
for the Pinus and Cupressus trees, while Ceratonia, Quercus, and 
Pistacia trees assimilated 300, 100, and 50 g C tree−1 day−1, respec-
tively. The peak of the total C sinks lagged 1–2 months behind the 
source peak and came earlier in the dry year compared to the wet 
year (Figure 3). The total sinks consumed less or equal amount of C 
than assimilated, except for April–July (Figure S6). The peaks of the 

individual fluxes followed each other: respiration in winter, growth in 
spring, litter production in late spring, and root exudation in summer. 
During the dry year, species-specific responses of increased repro-
duction in the Pinus and elevated respiration for the Cupressus were 
observed.

3.3  |  C storage dynamic in dry and wet years

Concentrations of starch (0%–15% of dry weight, DW) and sugars 
(1–5% DW) varied among species, years, and seasons (GLMM, de-
tails in Table S6; Figure 4). Overall, starch content showed greater 
inter-seasonal and inter-annual variability compared to soluble sug-
ars. Starch dynamics followed the assimilation bell-shape dynamic 
in the two conifers with a winter–spring maximum of 6%–10% and 
a summer–autumn minimum (year × species, F12,39 = 2.33, p = .058). 
Significant differences between dry year and wet year were detected 
in Quercus starch and in Ceratonia soluble sugars (year × species; 
F4,39 = 3.33, p = .005; F4,39 = 2.55, p = .023, Table  S7). The seasonal 
effect for Quercus was weaker (Quercus, year × species, F12,39 = 3.51, 
p > .14). In Pistacia, starch was detected only in the autumn, winter, 
and the dry year's spring. The concentrations of the soluble sug-
ars were significantly different along the seasons and the years 

F I G U R E  2  Carbon balance and 
carbon partitioning aboveground and 
belowground in dry and wet years in 
five species of the mixed Mediterranean 
forest. (a) Carbon (C) source (assimilation) 
and sum of the five main C sinks in kg C 
tree−1 year−1. Asterisks are for significant 
differences (species × year × flux, p < .001, 
n = 4). (b) Carbon partitioning to the five 
main C sinks: reproduction, respiration, 
growth, litter, and exudation dividing 
to aboveground and belowground 
allocations. Ratio values assuming C 
balance between sources and sinks. The 
gray background represents the dry year.
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8 of 15  |     ROG et al.

(year × species, F4,39 = 2.448, p > .048, except Cupressus winter–au-
tumn). The highest amount of soluble sugars was detected in Pistacia 
(>5%), Ceratonia (3–4%), and a similar percentage (ca. 2%) in the 
three other species. High starch values were detected in Cupressus 
in autumn, Quercus in winter, and soluble sugars in Ceratonia in au-
tumn and winter in the wet year. While, significantly, low-soluble 
sugars were detected in Pistacia at spring in the wet year. Among 
the soluble sugars, fructose was dominant in Cupressus and Quercus, 
while sucrose was dominant in Pistacia (Figure S7). In addition, lipid 
concentrations were relatively higher in Pinus, Ceratonia, and Pistacia 
related to Cupressus and Quercus (Figure S8).

3.4  |  Seasonal dynamics of δ13C

In the measured branches, we found significant differences in δ13C 
among species in the dry over the wet year (species × year; F4,39 = 2.42, 
p = .047), inferring differences in water stress. In addition, we 
found 13C enrichment in the dry seasons (summer and autumn) in 
Ceratonia and Pistacia that indicates lower stomatal conductance 
(species × year × season; F12,39 = 1.77, p = .055, Table  S8). Overall, 
mean values of branch δ13C were ca. 1.5‰ higher in conifers than 
broadleaves (Figure  S9). Among the two conifers, Cupressus δ13C 
values were less negative, −24.6 ± 0.8, while Pinus were − 25.3 ± 0.8. 

In broadleaves, Quercus values were −26.7 ± 0.7, Pistacia − 26.9 ± 0.6, 
and Ceratonia with the wide value range of −28.5 ± 0.8.

3.5  |  Forest-scale tree C allocation

Integrating our species-level assessments to the forest level (trans-
forming from C tree−1 day−1 to C m−2 year−1), more C is allocated 
belowground during the dry year. We estimate the forest canopy 
net assimilation at 1368.6 ± 86.2 and 2139.8 ± 118 (g C m−2 year−1) 
in the dry and wet years, respectively (Figure  6). Aboveground 
respiration sink was significantly lower in the dry year (417.7 vs. 
625.6 g C m−2 year−1), accounting for 22.7% and 36.3% of the total 
tree C sinks, respectively (year × flux × above/below; F2,17 = 7.82, 
p = .001; Table  S9). However, belowground respiration sink was 
higher in the dry year (642.1 g C m−2 year−1) compared to the wet year 
(404.8 g C m−2 year−1), accounting for 34.9% and 23.5% of the total 
tree C sinks, respectively.

4  |  DISCUSSION

Comparing C allocation in dry and wet years in an evergreen mixed 
forest, we found that in the dry year, C uptake was lower, C use was 

F I G U R E  3  Monthly flux dynamics in 
dry and wet years in five species of the 
mixed Mediterranean forest. Assimilation 
is presented in line, while the five main 
carbon sinks are presented in stack bars: 
reproduction, respiration, growth, litter, 
and exudation (n = 4, SE among the four 
individuals, and several measurements 
in the same month). The upper panel is 
the monthly precipitation amount taken 
from the Beit Jimal meteorological station 
located 1 km from the forest plot (vertical 
lines dividing between seasons).
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    |  9 of 15ROG et al.

unchanged, and C allocation to belowground sinks and reproduction 
was higher. This enhancement of belowground C fluxes and repro-
duction was found in other water-limited plants (Brunn et al., 2022; 
Hesse et  al.,  2021), although never in the context of the full tree 
C balance, which was done here for the first time. Assuming water 
is the main limiting factor in the Mediterranean region, the greater 
belowground allocation of C in the dry years and seasons might im-
prove water and nutrient uptake (first hypothesis). Following our 
second hypothesis, low precipitation in the dry year reduced as-
similation (Figures 1 and 6). However, no significant parallel reduc-
tion in C sinks was observed. According to the aboveground NSC 
quantity and growth amounts, there was no significant reduction in 
the dry versus the wet year (Figure 4), contrary to our third hypoth-
esis. Altogether, our detailed tree-level C allocation revealed high 
variability among species, specifically between conifers and broad-
leaves. This research improves the understanding of forest strate-
gies in drought years and promotes tree-level C allocation research, 
specifically belowground fluxes.

4.1  |  C partitioning among tree fluxes and 
compartments

The studied mixed forest combines trees from different species and 
functional groups, each managing its C balance using different C al-
location strategies. Respiration was the main C flux in this mixed for-
est (58.7%), respired mainly by the larger conifers Pinus and Cupressus 
(Figure 2). The other C sinks in the C balance here were growth (18.6%), 
exudation (9.7%), litter (11.4%), and reproduction (1.6%). This partition-
ing is similar to previous estimates for other forest types (Grayston 

et al., 1997; Klein & Hoch, 2015; Nygren et al., 1996), although those 
studies considered partitioning to three or fewer sinks while we con-
sidered five sinks (Figure  2). Compared with most forest types, our 
calculations were within the same range (respiration 43–73%, growth 
5–27%, litter 13–34%; Klein & Hoch, 2015). The Mediterranean C allo-
cation patterns reported here were comparable to the C partitioning of 
a warm Mediterranean evergreen forest (Luyssaert et al., 2007), where 
partitioning ratios were 43, 27, and 30% for respiration, growth, litter, 
and exudation, respectively. However, related to the growth fraction, 
the forest studied here was more similar to the extensively studied 
semi-arid forest in Yatir, Israel (e.g., respiration 70%, growth 17%, and 
litter and exudation 13%). The low partitioning to growth and litter in 
the forest studied here can be explained by the fact that broadleaf 
species are evergreen compared to many of broadleaf forests in more 
temperate climates, which are predominantly deciduous.

4.2  |  Conifers grow fast with risk while broadleaf 
grow slow and safe

Different species of trees adopted a variety of C-allocation strate-
gies to cope with the diverse environmental conditions. In this study, 
we measured tree C allocation in five tree species with diverse phys-
iological and ecological characteristics belonging to different phy-
logenetic groups (i.e., conifers and broadleaves). The five studied 
species are shade tolerant (Quercus, Ceratonia, and Pistacia) versus 
intolerant (Pinus, Cupressus; Valladares & Niinemets, 2008). The two 
conifers, which are also tree species with light-demanding charac-
teristics, allocated more C to respiration flux, invested less in C stor-
age, and remained with almost no aboveground NSC at the end of 

F I G U R E  4  Nonstructural carbohydrate 
(NSC) percentage in the different seasons 
and years in five species of the mixed 
Mediterranean forest. NSC measured 
compounds, divided into starch and 
soluble sugars (sucrose, fructose, and 
glucose), in seasonal dynamics in the 
dry year (2018) and wet year (2019). 
Significant differences among seasons are 
presented in asterisks, n = 4.
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the dry season (Figure 2, Figure 4). In the same pine species, 50 km 
south, growth arrest and a decrease in stem diameter were shown 
as the first “early warning” indicators for tree mortality (Preisler 
et  al.,  2021). In comparison, the understory tree species that are 
shade tolerant had low respiration flux, high leaf growth, and high 
NSC levels (except the Pistacia). We detected a significant reduc-
tion in soluble sugars in the branches of Pistacia and in the starch of 
Ceratonia in the dry year, but not in the other tree species. In agree-
ment, higher δ13C values were detected in Ceratonia and Pistacia and 
compared to the other tree species (Figure 5), which suggests a re-
duction in stomatal conductance. Interestingly, Quercus presents an 
opposite phenomenon of high starch values in the wet year and sig-
nificantly higher δ13C values, possibly because of the high amounts 
of starch that is relatively 13C enriched (Bowling et al., 2008) and the 
stringency of stomatal regulation (Alon et al., 2023).

Among the broadleaves, other physiological mechanisms like root 
depth seem to be more prominent. Ceratonia was photosynthetically 
active during nearly the entire year (Figure 3), probably because of 
access to deep soil water (Rog, Tague, et al., 2021) and less compe-
tition on water supply with the other shallow-rooted tree species in 
the dry seasons. In contrast, Pistacia trees are based mainly on shal-
low roots and compete with other species for the same water layer. 
Accordingly, Pistacia may not be able to increase photosynthesis in 

the wet year and was affected by the reduced water availability in 
the dry year. It can be speculated that the high-risk strategy used by 
the planted conifers in this semi-constructed forest will lead to their 
mortality following consecutive years of drought, as previously de-
scribed in a mono-species pine forest in a semi-arid forest (Preisler 
et al., 2021). This decline of the conifers may lead to encroachment 
by the more “conservative” broad-leaved species, which assimilate 
less carbon, corresponding with global trends of vegetation decline 
with increasing aridity (Berdugo et al., 2022).

4.3  |  Precipitation as the main environmental 
factor of tree carbon allocation in the 
Mediterranean region

Trees from the same species can function differently in different envi-
ronmental conditions (Alon et al., 2023). For example, Pinus halepensis 
shows regional and local activity shifts according to temperature, pre-
cipitation, and other environmental parameters (Rohatyn et al., 2018). 
Greater assimilation fluxes were calculated in the Mediterranean 
region (annual rainfall of 520 mm, 7 km north from our site) than in 
a semi-arid region (280 mm, 50 km south), while comparable values 
were observed in the humid Mediterranean forest (710 mm, 200 km 
north; Asaf et al., 2013). Similarly, a Pinus tree in the semi-arid for-
est assimilates 25 kg C year−1 (Klein & Hoch,  2015), compared to a 
ca. 100 kg C year−1 in the mixed forest (Figure 2), in accordance with 
their size differences (fourfold C content in the latter; Table S2). This 
large divergence is supported by observations using other methods 
such as eddy covariance and carbonyl sulfide in equivalent sites (Asaf 
et  al.,  2013; Stimler et  al.,  2010). The synthesis of our results with 
results from the humid Mediterranean forest revealed comparable 
assimilation flux, although precipitation amounts are 1.4 times higher 
in the more humid forest (Figure 6). Since, as we present here, C al-
location was sensitive to precipitation amount, we can assume more 
C allocation variation in more heterogeneous precipitation regimes.

Drought effects on C allocation can lag for longer time periods than 
our 2-year study (Anderegg et al., 2015; Wagner et al., 2021). In ever-
green species as studied here, adjustments in whole-tree leaf area can 
translate into lagged effects, for example, through changes in C source 
and leaf respiration. In our case, the years 2016 and 2017 were also dry 
(Figure 1), so the 2018 responses potentially included the cumulative 
effect of 3-year below-average precipitation. In addition, the sequence 
of dry years in this study can amplify the belowground C allocation and 
drought legacy response (Wu et al., 2018). Understanding the legacy 
drought response on the plasticity of C allocation patterns for different 
species requires several years of C balance measurements.

4.4  |  Belowground C allocation

Mediterranean forests exhibit the highest belowground plant propor-
tion (Ma et al., 2021). Quantifying the specific C amounts trees allo-
cate belowground still contains large uncertainties, specifically related 

F I G U R E  5  Seasonal bulk-stem δ13C in five species of the mixed 
Mediterranean forest collected in dry (2018) and wet (2019) years. 
Significant differences among seasons are presented in asterisks, 
n = 4–10.
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    |  11 of 15ROG et al.

to root exudation. The estimated amount of C trees exudate to the 
soil ranges from 1%–5% (Brunn et  al.,  2022; Pinton et  al.,  2007) to 
5%–10% (Jones et al., 2004) and can get up to 30%–40% in seedlings 
(Lynch,  1990). Here, the relatively high value of 9%–10% (Figures  2 
and 6) is in the range of other experiments measured in this site plot 
and can be explained by the comparatively dry conditions in this 
Mediterranean forest soil. In agreement, greenhouse experiments and 
field experiments found higher root exudation rates under drought 
(Gargallo-Garriga et al., 2018; Jakoby et al., 2020). We speculate that 
trees in the Mediterranean region exudate more C into the soil be-
cause of the relatively dry environment and rely on the interaction 
with microbes for water and nutrient uptake (Bastida et al., 2017).

The Mediterranean forest is located between the arid and 
temperate regions, leading to considerable precipitation variation 
among years. Increasing C allocation belowground supports a more 

effective root system for uptaking water and nutrients, specifically 
in the Mediterranean region (Martin-StPaul et  al.,  2013; Misson 
et al., 2011; Padilla & Pugnaire, 2007). Our study compared abo-
veground to belowground tree C investment, reaching 50% and 
even larger belowground allocation in conifers (Figure 2). The co-
nifers dominated the belowground respiration flux in the studied 
soil horizons (broadleaves respiration might dominate deeper soil 
(Rog, Tague, et al., 2021), which is outside the scope of the current 
research). Belowground respiration peaked twice, after the first 
rain event (Oct), probably reflecting the Birch effect (Jarvis et al., 
2007), and again around Jan–Apr (Figure 3) and more extensively 
in the dry year (Figure 6). Another less known belowground flux is 
the root litter, estimated to constitute around 20% of NPP globally 
(McCormack et al., 2015). Furthermore, forest type and tree spe-
cies were found to change the root decomposition rate, with the 

F I G U R E  6  Aboveground and 
belowground forest tree carbon allocation 
dynamics in response to the dry versus 
wet year. (a) Forest tree carbon (C) fluxes 
on dry (left) and wet (right) years are 
divided into the aboveground (top) and 
belowground (bottom). Numbers show 
the tree C fluxes in (g C tree−1 year−1), and 
the numbers in brackets are the relative 
percentage (%) from the entire tree C 
sinks. Significant differences among 
the years are presented in arrows; size 
represents the normalized effect. (b) 
Forest tree-level response to the dry year 
related to the wet year. Tree fluxes were 
combined for all five species and divided 
into aboveground and belowground. 
Carbon source (assimilation) and sum 
of the five main C sinks and carbon 
partitioning to the five main C sinks: 
reproduction, respiration, growth, litter, 
and exudation dividing to aboveground 
and belowground allocation panels. The 
gray background represents the dry year.
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Mediterranean forest the most prominent, and Quercus fine roots 
are faster to decompose than Pinus (Wambsganss et al., 2022). In 
agreement, the belowground C sink was found to be an important 
component in the global C cycle as calculated in a semi-arid forest 
50 km south of this forest site (Qubaja, Grünzweig, et  al.,  2020; 
Qubaja, Tatarinov, et al., 2020). Still, more research is required to 
quantify the residence time of this belowground C in the mixed 
Mediterranean forest.

NSC annual and seasonal storage dynamics can define the re-
silience of each tree species to dry conditions. The aboveground 
NSC dynamics are well known (Hoch et al., 2003), but not much 
is known about belowground NSC. Our C allocation measure-
ment measured aboveground NSC (including branches and stems) 
and lipid content; however, the belowground storage was lack-
ing (Figure  4; Figures  S7 and S8). Aboveground NSC influences 
tree resilience to drought in some (O'Brien et al., 2014; Signori-
Müller et al., 2021), but not all forest types (Körner, 2003; Millard 
et al., 2007). In some tree species, the belowground NSC storage is 
the essential reservoir, accounting for >50% of the total tree NSC 
(Montague et al., 2022). Assuming accurate measurements of the 
entire aboveground and belowground C fluxes, the C deficiency in 
the dry year can be supplemented by the long-term belowground 
internal storage. Calculating the maximum NSC content for the 
different tree species based on our measurements and below-
ground values taken from the literature explains the “missing” C 
pool for the C balance in the dry year (Figure S10 and Table S10). 
In Ceratonia and Quercus, the total C pool was higher than the sum 
of the C sink, while in Pinus, Cupressus, and Pistacia, it was negli-
gibly lower but still within the error range. We can speculate that 
the belowground storage stock was depleted during the three dry 
years preceding our study (Figure 1) and that the trees allocated 
large amounts of C for replenishing this storage stock in wet years. 
However, more research is required to understand belowground C 
storage and its capacity to buffer source-sink dynamics.

5  |  CONCLUSIONS

We present here a unique dataset of C mass balance for five species 
in a mixed forest. We found that during a dry year, the total amount 
of C consumed was equal to wet-year consumption, but a greater 
C fraction was allocated belowground. While we measured at one 
site for 2 years, we found a novel mechanism in which the C source 
was more sensitive to drought than the sum of the C sinks, although 
specific sinks can be far more sensitive. Moreover, having measured 
most of the tree C fluxes directly, we bring the most detailed and 
reliable evidence so far to this phenomenon. Our suggested mecha-
nism, based on tree-level carbon allocation, can help to explain other 
retrospective analyses based on stable isotopes, tree rings, and re-
mote sensing (Jucker et al., 2017; Schnabel et al., 2022). A compre-
hensive model including the detailed C allocation mechanism and 
long-term existing data from other forests exposed to drought can 
shed light on the survival of forests in future climatic conditions.
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