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Abstract 
Background and aims  Shrubs like Vaccinium vitis-
idaea substantially contribute to forest carbon  (C) 
sequestration. Therefore, understanding their alloca-
tion patterns under climate change is crucial. We con-
ducted a translocation experiment with 13CO2 pulse-
labelling to test if (I) belowground pools accumulate 
total and recently assimilated C, (II) within fine roots, 
assimilated C is preferentially allocated to root tips 
and mycorrhized cells and (III), whether warming 
alters C allocation patterns.
Methods  We translocated soil cores with V. vitis-
idaea from North- to South-Finland (+ 3.7  °C mean 

temperature). After 2.5  years, we excavated and 
pulse-labelled them with 13CO2, tracing the 13C in 
plant, soil, and respiration. We used laser-ablation 
isotope ratio mass spectrometry to examine 13C distri-
bution in fine roots.
Results  Roots represented the largest plant C  pool 
(north: 49.69 ± 9.73%, translocated: 43.92 ± 6.59%  of 
plant C stock). A substantial amount of recently assim-
ilated 13C was recovered belowground (roots + soil, 
north: 15.59 ±  5.77%, translocated: 39.21 ± 29.32%) 
8 days after labelling. Most assimilated C was respired 
(north: 63.3 ± 5.9%, translocated: 44.1 ± 3.2%) or 
recovered in leaves (north: 17.9 ± 5.92%, translocated: 
19.2 ± 3.19%). Within fine roots, 13C content tended to 
be higher at root tips, while mycorrhizal infection had 
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no effect. Warming tended to increase C allocation to 
the shoot and significantly decreased 13C in the micro-
bial biomass in the mineral soil.
Conclusion  V. vitis-idaea allocates a large portion 
of assimilates belowground, but 2.5 years of warming 
only marginally change C allocation patterns. Accel-
erated soil microbial processes after translocation 
may increase plant N availability, potentially affecting 
C allocation over longer time spans.

Keywords  Climate warming · Ericaceae · Stable 
isotopes · Laser ablation mass spectrometry · Carbon 
allocation

Abbreviations 
C	� Carbon
CFE	� Chloroform-Fumigation-Extraction
ErM	� Ericoid Mycorrhiza
f	� Fumigated
LA-IRMS	� Laser-Ablation Isotope Ratio Mass 

Spectrometry
MBC	� Microbial Biomass Carbon
N	� Nitrogen
nf	� Non-fumigated
OLS	� Ordinary Least Square
SOM	� Soil Organic Matter
TOC	� Total Organic Carbon
VPDB	� Vienna Pee Dee Belemnite

Introduction

Boreal forests are recognized as significant global 
reservoirs of carbon (C), with estimations ranging 
from 367.3 to 1715.8 Pg (Bradshaw and Warkentin 
2015). This implies the need to understand C-related 
processes in these ecosystems to minimize C losses 
as a mitigation strategy of global change. The soil of 
the boreal forest, which represents the biggest C stor-
age in these systems (Bradshaw and Warkentin 2015), 
is densely covered with dwarf shrubs belonging to 
the Ericaceae family, including Vaccinium vitis-
idaea (L). The contribution of these shrubs to the 
boreal forest net primary production ranges between 
10 and 20% (Bergeron et  al. 2009; Ilvesniemi et  al. 
2009; Kulmala et al. 2011; Kolari et al. 2006; Swan-
son and Flanagan 2001). Further, these shrubs drive 
autotrophic respiration (Mielke et al. 2022) and affect 
soil C and nitrogen (N) dynamics (Clemmensen et al. 

2015; Sietiö et al. 2018; Ward et al. 2022). Vaccinium 
species are adapted to the harsh conditions of boreal 
forests of high-latitude ecosystems, where nutrients, 
especially N, are often limiting plant growth (Lupi 
2013, Högberg et al. 2017).

To cope with these conditions, Vaccinium species 
usually live in close symbiotic associations with eri-
coid mycorrhizal (ErM) fungi. The fungi partly form 
chemically stable biomass with a high melanin con-
tent as a mechanism of stress adaptation. In general, 
the C in mycorrhizal mycelium was proposed to be 
a major pool retaining C in the soil (Hawkins et  al. 
2023), which could be especially true for ErM fungi 
given that the high melanin content increases its 
turnover time in the soil (Clemmensen et  al. 2015). 
To cope with nutrient deficiencies in the boreal sys-
tem, plants invest a large portion of assimilated C in 
nutrient acquisition. For example, for V. myrtillus and 
V. vitis-idaea, it was shown that roughly 50% of the 
biomass is accumulating belowground (Kulmala et al. 
2018). Similar results were also obtained by isotope 
labelling of shrubs in other ecosystems (Gavrichkova 
et  al. 2017; Olsrud and Christensen 2011), indicat-
ing that a large portion of C is usually invested in 
the root system to increase the foraging capacity for 
nutrients. Furthermore, based on respiration measure-
ments, Kulmala et  al. (2018) suggested that a large 
fraction of recently assimilated C is exuded into the 
soil by Vaccinium species in boreal forests. This can 
fuel symbiotic interactions, such as the ErM asso-
ciation, to further increase the nutrient supply to the 
plant (Smith and Read 2010; van der Heijden et  al. 
2008). Based on 14CO2 labelling of grasses, high C 
release into the soil of up to 80% was shown (Warem-
bourg et  al. 1990; Kuzyakov 2001), but similarly 
clear evidence for shrubs in boreal forests is still 
lacking. Despite the crucial role of belowground C 
allocation patterns for soil C sequestration, only few 
studies investigated belowground C transfer of Vac-
cinium species (Anadon-Rossel et al. 2017; Kulmala 
et  al. 2018). However, none of these studies were 
conducted in the boreal system, bearing the danger of 
missing out a crucial contributor to forest C storage.

As plant and microbial processes are usually tem-
perature driven, global change and associated temper-
ature increases can be expected to affect C partitioning 
in the plant-soil systems of boreal shrubs. Warming 
may increase respiration processes and thus affect CO2 
losses (Melillo et  al. 2002; Bekku et  al. 2003), and 
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higher temperatures may lead to better plant perfor-
mance, resulting in altered CO2 uptake (Forkel et  al. 
2016). Moreover, as the microbial processes in the soil 
are accelerated, more soil organic matter (SOM) is 
mineralized, and more nutrients are mobilized by the 
soil microbiome (Bai et al. 2013; Schmidt et al. 2002). 
As a result, plant nutrient limitation may decrease, 
leading to a less C allocation to roots, soil, and soil 
microorganisms due to warming, which could influ-
ence soil C sequestration. Indeed, across 3000 alpine 
plots, many plants shifted their biomass above ground 
under global warming (Yun et  al. 2024). However, 
such an effect of warming seems to be context- and 
species specific (Yun et al. 2024) and has not yet been 
studied specifically for boreal shrubs like V. vitis-
idaea, leaving a potential effect of climate change on 
boreal forest C sequestration understudied.

Most studies that investigated the effect of warm-
ing on processes in soil-shrub systems relied on artifi-
cial in-situ warming of the soil (Dawes et al. 2011) or 
the atmosphere (Gavrichkova et  al. 2017). However, 
an artificial warming approach bears several risks: 
Edge effects are common and the sudden increase 
in temperature alone can unnaturally affect several 
environmental parameters of the surrounding, such 
as moisture and gas concentrations. By translocating 
plants along a climate gradient, in contrast, the sam-
ples get exposed to a realistic change in conditions 
such as higher temperature on the plot scale (Back-
haus et  al. 2014). In this study, we therefore simu-
lated climate warming with a translocation approach 
in a boreal ecosystem to close the existing knowl-
edge gaps relevant for forest C sequestration – i.e. the 
missing information about C allocation patterns in V. 
vitis-idaea and its response to warming. Specifically, 
we hypothesized:

	(I)	 Irrespective of temperature, V. vitis-idaea 
invests a high proportion of assimilates into 
nutrient acquisition. Therefore, roots represent 
the largest  plant biomass C pool, and a larger 
proportion of recently assimilated C is allo-
cated belowground to the roots, the surround-
ing soil, and the soil microbial biomass in com-
parison with aboveground plant biomass.

	(II)	 Within fine roots, a larger proportion of 
recently assimilated C is transferred to the root 
tips and to cells colonized by mycorrhizal fungi 
than to other root parts, as V. vitis-idaea - irre-

spectively of temperature  -  especially  invests 
into nutrient acquisition strategies.

	(III)	 As SOM decomposition and the resultant nutri-
ent supply increase with rising temperatures, C 
allocation for nutrient acquisition shifts, lead-
ing to reduced C transfer to roots, soil, and 
microbial biomass.

To address these hypotheses, we conducted a 
translocation experiment exposing intact plant-soil 
systems with V. vitis-idaea to an increase of 3.7 °C in 
the mean temperature. After 2.5 years, we combined 
13CO2 pulse labelling with subsequent extraction of 
soil microbial biomass C, root staining to visualize 
ErM colonization, and small scale 13C tracing in fine 
roots with Laser Ablation-Isotope Ratio Mass Spec-
trometry (LA-IRMS) to understand C allocation pat-
terns in boreal dwarf shrubs and its surrounding soil 
and its response to global warming.

Material and methods

Translocation

To conduct the translocation, the following two 
sites were selected: Kivalo in North-Finland (Lat: 
66°21′37,504″, Lon: 26°43′35.382″) and Tammela in 
South-Finland (Lat: 60°36′54.648″, Lon: 23°50′17.847″, 
Fig. 1). These sites were chosen to achieve a temperature 
increase predicted for Finland by the end of the century, 
which is estimated – depending on the scenario – around 
4  °C (moderate emission scenario, SSP2-4.5, Ruos-
teenoja & Jylhä, 2021). Translocation between these 
two sites, which are in vicinity of long-term monitored 
undisturbed forest sites (Merilä et al. 2024) increased the 
mean temperature by 3.7 °C, from 2.17 °C to 5.94 °C 
(Table  1, Finnish Meteorological Institute 2025). 
Besides the temperature, general properties were com-
parable between the two sites: both were coniferous for-
ests on podzols dominated by Pinus sylvestris, with the 
understory vegetation  being dominated by Vaccinium 
sp. (Fig.  1, for further details on the sites, see Merilä 
et al. (2024) and Merilä et al. (2014)). In October 2019, 
four intact soil cores (PVC tubes, 10 cm diameter, 26 cm 
length) were taken from Kivalo and intactly buried in 
the soil in Tammela at the same depth they originated 
from. With these core dimensions, the typical root depth 
of Vaccinium sp. was fully included (Ding et al. 2019). 
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Each core contained at least one individual shoot of V. 
vitis-idaea. The bottom of the cores was closed with a 
mesh to prevent root ingrowth from the surrounding 
soil while ensuring vertical water flow. However, lat-
eral water flow is hampered by the PVC tubes. Yet, to 
ensure comparability of the translocated cores, four 
cores were also translocated on-site in Kivalo. All cores 
were excavated again in June 2022, i.e. 2.5 years after 
translocation, and transferred to a climate chamber with 
controlled temperature and light conditions (22 °C and 

a light:dark-cycle (18:6), lamps with 15.1 W, 3000 or 
4000  K, and 2250  lm). Controlled temperature condi-
tions were chosen for this experiment instead of ambient 
temperature because we aimed at exploring how adap-
tation to 2.5 years of warming affected C assimilation 
and sequestration patterns rather than the immediate 
effect of higher temperatures. These chosen temperature 
conditions in the chamber approximate high summer 
temperatures on the selected field sites (Table 1), ensur-
ing high assimilation rates, but still represent realistic 

Fig. 1   Field sites of this study: To study the effect of warming 
on carbon allocation in the plant-soil system of V. vitis-idaea, 
intact soil cores were taken from North-Finland (Kivalo, b, d) 

and translocated to South-Finland (Tammela, c, e), where they 
were buried in the soil. This exposed them to an increase in 
3.7 °C in mean temperature (a, map created with ArcGIS)

Table 1   Weather data for the sites used in this study. Sam-
ples were translocated from Kivalo to Tammela to simulate 
warming. Data was obtained for the years 2020 and 2021 from 

nearby weather stations (Rovaniemi Airport near Kivalo and 
Somero Salkola near Tammela, Finnish Meteorological Insti-
tute 2025)

Average daily temperature (°C) Average Max. 
daily temp. 
(°C)

Highest Max. 
daily temp. 
(°C)

Average Min. 
daily temp. 
(°C)

Lowest Min. 
daily temp. 
(°C)

Precipitation 
(mm/year)

Kivalo (North) 2.2 5.67 30 −1.29 −28.7 656.75
Tammela (South) 5.9 9.45 31.4 2.55 −23.6 708.9
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temperature conditions. The used light intensity is typi-
cal for light forests (Coetzee et al. 2024). Four additional 
samples with V. vitis-idaea were taken in Kivalo in 
10 cm diameter cores and stored at −20 °C. These sam-
ples were later used as controls for natural abundance 
isotope measurements. Similarly, three natural abun-
dance cores were taken in Tammela which were later 
used for the LA-IRMS measurement.

Pulse labelling and measurement of 13CO2 respiration

Before isotope labelling was conducted, the plants 
were kept in the climate chamber for one day to allow 
them to acclimate to the new conditions and to allevi-
ate sampling-induced stress. The duration of only one 
day was chosen to ensure that transplantation effects are 
not masked by the temperature in the climate chamber. 
Still, minor effects introduced by the climate chamber 
cannot be excluded. The eight cores (four cores translo-
cated from North to South and four cores translocated 
onside in the North) were transferred into a transparent 
gas-tight labelling box (volume: 0.17 m3) within the cli-
mate chamber. A bottle containing a mixture of 25 mL 
distilled water, 0.3 mL 1 M sodium hydroxide, and 2 g 
of 99% 13C-enriched sodium carbonate was connected to 
the box via a tube. Divided by the number of plants in 

the labelling box (in total 15 plants, yet only 8 used in 
this study), this resulted in an amount of 17.35 mg 13C 
added per plant (hereafter: added tracer, Table 2). To start 
the labelling, 50 mL of sulfuric acid (5 M) was added 
to the solution dropwise within 20 min, releasing 13CO2 
into the box. Theoretically, this resulted in an increase of 
2700 ppm 13CO2. A fan inside the box ensured mixing of 
the 13CO2 within the box. The cores were then removed 
from the labelling box and remained in the climate cham-
ber under unlabelled atmospheric conditions for eight 
days during which the cores were regularly watered.

To measure 13CO2 respiration, the cores were trans-
ferred into a gastight and dark container for one hour. 
The gas containers had a volume of around 0.02 m3 
and gas mixing was ensured by the installation of a fan 
inside the container. Respiration measurements were 
conducted daily starting one day after 13CO2 labelling 
and once before labelling as control for the natural 
abundance isotope signature of CO2. During the one 
hour of incubation, air from each container was sam-
pled four times manually with a syringe through a sep-
tum and injected into an EGM-4 gas analyser (Envi-
ronmental Gas Monitor, PP Systems, Amesbury, USA) 
to measure the CO2 concentration. The concentration 
values were transferred into masses of C (Eq. 1), before 
a slope was calculated to obtain the C efflux per hour.

(1)m(C)[mgC] =
c
(

CO2

)[

ppm
]

∗ 10
−6 ∗ p[Pa] ∗ V

[

cm3
]

∗ 12[g ∗ mol−1] ∗ 1000

T[K] ∗ R
[

J ∗ mol−1 ∗ K−1
]

Within the one hour of incubation, 8 mL air were 
sampled at the first and the last gas sampling for 
13C-isotope analyses of CO2. The gas samples were 
transferred into N2 containing exetainers (original 
volume: 12  mL). To create an overpressure in the 
exetainer, only 6 ml of the N2 in the exetainer were 
removed before the sample was injected. The 13C 
content of the CO2 was determined with a GC (col-
umn: CP-PoraPLOT Q, Agilent, Santa Clara, USA) 
coupled with an IRMS (MAT 253, Thermo Finnigan, 
San Jose, USA). Vienna-Pee Dee Belemnite (VPDB; 
R = 0.0111802) was used as standard for C. To purify 
the δ13C value of CO2 released from the plant-soil 
cores for atmospheric admixture, i.e. atmospheric 
CO2 in the gastight container, Miller/Tans plots were 
applied using an ordinary least square (OLS) regres-
sion (Miller and Tans 2003). For each treatment and 

day, the product of the isotopic composition of CO2 
(‰) and its C concentration (ppm) from the eight 
daily measurements across four cores was plotted 
against the C concentration (ppm). The slope of the 
OLS regression line equals the integrated δ13C val-
ues of CO2 released from the plant-soil system with-
out atmospheric CO2. Thus, this value summarizes 
all four cores per treatment, potentially limiting sta-
tistical interference. As the natural abundance gas 
measurements that were conducted prior to labelling 
were contaminated with 13C for the northern sam-
ples, both treatments were compared to the 13C natu-
ral abundance of the translocated samples (atom%) to 
estimate 13C excess. Based on the CO2 flux per meas-
urement and treatment and the corresponding atom% 
values of 13C in CO2, the total 13C respired per hour 
was calculated. To quantify the cumulative 13CO2 
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efflux over the eight days, we fitted an exponential 
decay function (Eq. 2) using nonlinear least squares 
regression with R (R Core Team 2023). Next, we 
scaled the efflux per hour to daily efflux  leading to 
the resulting integral representing the cumulative 
efflux of 13CO2 over the measuring period.

Eight days after pulse labelling the cores were fro-
zen at −20 °C until further processing.

Destructive sampling of soil cores

For further analysis, the labeled and unlabeled con-
trol cores were thawed at room temperature and sub-
sequently divided into shoot, leaves, roots, mineral 
soil, organic layer, and rhizosphere. The soil that was 
still attached to the roots after shaking three times 
was defined as rhizosphere  and collected by wash-
ing and subsequent freezedrying. The soil was sieved 
(5  mm) and dried for six days at 40  °C. After root 
washing, few young root parts – determined visually 
as thin, bright roots in contrast to clearly woody parts 
of the root system – were collected from each plant 
and stored in distilled water at −20 °C to determine 
mycorrhizal colonization and respective 13C accumu-
lation. Afterwards, all plant parts were dried for six 
days at 40 °C.

(2)F(t) = F(0) ∗ e−k∗t

Isotopic analysis in soil, plant, and microbial biomass

To analyze the C content and 13C in soil and plant, the 
dried samples were milled (2  min, 25  s−1, MM 400, 
Retsch, Haan, Germany), whereby leaves, shoot, and 
roots were first frozen with liquid N2 to facilitate break-
ing of the material and obtaining a homogenous sample 
for 13C analysis. The C content and 13C were analyzed 
with an EA (Carlo Erba NC 2500, Milan, Italy) coupled 
with an IRMS (Delta plus) via the ConFLo III inter-
face (both Thermo Fisher, Bremen, Germany). VPDB 
(R = 0.0111802) was used as standard, against which the 
IRMS was calibrated with three different standards (CH3, 
CH6, CH7, all International Atomic Energy Agency, 
Vienna, Austria). To proceed, a calculation was per-
formed to estimate which percentage of the assimilated C 
was allocated to the different pools. The 13C distributed to 
individual pools was calculated by multiplying the excess 
atom% (calculated by subtracting the atom% of the sam-
ple from the atom% of the northern natural abundance 
control) of 13C with the C content of the respective pools 
and referring it to the total 13C content (Eq. 3). The lat-
ter refers to the sum of the 13C content in the soil pools 
and the plant parts of the respective samples as well as 
the respiration value of the respective treatment (north vs. 
translocated). Thus, the total 13C recovered is different for 
all samples and the 13C distribution values only allow for 
relative comparison of allocation patterns.

(3)13Cdistribution[%] = C
[

mg ∗ g−1
]

∗ dryweight
[

g
]

∗ 13C[atom%] ∗
100

total13Crecovered[mg]

To measure the C content and 13C in micro-
bial biomass C (MBC), a chloroform-fumigation-
extraction (CFE) was conducted (Vance et al. 1987). 
From each soil core approximately 10 g fresh weight 
(FW) sieved mineral soil or 4  g FW organic layer 
were fumigated with chloroform in a vacuum desic-
cator for 24 h. Following that, the samples and the 
same set of control samples, which were not fumi-
gated with chloroform, were extracted with 40  mL 
of 0.5 M K2SO4. Samples were shaken for 1 h (over-
head shaker, 240  rpm), filtered (Rotilabo® folded 
filter, type 113P), and split into two parts. One part 

was used for determination of the total organic C 
(TOC) in 5 mL of the filtrates diluted 1:1 with dis-
tilled water (multi N/C 2100S, Analytik Jena, Jena, 
Germany). The other part was freeze-dried (Alpha 
1–4 LSCbasic, Martin Christ Gefriertrocknungsan-
lagen, Osterode am Harz, Germany) and the 13C 
content was analyzed as described before. From the 
TOC of the fumigated (f) and non-fumigated (nf) 
samples, MBC was calculated using Eqs.  4 and 5, 
where V is the volume of added K2SO4. A factor of 
0.45 was used as the microbially bound C is typi-
cally underestimated by CFE (Jenkinson et al. 2004).
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(4)

Cextracted

[

mg ∗ g−1DW
]

=
TOC

[

mg ∗ l−1
]

∗ 2 ∗ V[l]

DW[g]

(5)
MBC

[

mg ∗ g−1DW
]

=
Cf

[

mg ∗ g−1DW
]

− Cn

[

mg ∗ g−1DW
]

0.45

Ultimately, the δ13C of MBC was calculated with 
Eq.  6 (Murage and Voroney 2007) and the share of 
the total assimilated 13C that was recovered in the 
microbial biomass was calculated analogously to 
Eq. 3, whereby an average of three natural abundance 
controls was used from northern control cores.

(6)�13CMBC

[

‰
]

=
�13Cf

[

‰
]

∗ Cf

[

�g ∗ g−1DW
]

− �13Cnf

[

‰
]

∗ Cnf

[

�g ∗ g−1DW
]

Cf

[

�g ∗ g−1DW
]

− Cnf

[

�g ∗ g−1DW
]

Small‑scale visualization of intraradical ErM 
structures and 13C‑distribution in roots

To identify intraradical structures of ErM fungi, fine 
roots were soaked overnight at 40 °C in a solution of 
lactic acid and glycerol (1:1) with 0.05 % trypan blue. 
The stained roots were then transferred to another 
solution of lactic acid and glycerol (1:1) without 
trypan blue for 30  min and roots were categorized 
under the microscope.

Four sets of samples were selected for LA-IRMS 
with two to three root samples each: 1) Labelled and 
stained roots to investigate the effect of mycorrhizal 
colonization on the 13C, 2) unlabelled and stained 
roots as corresponding control for natural abundance, 
3) labelled and non-stained roots in order to inves-
tigate whether 13C accumulates especially in root 
tips without any possible effects of the root staining 
method, and 4) unlabelled and non-stained roots as 
corresponding control for effects of staining on the 
isotopic signature.

We used LA-IRMS to analyze the small-scale dis-
tribution of recently assimilated 13CO2 in the root 
system depending on the position (proximal root 
(i.e. not the root tip) vs. tip) and ErM colonization 
(Fig.  6, Appendix). As LA-IRMS is very laborious 
and expensive, the number of considered roots was 
quite small, not allowing to systematically investigate 
the effect of translocation. Hence, roots for LA-IRMS 
were selected independent of them originating from 
North- or south-Finland.

Roots were embedded in water glass (sodium silicate 
solution, reagent grade, Na2O7Si3, PN:338,443, Sigma-
Aldrich, St. Louis, MO, USA) within a PTFE plate with 
cylindrical cavities of 1.5  mm depths and a diameter 
of 0.5 cm (Vergara Sosa et al. 2021). The water glass 
with embedded roots was dried at 60 °C. Afterwards, 

samples were collected from the PTFE cavities. 
Embedded roots were visually inspected under a bin-
ocular and for each root, 7–45 spots of 20 µm diameter 
were selected for LA-IRMS measurements. For stained 
roots, the selected spots covered the following classes: 
uninfected root tips, infected root tips, uninfected proxi-
mal root, and infected proximal root. For non-stained 
roots, the selected spots covered the classes root tip and 
proximal root. The number of spots per class was not 
always balanced due to missing classes on some roots 
or unbalanced coverage.

For LA-IRMS measurements, we used a Teledyne 
LSX-213G2 + solid state Nd:YAG laser system (Tel-
edyne LSX-213G2 +, CETAC, Omaha, NE, USA) 
coupled to a 900 °C combustion oven, followed by two 
cryo-traps and a nafion trap for water (modified PreCon 
system) and an IRMS DeltaVplus with a ConFlo IV 
interface (all from Thermo-Fisher Scientific, Waltham, 
MA, USA (Rodionov et al. 2019).

The ablations were produced with burst count of 40 
shots within a spot size of 20 µm size and in 0.4 mL 
cell volume. Rodionov et al. (2019) demonstrated that 
this spot size ablates sufficient C, even from materials 
with much lower C content than that found in roots. 
Interferences by embedding in sodium silicate solu-
tion were checked by sampling in the cell of the LA-
IRMS system together with acryl as reference material 
(Rodionov et al. 2019). As reference the in-house acryl 
standard was used (C content 60%; density 1.19 g cm3; 
δ13CAcryl = −29.75 ± 0.06 ‰, relative to VPDB using 
EA-IRMS). The δ13C of the CO2 background in the 
sample cell was at 10.8 ± 0.4  mV, the acryl reference 
was at −29.75 ± 0.20 ‰.

A blank correction (i.e. measurement without ablation; 
signal may originate from small amounts of CO2 already 
present in the cell or resulting from other tiny leakages 
in the system) for isotope ratio measurement with small 
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amounts of samples can be performed by regression or by 
subtraction (Werner and Brand 2001; Ohlsson 2013) and 
calculated as described by Werner et al. (1999) and Eq. 7, 
where A is the area of the m/z 44 peak.

Statistical analysis and data visualization

R (R Core Team 2023) and Sigmaplot (Sigmaplot for 
Windows V15.0) were used for statistical analysis and 
data visualization, whereby in R, the packages ggplot2 
(Wickham 2016), ggpattern (FC et al. 2025), and cow-
plot (Wilke 2024) were used for the creation of figures. 

(7)

�13Csample

[

‰
]

=
(�13Ctotal

[

‰
]

∗ Atotal − �13Cblank

[

‰
]

∗ Ablank)

(Atotal − Ablank)

To compare two groups (translocated vs. non-translo-
cated), a student’s t-test was performed after testing for 
normal distribution and homogeneity of variances. For 
the non-parametric comparison of two levels within 
one factor, a Wilcoxon test was performed (to ana-
lyse 13C in the fine roots). For comparison of the two 
groups under different variables (e.g. translocated vs. 
non-translocated in different soil and plant pools), a 
two-way ANOVA was performed after analyzing the 
residuals of the ANOVA for normal distribution and 
the data for homogeneity of variances using the pack-
age car (Fox et al. 2012). In the case of homoscedastic 
or non-normally distributed residuals, an aligned rank 
transformed (ART) ANOVA was performed with the 
package ARTool (Kay et  al. 2025; Wobbrock et  al. 
2011). TuckeyHSD was used as posthoc test for the 

Fig. 2   Soil and plant (V. vitis-idaea) carbon (C) and nitrogen 
(N) status: Soil C (a), soil N (b), and soil molar C/N ratio (c) 
of the rhizosphere (rhizos., i.e. soil attached to the roots), the 
organic layer (org.) and the mineral soil (min.) as well as the 
plant biomass (d), plant N (e) and plant molar C/N ratio (f) 
of the plant pools leaves, shoot, and roots of intact soil cores 
with V. vitis-idaea that were either translocated from north to 
south Finland (+ 3.7 °C mean temperature, yellow, stripes) or 

translocated on site in north Finland (grey) and excavated after 
2.5  years. Asterisks indicate significant differences (p = 0.05 
< * < 0.01 < ** < 0.001 < ***) tested with a two-way ANOVA 
with n = 4 except of N and C/N in the org. layer (n = 2, due to 
results below limit of detection). ANOVA was followed by a 
TukeyHSD test as respective posthoc test. Mineral soil N was 
excluded due to results below limit of detection
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ANOVA, while a posthoc test on estimated marginal 
means was performed after ART-ANOVA. The lat-
ter was performed with the emmeans package (Lenth 
2025). To analyze the distribution of 13C in the fine-
roots, a Kruskal–Wallis test was performed in R.

Results

The C/N ratio of the soils was around 50 for both 
treatments (translocated and northern controls) in the 
rhizosphere and the organic layer (Fig.  2c). N was 
below detection limit in most mineral soil samples. 
In the rhizosphere, the N content showed a tendency 
to decrease with translocation (Fig.  2b), which was 
accompanied by a tendency of increasing C/N ratio 
(Fig. 2c). The translocation did not affect soil C con-
tents in the rhizosphere (Fig.  2a), nor soil C and N 
contents in the organic layer (Fig.  2a, b). The dry 
weight of the plant biomass increased with translo-
cation, yet not significantly (Fig.  2d). Irrespective 
of the translocation, total plant N and the C/N in the 
plant differed significantly between the plant pools 
with leaves showing higher N contents than the plant 
shoot and roots (Fig.  2e). Translocation tended to 
decrease the C/N ratio of the plant shoot and roots, 
altough this decrease was not significant (Fig. 2f).

Total plant C tended to be higher in the translo-
cated samples than the northern controls (Fig.  3a). 
The C distributed unequally between the different 
plant pools: Roots had the highest relative portion 
of plant C, followed by the shoot and the leaves. 
Although not significant, a higher percentage of C 
was found in the shoots in translocated plants com-
pared to northern plants (Fig. 3b).

Similarly, the distribution of recently assimi-
lated 13C among the plant and soil pools was uneven 
(Fig.  3d). In contrast to the partitioning pattern of 
total C within the plant pools, most of the 13C in both 
treatments was distributed to the leaves, followed 
by the shoot and the root. An insignificant increase 
in the percentage of 13C distributed to the shoot and 
the roots after translocation could be observed. Min-
eral soil contained a larger percentage distribution of 
13C than the organic layer (Fig.  3d). Similar to the 
total C content of the plant, the amount of recently 
assimilated C also appeared to be influenced by 

translocation. The total 13C mass recovered in the 
whole plant-soil system was higher in the translocated 
samples (Fig. 3c). In accordance, the δ13C (‰) in the 
leaves tended to increase by translocation (Table 3).

While the organic layer and mineral soil did only 
show a marginal accumulation of 13C, the MBC in the 
respective soil pools had higher δ13C values (Table 3). 
The share of the total assimilated 13C that was allo-
cated to the microbial biomass was as high as the share 
for the respective soil fraction in total (Fig.  4). For 
both treatments, a higher percentage of assimilates was 
found in the organic layer. For both the organic layer 
and the mineral soil, translocation decreased the rela-
tive proportion of assimilates allocated to the microbial 
biomass. This effect was significant for the mineral 
soil, yet insignificant for the organic layer.

The total recovery in the soil and plant parts together 
with the tracer recovered in the CO2 efflux only sum 
up to 725.17 ± 90.99  µg and 828.99 ± 86.75  µg 13C, 
representing 4.18% and 4.78% for northern and trans-
located samples, respectively (Table  2). Daily CO2 
and 13CO2 measurements revealed that the percent-
age of 13C released as CO2 (relative to the total tracer 
recovered) was higher for northern control samples 
than translocated samples (Table  2) The 13C efflux 
decreased with time, while the CO2 efflux itself stayed 
constant (Fig.  5, Table  4). There was no effect of 
translocation on the daily CO2 efflux, but the cumu-
lative efflux over eight days tended to decrease with 
translocation, yet not significantly. The δ13C of CO2 
decreased more rapidly in translocated samples, lead-
ing to a higher decay constant k of the fitted exponen-
tial decay curve (Fig. 5).

The small-scale distribution of recently assimilated 
C in roots showed that root tips were more enriched in 
recently assimilated 13C than proximal root positions 
(p < 0.05, Fig.  6a). Root tips contained also clearly 
more 13C than the respective unlabelled control 
(Fig. 6b), demonstrating assimilation of the added 13C 
label. Although the enrichment of 13C in root tips was 
not significant in the unstained sample set, the results 
similarly revealed the tendency of higher enrichment 
at tips compared to proximal root positions (Fig. 6c). 
The colonization of root cells by ErM fungi, in con-
trast, had no effect on the δ13C, which becomes obvi-
ous when comparing infected cells with uninfected 
cells in the stained + labelled dataset (Fig. 6a).
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Fig. 3   Carbon and 13C in V. vitis-idaea: The total Carbon in V. 
vitis-idaea (a) and its distribution in the plant pools (b). Total 
13C recovered in the plant plus its associated soil after 13CO2-
pulse labelling (c) and its percentage distribution in the leaves, 
shoot, roots, organic layer (org.) and mineral soil (min., d). The 
percentage distribution of.13C is calculated relative to the total 
tracer recovered in the plant, soil, and CO2 efflux. The plants 
were translocated in intact cores together with its associated 

soil from north to south Finland (+ 3.7 °C mean temperature, 
yellow, stripes) or translocated on site in north Finland (grey) 
and excavated after 2.5  years. Asterisks indicate significant 
differences between soil and plant fractions (p = 0.05 < * < 0
.01 < ** < 0.001 < ***) tested with a two-way ANOVA or an 
aligned rank transformed (ART) two-way ANOVA followed by 
TukeyHSD or a post hoc test on estimated marginal means as 
respective post-hoc test (n = 4)
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Discussion

Patterns of total and recently assimilated C in the 
plant‑soil system

In this study, we hypothesized that most of the over-
all biomass C and of the recently assimilated C are 
allocated to belowground pools. While the biomass 
C was mainly accumulated in the roots, followed by 
the shoot and the leaves, the recently assimilated C 
– traced as 13C after 13CO2-pulse labelling – showed 
an inverse pattern. After eight days, leaves had the 
highest proportion of assimilated C (relative to the 
total 13C recovered in the plant and soil pools and 
the CO2 efflux), followed by the shoot and the roots 
(Fig.  3, Table  3), which is consistent with the find-
ings of Kulmala et al. (2018). This disconnection of 

overall C and recently assimilated C is a frequent 
occurrence (Kulmala et al. 2018; Litton et al. 2007). 
Although the short time of eight days after labelling 
in this study may have played a role in the distribu-
tion pattern, this phenomenon can also be attrib-
uted to temporal variations in C allocation patterns 
throughout the year (Saggar and Hedley 2001) and 
the life cycle of a plant (Kozlowski 1992). It has been 
observed that plants under nutrient limitation tend to 
allocate a significant amount of C into root biomass 
in the early live stages to access soil nutrients. When 
a sufficient root system is developed, plants subse-
quently shift the primary allocation to aboveground 
biomass, leading to the observed difference in alloca-
tion patterns (Kulmala et al. 2018).

While the highest C accumulation in roots com-
pared to other plant parts in this study can be 

Table 2   Theoretical plant uptake of 13C, total tracer recov-
ered, and 13C recovered in CO2 efflux: Table shows the added 
tracer per plant, the total tracer recovered in the plant-soil sys-
tem and the CO2 efflux after eight days and the percentage of 
the total recovered 13C that was detected in the CO2 efflux. 

Plants and the respective soil were either translocated from 
North- to South-Finland (+ 3.7 °C mean temperature) or trans-
located on site in North-Finland as control. Values are pre-
sented as mean ± SE with n = 4 except of the added tracer

Northern control samples Translocated samples 
(+ 3.7 °C mean tempera-
ture)

Added tracer per plant (theoretical plant 13C 
uptake)

17.35 mg

Total 13C in soil–plant system and respiration 725.17 ± 90.99 µg 828.99 ± 86.75 µg
Percentage of assimilated 13C lost as CO2 efflux 63.3 ± 5.92% 44.1 ± 3.19%

Table 3   δ13C of pools of the plant-soil system of V. vitis-
idaea: δ13C values of different pools of the plant-soil system 
of V. vitis-idaea (average ± SE, n = 4) eight days after pulse 
labelling with 13CO2 and the respective natural abundance 
controls. Plants and the respective soil were either translocated 

from North- to South-Finland (+ 3.7 °C in mean temperature) 
or translocated onside in North-Finland as control. As natural 
abundance controls, additional plant and soil from North-Fin-
land was used. An ANOVA revealed a significant effect of the 
compartment (p < 0.05)

Compartment of the plant-soil 
system

Natural abundance δ13C (‰) δ13C in northern controls (‰) δ13C in translocated samples 
(+ 3.7 °C mean temperature, 
‰)

Leaves ‒30.03 ± 1.06 39.5 ± 9.0 57.7 ± 22.9
Shoot ‒29.68 ± 0.87 ‒11.5 ± 7.7 ‒10.7 ± 4.5
Roots ‒29.38 ± 0.57 ‒25.6 ± 2.6 ‒27.7 ± 0.9
Rhizosphere ‒28.28 ± 0.39 ‒27.9 ± 0.5 ‒28.4 ± 0.2
Mineral Soil ‒28.13 ± 0.59 ‒26.5 ± 0.2 ‒26.2 ± 0.3
Organic Layer ‒27.33 ± 0.61 ‒27.9 ± 0.1 ‒27.27 ± 0.,4
MBC Mineral soil ‒23.40 ± 2.30 10.87 ± 13.69 ‒24.91 ± 2.31
MBC Organic layer ‒32.60 ± 5.12 ‒19.38 ± 2.88 ‒20.63 ± 2.09
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attributed to the high level of nutrient limitation 
typically observed in Podzols of boreal forests (Hög-
berg et al. 2017; Olsrud and Christensen 2011), only 
a medium portion of the recently assimilated C is 
recovered in the roots and the soil. The highest por-
tion of 13C was recovered in the CO2 efflux (Table 2). 
It cannot be differentiated between aboveground 
and belowground respiration in this study, but it 
was reported that around 20% of recent assimilates 
respired originate from belowground pools (Carbone 
and Trumbore 2007). We hypothesized that most of 
the overall biomass C and of the recently assimilated 
C are allocated in belowground pools. Our data only 
confirms the first part of this hypothesis, i.e. that most 
of the overall biomass C is allocated to belowground 
pools. Regarding the second part of the hypothesis, 
i.e. that also most of the recently assimilated C is 
allocated to belowground pools, we did not clearly 
find a high portion of recently assimilated C in root 
and soil. Similarly, in a 13CO2 labeling study, the 13C 

enrichment of the rhizome was lower compared to the 
leaves and the shoot in V. myrtillus and V. uliginosum 
after eight  days (Anadon-Rossel et  al. 2017). This 
might indicate that the plants are not experiencing the 
expected need to invest their resources into nutrient 
acquisition at the phase of the study, potentially due 
to a yearly or lifetime rhythm of root development. 
This could also have implications for a seasonality in 
the contribution of boreal shrubs to forest C seques-
tration. After 8 days, most of the recently assimilated 
C was already respired, indicating that at least some 
of the respired C was previously allocated to the roots 
and soil. The high respiration of recently assimilated 
C generally matches results for V. myrtillus and V. 
uliginosum, but high interspecific variations in the 
speed of above- and below-ground metabolism is 
reported (Anadon-Rossel et  al. 2017). Further parti-
tioning of soil, root and shoot respiration needs to be 
conducted to confirm the belowground allocation of 
recent assimilates.

The percentage of the total assimilated C that 
was allocated to the soil microbial biomass was 
similar to the percentage we found to be allocated to 

Fig. 4   13C in the microbial biomass in soil under V. vitis-
idaea: Percentage of the total recovered assimilated C that 
was measured in the microbial biomass in the organic layer 
(org.) and the mineral soil (min.) of intact soil cores with V. 
vitis-idaea. Cores were either translocated from North to 
South-Finland (yellow, stripes, + 3.7  °C mean temperature) or 
translocated on site in North-Finland as a control (grey). Stars 
indicate significant differences (p = 0.05 < * < 0.01 < ** < 0.0
01 < ***) tested with a two-way ANOVA (n = 4) and a Tuck-
yHSD as a postdoc test

Fig. 5   Exponential decay of 13C efflux from soil over an eight-
day period following 13C pulse labelling. Symbols represent 
measured mean 13C efflux values for the north (grey circles) 
and translocated (yellow triangles) treatments. Lines show fit-
ted exponential models F(t) = F0⋅e.−kt, with decay constants 
of k = 0.55 (north) and k = 1.00 (translocated). Both fits were 
highly significant (p < 0.001)
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the soil (Fig.  4). In other words, nearly all recently 
assimilated C that was exudated into the soil within 
8 days was either incorporated into the microbial bio-
mass or already respired. This finding is in line with 
the results of Olsrud and Christensen (2011), who 
showed that MBC represents the largest belowground 
pool of recently assimilated C following in-situ 14C 
pulse-labelling. The distribution of assimilated C 
towards soil microbes of V. vitis-idaea as part of our 
hypothesis (I) can be confirmed and suggests a tight 
relationship between plant and symbiotic soil micro-
organisms in nutrient limiting conditions.

When comparing the total 13C recovered in the 
plant and soil compartments and the CO2 efflux with 
the amount of 13C tracer addition (one plant could 
have theoretically assimilated 17  mg per plant), we 
only recovered below 5  %. This suggests that most 
of the added 13CO2 was not taken up by photosyn-
thetic activity of V. vitis-idaea. In an in-situ label-
ling study of peatland shrubs, the total recovery of 
13C was around 25% (Zeh et al. 2022). In the present 
study, however, more tracer (2  g compared to 0.6  g 
Na2

13CO3) was applied to ensure the recovery of suf-
ficient label in plant and soil pools. Nevertheless, it 
also needs to be considered that the uptake of tracer 
could be underestimated as the study could miss a 
relevant pool: Respiration of 13CO2 was not measured 
on the first day after labeling, and the C allocation 
to flowers, which formed during the eight days after 
labelling, were not taken into account.

Distribution of recently assimilated C in ErM 
infected fine roots

We hypothesized that recently assimilated C is trans-
ferred preferentially to root tips and that those root 
parts are therefore highly enriched in 13C when com-
pared to other root parts (hypothesis II). Here, we 
investigated the distribution of 13C within fine roots 
and found, indeed, that only tips contained more 13C 
than the unlabelled control and were therefore enriched 
in recently assimilated C (Fig. 6). A preferential trans-
port of recently assimilated C into root tips was also 
observed by Pausch and Kuzyakov (2011). Yet, the 
enrichment in root tips was still low in comparison 
with leaves or stems, which can be attributed, again, 
to small C allocation to the root system at that stage 
of growing season and life cycle (Ding et  al. 2020). 
Furthermore, Pausch and Kuzyakov (2011) observed 
that hotspots located at root tips persisted for at least 
two days but not more than eleven days. Following this 
finding, the rather small enrichment of root tips in our 
approach, i.e. eight days after pulse-labelling, might 
alternatively indicate a fast turnover of roots with 
replacement of 13C by subsequent unlabelled C.

We further hypothesized that a larger proportion 
of recently assimilated C is transferred to root  cells 
colonized by mycorrhizal fungi (Fig.  6). This could 
be assumed as plants invest into nutrient acquisition 
strategies in such nutrient poor soils. However, this 
hypothesis could not be confirmed and we found no 

Table 4   Carbon efflux and its δ13C from the plant-soil sys-
tem of V. vitis-idaea: Carbon efflux and the respective δ13C 
of intact soil cores with V. vitis-ideae for up to 9  days after 
13CO2-pulse labelling (average ± SE, n = 4) Cores were either 
translocated from North- to South-Finland (+ 3.7  °C in mean 

temperature) or translocated on site in North-Finland as con-
trol. A two-way ANOVA revealed no significant effect of day 
or location on C efflux. R values are given for the linear fit in 
the respective Miller/Tans plot. An asterix behind the R2 value 
indicates a significant fit (p < 0.05) 

Northern control samples Translocated samples (+ 3.7 °C mean temperature)

Day after pulse label-
ling

C efflux (mg C/d) δ13C in CO2 efflux 
(‰)

R2 value C efflux (mg C/d) δ13C in CO2 efflux 
(‰)

R2 value

2 20.5 ± 3.7 427.0 ± 203.2 0.47 27.5 ± 0.8 429.6 ± 332.8 0.22
3 20.0 ± 3.9 417.0 ± 216.2 0.38 18.8 ± 2.9 122.4 ± 23.2 0.82 *
4 18.4 ± 3.0 104.9 ± 41.3 0.52 * 25.6 ± 4.8 43.9 ± 9.3 0.79
5 17.3 ± 3.8 120.8 ± 35.5 0.66 * 19.5 ± 0.6 32.8 ± 8.3 0.72
6 17.1 ± 3.3 41.7 ± 14.6 0.58 * 19.6 ± 1.6 12.4 ± 9.6 0.22
7 16.6 ± 3.7 33.1 ± 13.3 0.51 * 18.9 ± 1.1 16.8 ± 8.1 0.42
8 15.0 ± 2.1 21.0 ± 17.8 0.19 18.9 ± 2.6 3.4 ± 2.6 0.22
9 17.9 ± 2.3 13.9 ± 14.9 0.18 18.5 ± 1.3 NA NA
Cummulative 142.6 ± 18.6 167.3 ± 9.7
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difference in 13C assimilation between ErM colonized 
and non-colonized cells. This could indicate that 
recently assimilated C is not preferentially transferred 
to ErM colonized cells under these conditions or as 
discussed above, rapidly replaced with unlabelled C.

Effect of warming on C allocation in V. vitis‑idaea

Besides identifying the general C allocation patterns 
of V. vitis-idaea, the objective of this study was to ana-
lyze their changes in response to a short-term warm-
ing (i.e. 2.5  years) that was simulated by a transloca-
tion approach from North to South Finland. As SOM 
decomposition is expected to increase with rising tem-
peratures (Wang et  al. 2018), potentially leading to a 
higher nutrient availability under warming (Bai et  al. 

2013; Schmidt et  al. 2002), we hypothesized a shift 
in C allocation, leading to reduced C transfer to roots, 
soil, and microbial biomass. The translocation, how-
ever, seemed to have only minor effects and mainly 
trends but no significant effect could be observed. We 
observed a tendency of stimulated plant growth, which 
was indicated by a higher total plant biomass and, there-
fore, a higher plant C stock. In line with that, higher 13C 
uptake by translocated plants was observed, as more 
13C was recovered in translocated cores when com-
bining plant, soil, and CO2 efflux (Fig. 3). This could 
indicate a higher photosynthetic activity of the trans-
located plants and may be associated with warming-
induced increases in the photosynthetic process itself 
(Reich et al. 2018) and with the better growth of trans-
located plants, which produced more biomass capable 

Fig. 6   δ13C in fine roots of Vaccinium vitis-idaea: δ13C in 
parts of the fine roots of Vaccinium vitis-idaea, that were pulse 
labelled with 13CO2 (a, c) and stained with trypan blue to make 
ErM colonization visible (a, b) and the respective controls (d). 

Fine root parts with a visible ErM colonization are displayed in 
yellow and parts with no visible colonization or an unknown 
colonization status are displayed in grey. Proximal root parts 
are displayed with grey stripes
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to perform photosynthesis. Higher accumulation of C 
in the shoot as well as a higher proportion of recently 
assimilated C in aboveground plant parts after translo-
cation, however, could indicate a lower need of plants 
to invest into roots due to a higher nutrient availability 
in the soil (Bonifas et al. 2005). The latter might result 
from higher SOM decomposition rates in warmer soils 
(Klimek et  al. 2020), as proposed in hypothesis (III). 
This interpretation is based on the assumption that the 
C allocation pattern eight days after labelling is repre-
sentative for warming-induced differences in C alloca-
tion. We are aware that 13C may continue to accumulate 
in roots within the subsequent days (Zhou et al. 2022) 
and we cannot exclude that differences between treat-
ments would have been differently expressed at later 
stages. Yet, seven days after labelling has been shown 
to be the time when C allocation to roots is maximal 
(Zhou et  al. 2022). Concluding, while the translo-
cation had only minor effects on soil C and N, a ten-
dency towards higher plant C stock suggests a warming 
induced increased enzymatic activity. Further, a greater 
allocation of C towards plant shoot suggests a change in 
plant nutrient acquisition. This could imply that under 
warming, less C is allocated in belowground parts by V. 
vitis-ideae, potentially decreasing their contribution to 
the soil C sequestration in boreal forests.

The 13C efflux of the translocated samples decreased 
more rapidly compared to the northern samples (Fig. 5, 
Table  4), which implies a faster turnover of C in the 
translocated samples. This could indicate a higher 
microbial activity. Higher microbial activities due to 
warming were frequently reported (Xu et al. 2023) and 
are also supported by higher overall respiration of the 
translocated samples compared to the northern sam-
ples (Table 4). A higher microbial activity can lead to 
faster nutrient mineralization in the soil (Melillo et al. 
2002) supporting the explanation given for the greater 
C allocation towards the shoot. Compared to the north-
ern control samples, a smaller percentage of the assimi-
lated 13C was recovered in the respiration (Table  2). 
However, due to the sharper decrease in 13C efflux of 
translocated samples, we can expect that on the first 
day, where no gas measurement was conducted, more 
13C was released in translocated samples compared to 
northern controls. This can serve as an explanation for 
the lower percentage of assimilated 13C distributed to 
the cumulative CO2 efflux from translocated samples.

Apart from a tendency towards higher invest of 
C into the plant shoot and leaves, recovery patterns 
in the plant-soil system remained mostly unchanged 
(Fig. 3). Similarly, the δ13C values in the rhizosphere 
remained unaffected by translocation (Table  3). 
Therefore, we cannot fully support our hypothesis 
(III) that a faster soil nutrient mineralization induced 
by translocation would result in a shift in plant C dis-
tribution patterns. It is possible that the chosen time 
of 2.5 years of translocation was not enough to detect 
such profound changes in the C distribution patterns. 
In general, it may also be that the distribution of new, 
recently assimilated C within the plant-soil system 
exhibits a high degree of plasticity and was influ-
enced by the exposure to the temperature-controlled 
climate chamber. Thus, a potential role of short-term 
adaptation to the conditions in the climate chamber 
must be kept in mind when interpreting the results.

We further expected as part of hypothesis (III) 
that less photosynthetically assimilated C can be 
found in the microbial biomass after translocation. 
The 13C signal was indeed lower in the MBC in the 
mineral soil after translocation (Fig.  4, Table  3). 
This observation could be explained in two con-
trasting mechanisms: In line with our hypothesis, 
a higher microbial decomposition and an associ-
ated higher nutrient availability after translocation 
could lead to less plant need to invest assimilates to 
soil microorganisms, such as ErM fungi, for nutri-
ent acquisition. This is also supported by findings 
from a study conducted with the Ericaceous shrub 
R. nigrum ssp. hermaphroditum (Hupperts et  al. 
2024), where less dependence of the shrub on the 
mycorrhizal partner under warming was shown and 
a higher mineralization was indicated using isotope 
labelling. However, this seems to be dependent on 
the recalcitrance of the nutrient source (Hupperts 
et al. 2024). However, on the other hand, the general 
faster cycling of 13C in translocated samples in our 
study (e.g. indicated by a faster decrease in 13CO2) 
could imply that less 13C was retained in the micro-
bial biomass and it was instead already released as 
CO2 again. Which mechansim explains the observed 
finding better remains to be elucidated. Neverthe-
less, this part of hypothesis (III) can be cautiously 
accepted as translocation led to less 13C in soil 
microorganisms.
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Conclusion

In summary, the findings of this study highlight that 
C allocation into the root system of V. vitis-idaea is 
only marginally affected by 2.5  years of warming. 
Most of the results, however, suggest an increase in 
the soil microbial activity and higher SOM minerali-
zation under global warming. This may lead to more 
profound changes in plant properties and allocation 
over longer time spans than studied here. Especially, 
this may lead to less plant investment into ErM fun-
gal partners which could have – together with the 
higher mineralization rate – important implications 
for C sequestration in boreal forests. To verify these 
interpretations, future studies need to be conducted 
to further analyze the importance of ErM symbioses 
under global warming.
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