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Ectomycorrhizal (ECM) fungi, as major carbon (C) sinks, are critical to plant–soil C cycling. Although C allocation between plants and ECM fungi
has been studied extensively, C transport time, the key component of C cycling, remains poorly understood. To address this, we collected new
needles (weekly), roots (monthly) and ECM fungi (sporocarps and hyphae) of three genera (Cortinarius, Lactarius and Russula) in a boreal Scots
pine (Pinus sylvestris L.) forest in Finland. We analysed the natural abundance C isotope composition (δ13C) of sugars or organic matter and
observed a strong vapour pressure deficit (VPD) signal in needle sucrose δ13C. We coupled VPD with the δ13C of water-soluble carbohydrates
(WSC, δ13CWSC) in sporocarps to determine C transport times. We found Lactarius and Russula, with short hydrophilic mycelia that enable
efficient solute uptake, had transport times of 6–13 days, peaking at 8 days. In contrast, Cortinarius, with extensive hydrophobic mycelia that
limit water and solute movement, showed slower transport times of around 18 days. The different transport time is likely attributable to a more
extensive mycelial network and potentially higher C demand in Cortinarius compared with Lactarius and Russula. The three genera also showed a
marginally significant effect on δ13CWSC in sporocarps (P = 0.06, analysis of covariant). This study highlights that natural abundance δ13C analysis
offers a practical alternative to pulse-labelling for estimating C transport time in complex plant–fungal interactions, where the latter is difficult to
implement. The longer transport time of Cortinarius compared with Lactarius and Russula is critical during periods of reduced photosynthesis,
when limited C supply makes fast allocation essential for sustaining belowground metabolism. Slower transport may weaken its role and reduce
forest productivity in boreal forests with short growing seasons. As global warming favours Cortinarius, its longer C transport time may impede
soil C cycling and nutrient turnover.
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Graphical Abstract

The figure presents the carbon (C) allocation from air CO2 to Scots pine needles, roots, ectomycorrhizal (ECM) hyphae and ECM sporocarps
and estimates C transport times from pine needles to ECM sporocarps using natural δ13C abundance analysis. Photosynthetically fixed carbon
is transported as sucrose from needles to roots, where it is converted to glucose prior to uptake by ECM hyphae. Two distinct fungal groups
show different lag times from photosynthesis to sporocarps: Lactarius and Russula, classified as hydrophilic fungi, have a significant 6- to 13-day
lag (P < 0.05), while Cortinarius, hydrophobic fungi, show a time lag of 18 days, but their statistical significance cannot be determined. Arrows
indicate the transform and direction of C flow, and grey ellipses highlight the C trasnport times. The dashed box represents the C sink in the
soil ecosystem. The upper-left panel shows the spatial distribution of ECM sporocarps relative to the studied Scots pine trees, indicating that
different genera have distinct occurrence patterns with respect to distance. Numbers in brackets indicate the number of individual sporocarps
collected at each distance.

Keywords: C allocation, C isotopes, intra-season δ13C dynamics, time lag, transport sugar, water-soluble carbohydrates.

Introduction

Ectomycorrhizal (ECM) fungi play a critical role in below-
ground carbon (C) allocation and make an important contri-
bution to the functioning of the forest soils (Clemmensen et al.
2013, Averill et al. 2014). A substantial amount of C (∼9.07
Gt CO2e, carbon dioxide equivalent) is allocated annually to
belowground ECM mycelium, equivalent to ∼25% of current
global annual CO2 emissions from fossil fuels, highlighting
the importance of incorporating ECM fungi into global C and
climate models (Hawkins et al. 2023). Ectomycorrhizal fungi
form a mutualistic relationship with the roots of host trees and
increase the efficiency of both parties in colonizing nutrient-
limited environments (Nehls et al. 2010). In this symbiosis,
trees provide photosynthetically fixed C and in return receive
soil water and essential nutrients, such as phosphorus and
nitrogen (N) (Nehls and Hampp 2000, Hobbie and Hobbie
2006). The C supplied by trees, up to 30% of the plant
photosynthates, is essential for ECM fungal colonization of
the soil, given their limited enzymatic capability to degrade

complex soil carbohydrates (Colpaert and Van Tichelen 1996,
Read and Perez-Moreno 2003, Martin et al. 2008). C input
from trees is therefore an important factor in ECM fungal
growth, as evidenced by the significant reduction in sporocarp
production following host tree girdling (Högberg et al. 2001).
Also, ECM fungal colonization is strongly related to the
photosynthetic rate of host trees (Nara et al. 2003), and their
sporocarps represent a major sink for host-derived C during
the growth season (Vogt et al. 1982, Dahlberg et al. 1997).
Ongoing climate changes, such as increasing temperature and
rising atmospheric CO2 concentration, are likely to affect the
role of ECM fungi in C cycling within terrestrial ecosystems
(Pickles et al. 2012, Bennett and Classen 2020). Understand-
ing the role of ECM sporocarps in forest C cycling and storage
is therefore essential.

A key challenge in understanding C cycling between host
trees and ECM fungi is determining the transfer time that
links photosynthesis in tree leaves to C allocation in sporo-
carps (Moyano et al. 2008, Högberg et al. 2010, Kuzyakov
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and Gavrichkova 2010). The stable C isotope composition
(δ13C) of organic matter reflects processes of C allocation
and can improve assessments of C storage and cycling in soil
(Kuzyakov and Gavrichkova 2010, Brüggemann et al. 2011).
Previous studies have primarily employed two methodologies
to investigate the C transport time in plant–soil systems
(Phillips et al. 2012, Huang et al. 2024): 13CO2 pulse-labelling
(Kuzyakov and Gavrichkova 2010) and natural abundance
isotope analysis (Ekblad and Högberg 2001, Brüggemann
et al. 2011, Hobbie et al. 2024). Using 13CO2 pulse-labelling,
Högberg et al. (2008) observed a time lag of 4–7 days from
needle photosynthesis to ECM hyphal respiration in a boreal
Scots pine (Pinus sylvestris L.) forest. In the same experiment,
peak 13C levels in sporocarps were detected at 6 and 16 days
post-labelling (Högberg et al. 2010). At natural abundance
levels, a lag of 7 days from photosynthesis to ECM sporo-
carps was reported for P. sylvestris in Sweden (Hobbie et al.
2024). These studies provided the foundation for assessing C
transport times in ECM fungal ecosystems using δ13C as an
indicator.

While 13CO2 pulse-labelling experiments are powerful
tools for quantifying C allocation and velocity of C transfer
by capturing instant δ13C variations (Dannoura et al. 2011,
Wang et al. 2021), the method has limitations. They require
artificial CO2 enrichment and leave detectable isotopic signals
in the plant–soil system, which may interfere with long-
term site integrity for future natural abundance isotopic
measurements. Moreover, residual 13C signals following a
pulse can persist in the system, making the approach less
suitable for tracking C allocation at seasonal scales, as over-
lapping signals from repeat could complicate interpretation
over time. Furthermore, in heterogenous root systems in
mature forests, it is rarely feasible to sample root segments
colonized by ECM fungi at the exact time of C transfer, due
to the spatial complexity of the mycorrhizal network (Klein
et al. 2023). However, when combined with metabolomic
isotope analysis, pulse-labelling can provide detailed insights
into C allocation processes by revealing the incorporation
of recent assimilated C into specific metabolic compounds,
such as amino acids and tricarboxylic acid intermediates in
root tips (Rapaport et al. 2024). In addition, pulse-labelling
can capture short-term C transport processes and time lag
in a specific period, such as peak photosynthesis in late
July (Epron et al. 2012). In comparison, although natural
abundance analysis provides a weaker signal than pulse-
labelling studies, it offers a more accessible approach for
fieldwork. By relying on statistical analysis of δ13C changes,
this method enables regular sampling over extended periods
without disturbing long-term ecological monitoring sites.
Notably, natural abundance δ13C in needle sugars not only
reflects environmental conditions, such as solar radiation
and air humidity, providing valuable insights into short-term
physiological responses (Ekblad and Högberg 2001, Brendel
et al. 2003, Tang et al. 2022, Hobbie et al. 2024), but also
captures longer-term metabolic processes within plant organs.
Sustained metabolic activity alters the isotopic composition
of internal C pools, which is not easily accessible through
pulse labelling, as the latter primarily tracks short-term C
fluxes and offers limited information on cumulative turnover
(Brüggemann et al. 2011). Furthermore, natural abundance
enables the tracking of C transport time across tissues and
over time, making it a practical and non-invasive tool for
ecological studies in remote, resource-limited or spatially

complex belowground ecosystems where pulse labelling is not
feasible. However, the natural abundance analysis approach
requires statistical analyses to interpret the more complex
signal than that of pulse-labelling.

Despite advances in understanding the C transport time
from canopy leaves to belowground components using natu-
ral abundance analysis (Knohl et al. 2005, Wingate et al. 2010,
Hobbie et al. 2024), research specifically tracing the transport
of sugars from needle photosynthates to genus-specific ECM
sporocarps remains scarce. Sucrose is the primary product
of photosynthesis and serves as the main transport form of
recently assimilated C (Nehls et al. 2010). In the C transport
pathway, sucrose is translocated via the phloem to the roots,
which can receive half of a plant’s photosynthetically fixed C
(Nehls et al. 2010). Upon reaching roots, sucrose is hydrolysed
to its monosaccharides, i.e., glucose and fructose, and glucose
is the key metabolic substrate for ECM fungal formation
(Nehls et al. 2010, Ren et al. 2020). After uptake, ECM fungi
further convert glucose into fungal-specific water-soluble car-
bohydrates (WSC) in sporocarps, mainly the disaccharide
trehalose and the sugar alcohol mannitol (Nehls et al. 2010).
At natural abundance, δ13C of needle sucrose provides a more
accurate estimate of δ13C in newly assimilated C than total
organic matter or bulk WSC (Tang et al. 2022). Compound-
specific isotope analysis (CSIA) enables precise measurements
of sucrose and glucose (δ13Csucrose and δ13Cglucose, respec-
tively) in both needles and roots (Bowling et al. 2008, Rinne-
Garmston et al. 2023, Tang et al. 2023). The δ13C of these
fungi-specific WSC (hereafter δ13CWSC) in ECM sporocarps
can be similarly measured. These approaches can facilitate
the tracing of source C movement from needles through roots
to ECM fungi. However, no study has yet used the natural
abundance δ13C of soluble sugars and WSC to advance our
understanding of the full C transport pathway from canopy
to ECM fungi.

C in ECM sporocarps are mainly derived from photosyn-
thetic C, with small contributions from soil-derived com-
pounds (e.g., proteins) and host-derived metabolites (e.g.,
amino acids, nucleotides, fatty acids), potentially influencing
δ13CWSC of ECM sporocarps (Nehls et al. 2010, Hobbie et al.
2014). The mycelial exploration types of ECM fungi play
a critical role in acquiring and sequestering the C sources
from host species (e.g., trees) or soil organic matter (Hobbie
and Agerer 2010). Cortinarius with extensive mycelial sys-
tems (medium-fringe exploration type) often require greater
C inputs from their hosts to support the development and
maintenance of large foraging networks. These fungi typically
form hydrophobic, melanized cords that may restrict the
movement of C and solutes within the mycorrhizal system and
potentially delay C allocation to sporocarps (Agerer 2001).
In contrast, Lactarius (contact exploration type) and Russula
(medium-smooth exploration types) form shorter and more
hydrophilic mycelia with limited soil foraging range, which
are better suited for rapid exchange of WSC in root–fungal
interactions (Ekblad et al. 2013, Suz et al. 2014). These mor-
phological and physiological traits may influence C transfer
efficiency, thereby influencing the C transport time to sporo-
carps (Lilleskov et al. 2011). Greater sequestration of 13C-
enriched soil carbohydrates by Cortinarius may contribute to
observed differences among taxa in δ13C relative to Lactarius
and Russula (Hobbie et al. 2023). Consequently, it is nec-
essary to investigate genus-specific effects when interpreting
δ13CWSC in ECM sporocarps.
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To deepen our understanding of C allocation from host
plants to ECM fungi, we tracked the transport of recently pho-
tosynthesized sugars from needles, via roots of P. sylvestris, to
hyphae and ECM sporocarps during one growing season in
Hyytiälä, Finland. Employing natural abundance δ13C analy-
sis of WSC, complemented by CSIA of plant sugars, we esti-
mated the time lag for C transport from needle photosynthesis
to sporocarps formation. By detecting the time lag, we aim to
demonstrate the applicability of natural abundance analysis in
studying C allocation from the canopy to belowground. Our
study also explored factors influencing δ13CWSC in sporo-
carps and examined whether different ECM genera affect C
transport time. We tested the following hypotheses: (i) natural
abundance δ13C analysis can be used to detect the C transport
time between needles and ECM sporocarps; (ii) the time lag
can vary among different ECM genera, reflecting their unique
physiological and ecological traits; (iii) ECM genera exert a
significant influence on the δ13CWSC in their sporocarps.

Materials and methods

Site description

The sampling site, Hyytiälä (61◦51′N, 24◦17′E, 170 m a.s.l.),
is a managed boreal forest sown in 1962. The forest is
dominated by Scots pine (P. sylvestris) mixed with Norway
spruce (Picea abies) and birches (Betula spp.). The Scots pines
were 57 years old in 2019. The soil is a Haplic Podzol on
glacial till with some organic soil, it has a total depth of 5–
150 cm, with an average depth of 5.4 cm for the organic layer
(Hari et al. 2013, Machacova et al. 2019). The mean height
of dominant trees was 18 m, and the stand density was 1177
trees ha−1 for trees over 1.3 m in 2016 (Aalto et al. 2019).
The mean annual air temperature was 3.5 ◦C, and the mean
annual precipitation was 711 mm for the period 1981–2020
(Pirinen et al. 2012).

Environmental data

Environmental data for the study site were obtained from the
Smart SMEAR AVAA portal (https://smear.avaa.csc.fi/), cover-
ing dates from 7 June to 11 October in 2019 (Abazajian et al.
2009, Aalto et al. 2023). Precipitation (mm) accumulated at 1-
min intervals was recorded by a Vaisala FD12P weather sensor
(Vaisala, Vantaa, Finland). Air temperature (T, ◦C) at 16.8 m
height was measured hourly with a Pt100 temperature sensor
(Peak Sensors Ltd, UK) located inside a ventilated custom-
made radiation shield. Photosynthetically active radiation
(PAR) (μmol m−2 s−1) was recorded at 35 m height every
minute by a Li-190SZ quantum sensor (LI-Cor, Lincoln, NE,
USA). Relative humidity (RH) at 16.8 m height was recorded
every minute by the Rotronic MP102H RH sensor (Vaisala,
Vantaa, Finland). Daytime means of PAR, air temperature and
vapour pressure deficit (VPD) were calculated, as well as daily
cumulative precipitation, defining daytime as the period 2 h
after sunrise to 2 h before sunset.

Sampling of Scots pine tree and ECM fungi
materials
Tree tissue sampling
Sun-exposed current-year needles (0 N) from five mature
Scots pine trees (mean height 18 m) were collected weekly
from 7 June to 10 September in 2019 from 2 to 3 m below the
top-most canopy level between 13:00 and 16:00 h on non-
rainy days (a total of 13 sampling times). Fine roots were

sampled from 5 to 15 cm soil depth using a 50 mm diameter
soil corer from three randomly selected locations surrounding
each sampled tree. This sampling procedure was carried out
five times, twice in June and once per month from July to
September.

Needles and root samples were placed in a cool box with
ice blocks immediately after harvesting to minimize metabolic
activity and micro-waved at 600 W for 1 min within 2 h to
stop enzymatic and metabolic activities (Wanek et al. 2001).
Then, Scots pine tree roots were selected from other roots
under a light microscope after the wet soil samples were
sieved. Subsequently, all samples were dried in a drying oven
for 24 h at 60 ◦C and homogenized into a fine powder using
a ceramic ball mill (FastPrep-24, MP Biomedicals, OH, USA).

Ectomycorrhizal fungi sampling
We visited the site weekly from 19 July to 11 October to
monitor ECM sporocarp presence within a 10 m radius of the
host Scots pine trees, surveying the field site, Scots pine trees
and ECM fungi sampling locations (Figure 1). We harvested
all sporocarps of each genus present on each visit, ensuring no
individual remained for potential resampling on later visits.
This protocol ensured that the collected sporocarps were
newly emerged and within a 7-day window of growth. All
collected sporocarps and hyphae were promptly placed in a
cold bag in the field and then microwaved at the Hyytiälä field
station to stop all enzymatic activity (as above for the tree
tissue materials). We then removed organic impurities with
tweezers before further analysis. In the laboratory, half of the
individual sporocarps were photographed under a microscope
for genus identification and then stored in a freezer. Hyphae
and the remaining half sporocarps were dried at 40 ◦C for 12 h
for δ13C analysis and stored in a desiccator. After identifying
collected ECM sporocarps, we found that only three domi-
nant ECM fungal genera, Lactarius, Russula and Cortinarius,
presented more than five replicates over the sampling season.
Hence, we estimated the δ13CWSC values and C transport time
among these three ECM fungi genera.

Sample preparation for δ13C isotope analysis

The dried tree tissues and ECM sporocarps were processed
into a fine powder. Needles were milled in a ceramic ball
mill (FastPrep-24, MP Biomedicals, OH, USA), and roots
and sporocarps were processed in a steel-ball mill (MM 200,
Retsch, Haan, Germany). All milling was applied for 30 s
with a frequency of 25 s−1 and stored in plastic tubes. Due
to the extremely small amount of hyphae materials, ∼ 0.1 mg,
milling into powder is a significant challenge. Hence, all
hyphal materials were used for δ13C analysis of total organic
matter (TOM, δ13CTOM).

Extraction and purification of WSC

Extraction and purification of WSC from tree tissues (needles
and roots) and ECM sporocarps were performed according
to Wanek et al. (2001) and Rinne et al. (2012). Briefly, for
the extraction, 60 mg of powdered tree tissues and 100 mg
of powdered ECM sporocarp materials were placed in 2 mL
reaction vials. The samples were suspended in 1.5 mL of
deionized water and agitated using a vortex (ca 85 ◦C, VWR,
PA, USA). Subsequently, the vials were placed in a water bath
at 85 ◦C for 30 min, cooled down for 30 min and centrifuged
at 10,000 × g for 2 min. The WSC supernatant of needle
and roots was separated and purified using three types of
sample treatment cartridges (Dionex OnGuard II H, A & P
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Figure 1. Location map of the five studied Scots pine trees (Pinus sylvestris L.) in Hyytiälä. Trees are shown as squares within open circles. Square size
indicates two tree height classes (≈18 m and <18 m). Sampled sporocarps and associated hyphae are indicated by the corresponding symbols in the
legend. Lines connect each sampled sporocarp to its nearest studied Scots pine tree, representing the assumed tree–fungus carbon source–sink
relationships used for the carbon transport time analysis. Scale bar = 2 m.

cartridges, Thermo Fisher Scientific) to remove amino acids,
organic acids and phenolic compounds. Finally, the purified
WSC were filtered through a 0.45 μm syringe filter and
freeze-dried.

Compound-specific δ13C analysis of soluble sugars
in needles and roots

For needles and roots, the individual compounds in the puri-
fied WSC were analysed for δ13C using a Delta V Advan-
tage isotope ratio mass spectrometer (IRMS) coupled with
high-performance liquid chromatography via a Finnigan LC
Isolink interface (Rinne et al. 2012). Four sugars or sugar
alcohols with adequate concentration for CSIA (above 20 ng
C μL−1) were consistently detected: sucrose, glucose, fructose
and pinitol/myo-inositol.

Among these, only δ13C analysis of sucrose and glucose was
used in our study. Fructose was excluded due to low concen-
trations throughout the root–fungus pathway, and pinitol was
not considered as a key metabolite in mycorrhizal C exchange
(Nehls et al. 2010). The needle samples underwent individ-
ual analysis at the Central Laboratory at the Swiss Federal
Institute for Forest, Snow and Landscape Research (WSL lab,
Birmensdorf, Switzerland), which provided the mean value
and its standard deviations (SDs) for needle sucrose δ13C
for each sampling day. In contrast, for root measurements,
the five samples were pooled for each sampling date before
measurements. Hence, the aggregation of these samples into
a single composite for each date precluded the calculation of
SDs for root sample δ13C values. A dilution series (20, 40, 60,
90, 120 and 180 ng C μL−1) of external compound-matched
standard solutions was analysed between every 10 samples to
calculate sample concentrations and correct δ13C values.

Measurement precision determined from multiple analyses
of a quality control material was 0.2� (SD).

δ13C =
(

Rsample

Rstandard
− 1

)
× 1000 (1)

In Eq. (1) , Rsample and Rstandard are the 13C/12C ratio in the
sample and the standard, respectively. The reference material
for δ13C calculations is Vienna-Pee Dee Belemnite.

δ13C analysis of WSC and TOM of ECM fungi

Aliquots of WSC from sporocarps were pipetted into individ-
ual tin capsules (5 × 9 mm, Säntis, Teufen, Switzerland),
freeze-dried and wrapped. The TOM of sporocarps and
hyphae were weighed 0.88 mg and 0.1 mg, respectively,
into tin capsules (3.3 × 5 mm, Säntis, Teufen, Switzerland)
at WSL. δ13CWSC and δ13CTOM in sporocarps samples
and δ13CTOM in hyphae were determined at WSL with an
Elemental Analyzer coupled via a Conflo III reference unit
to an IRMS DeltaXPPlus (Thermo Fisher, Bremen, Germany).
Measurement precision determined from multiple analyses of
a quality control material was 0.1� (SDs).

Our study relied on δ13CTOM for hyphae, particularly in
the context of 13C translocation in sugar compounds in
plant–fungi interaction, prompting us to evaluate its effective-
ness. We conducted Pearson’s correlation analysis (Pearson’s
r = 0.75, P-value < 0.001) and paired t-tests (t-test, P-value
> 0.05) for the sporocarp data, revealing a high correla-
tion and no significant differences between δ13CWSC and
δ13CTOM. These findings suggested that δ13CTOM can serve
as a viable proxy for δ13CWSC.

Carbon transport time estimation
Environmental proxy for δ13C of needle sucrsoe
The temporal resolution of our δ13C analysis of needle sucrose
(δ13Csucrose) was constrained by the limited availability
of newly formed needles and the analytical complexity of
CSIA, which required extensive sample preparation and long
run times. As a result, analyses of C transport dynamics
based on our discrete, low-frequency δ13Csucrose dataset are
statistically challenging. To address this issue, we established
relationships between needle δ13Csucrose and continuous data
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of local environmental variables (VPD, PAR and T) that
regulate canopy stomatal conductance and photosynthesis
and thereby influence δ13C signatures in needles (Bowling
et al. 2002). These local environmental variables can serve
as proxies for recent photosynthetic activity and have been
used to infer C transport times (Ekblad and Högberg 2001,
McDowell et al. 2004). This analysis enabled us to develop a
transfer function between δ13Csucrose and environmental data,
and thus facilitate model δ13Csucrose at high resolution over
the entire growing season. The key aim of this approach was
to fill the temporal data gaps in δ13Csucrose data and facilitate
a more thorough statistical exploration of the C transport
time between leaf photosynthesis and sporocarp formation.

We assumed that leaf δ13Csucrose accurately records changes
in leaf gas exchange, which is driven by environmental vari-
ables such as VPD, RH and T and PAR (Rinne et al. 2015,
Tang et al. 2023). We accordingly calculated Pearson’s corre-
lations between δ13Csucrose in needles and these three environ-
mental variables. This was done to identify the most relevant
environmental proxy for time lag estimation by selecting the
signal with the strongest correlation coefficient (P < 0.05).
First, we calculated the average δ13Csucrose value for each nee-
dle sampling date to create a time series dataset of δ13Csucrose
in needles. Subsequently, due to the carry-over effect in the
leaf sugar pool, which mixes new and old assimilates over the
past several days (Streit et al. 2012, Leppä et al. 2022), we
applied the time-integrated environmental signals to reflect
the integrated δ13Csucrose according to the methodology of
Tang et al. (2023) (Eq. (2), below). These signals contained
integrated environmental information from several days prior
to the needle sampling dates with variable weights.

x∗
t =

(∑n
i=0λi × xt−i

)
∑n

i=0 λi (2)

where x∗
t is the integrated variable on day t (i.e., VPD, air

temperature and PAR); i is the number of days prior to day
t; n is the number of days calculated, which varies from 0
to 12 days at an interval of 1 day; λ is the previous day’s
weight, which varies from 0 to 1 at an interval of 0.1;
xt−i is the variable at day t−i; λ defines the percentage of
δ13Csucrose needles on the current day that is reserved for the
following day. Using Eq. (2), we calculated time-integrated
environmental variables with variable λ (0 to 1) and time
spans (0 to 12 days).

δ13CWSC datasets of ECM sporocarps
We derived temporal δ13CWSC datasets for three ECM fungi
genera and calculated the average δ13CWSC for each genus
based on their sampling dates. However, the limited number
of sporocarps for Russula (n < 3) on several dates and
the occasional absence of Lactarius and Cortinarius posed
statistical challenges in estimating time lags at each genus level
(Table S1 available as Supplementary Data at Tree Physiology
Online). To overcome this limitation, we combined δ13CWSC
data of Lactarius and Russula and averaged their values
for each sampling date, as both are hydrophilic (Hi) fungi
(Lilleskov et al. 2011) and did not differ in their δ13CWSC
values (independent t-test, P-value > 0.05). This resulted in
the creation of the Hi group δ13CWSC dataset. Cortinarius, the
hydrophobic (Ho) fungi (Lilleskov et al. 2011), remained as a

separate δ13CWSC dataset. This integration of the Hi fungal
dataset enhanced the reliability and precision of C transport
time estimations.

Carbon transport time estimation
We estimated the possible C transport time from the canopy
to ECM sporocarps at between 0 and 30 days. Accordingly,
we measured the time-integrated environmental proxy over a
continuous period of 30 days prior to the sporocarps sampling
dates and then applied Pearson’s correlation to determine
the time lag by assessing the relationship with intra-season
δ13CWSC datasets of the Hi group and Ho fungi (Cortinarius).
However, the environmental proxy datasets had high levels
of autocorrelation, resulting from the integration of environ-
mental signals in the needle photosynthates over previous days
with variable weights. This phenomenon manifested in numer-
ous significant findings (P < 0.05), potentially leading to false-
positive time lags. To account for this issue, we calculated the
effective n (Ncor) using the method of Dawdy et al. (1964), as
denoted in Eq. (3).

Ncor = N
1 − r1,xr1,y

1 + r1,xr1,ya
(3)

N is the sample size, Ncor is the effective sample size and r1 is
the first-order autocorrelation coefficient. x is the intra-season
δ13CWSC values of the Hi group or Cortinarius, and y are
the proxy with corresponding time lags, respectively. r1,x and
r1,y are the first-order Pearson’s autocorrelation coefficients
of time series x and y.

This technique involves reducing the sample size (N) to
obtain an effective sample size (effective n) that aligns with
the autocorrelation presented in the datasets under analysis.
Following this adjustment, we recalculated the P using the
effective n through Free Statistics Calculators (https://www.
danielsoper.com/statcalc). Ultimately, when the correlation
coefficients were significant (P < 0.05), we identified the C
transport time from needles to the Hi group and to Cortinar-
ius.

Statistical analysis

We assessed the effects of ECM fungal genera (Cortinarius,
Lactarius and Russula), sampling the day of year (DOY) and
the distance between each sporocarp and its nearest studied
tree (graded 1–8; e.g., < 1 m as 1, 1–2 m as 2 and so
on) on δ13CWSC of sporocarps using analysis of covariant
(ANCOVA). Notably, because the actual host tree for each
sporocarps could not be determined, we used the nearest
studied tree as the most likely host. The distance was recorded
in broad classes rather than as exact measurements and was
therefore treated as a categorical variable in the analyses. Due
to limited genera on hydrophobicity classification, with only
one genus, Cortinarius, categorized as hydrophobic (Ho) and
two, Lactarius and Russula, as hydrophilic (Hi), we excluded
hydrophobicity as a factor from our analysis. In this model,
genera and DOY were treated as fixed factors, and distance as
a covariate, with all interaction terms included. Due to unbal-
anced sample sizes and the presence of missing combinations
in higher-order interactions (e.g., genera × DOY × distance),
we used Type II sum of squares to evaluate the significance
of each term. All significances were assessed based on the
F-statistics. The analysis was conducted using the Anova ()
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Figure 2. Daytime environmental conditions during the growing season of Scots pine (Pinus sylvestris L.) needles and fungal sporocarps from 7 June to
11 October 2019. (a) Air temperature (T) and vapour pressure deficit (VPD), (b) precipitation and photosynthetically active radiation (PAR) from 2 h after
sunrise to 2 h before sunset. Vertical dotted lines indicate all sampling dates. The shaded areas indicate a high VPD period between the two peaks.
Sampling dates of needles and Cortinarius, Russula and Lactarius are shown at the top of the panel.

function from the car package in R (version 4.3.2, 2023), after
fitting the model with lm ().

Results

Environmental conditions

Over the study period from 7 June to 11 October, air tem-
perature (T) varied from 0.2 ◦C to 27.2 ◦C with an average
value of 14.2 ◦C (Figure 2a). The VPD reached high values at
1.9 and 1.7 kPa, both at the beginning of June and at the end
of July, respectively, and decreased to 0 kPa by 11 October
(Figure 2a), with a mean value of 0.6 kPa over the growing
season. Daytime PAR values remained consistently high in
late July and then gradually decreased towards October, with
considerable fluctuations over the period. Precipitation was
intermittent but generally uniform across the study period,
with increased frequency during September (Figure 2b). Peak
precipitation of 18.9 mm was on 21 July.

δ13C pattern in needles, roots and hyphae

The maximum δ13Csucrose in needles was on 7 June, followed
by the second-highest value on 26 July (Figure 3a). These
peaks were interspersed with a temporary decline, followed by
a gradual decrease. In comparison, δ13Csucrose in roots, which
were collected less frequently, were also higher on these same
dates relative to other sampling occasions (Figure 3a). The
δ13Cglucose in roots generally followed the δ13Csucrose trends
in roots and peaked on 26 July.

There was no consistent offset in the δ13Csucrose values
between needles and roots. For example, on 7 June, δ13Csucrose
in needles was higher than in roots by 1.75�, while on 28

June and 27 August, roots had higher δ13Csucrose than needles
by 0.94� and 1.30�, respectively. On 26 July, δ13Csucrose
in needles shared similar values with roots. On average,
the δ13Csucrose in needles (−26.1 ± 1.2�) closely approx-
imated that in roots (−25.9 ± 0.6�). Overall, the average
of δ13CTOM in hyphae was −27.0 ± 1.0� (Table 1). On 27
August and 23 September, when hyphal δ13C measurements
were available alongside plant sugar δ13C data, δ13Cglucose

values in roots were close to the average δ13CTOM in hyphae
(Figure 3a).

δ13C patterns in ECM sporocarps

The availability of sporocarps across the sampling dates was
not evenly distributed: the three studied genera appeared
together only from 10 September to 11 October; the Hi
group (Lactarius and Russula) was absent on 21 August, and
Cortinarius was not detected during all of July (Figure 3b).
Notably, we collected only one specimen of Cortinarius and
two of the Hi group on 2 August, and there were only two
specimens of Cortinarius on 21 August (Table S1 available as
Supplementary Data at Tree Physiology Online).

Considering the SDs of δ13CWSC, we observed an increasing
trend in δ13CWSC of Russula from 19 July (−25.6 ± 0.3�)
to their peak on 2 August (−23.8 ± 0.5�), followed by a
declining trend until 11 October. The δ13CWSC of Lactarius
were similar to those of Russula on each common sampling
day (Figure 3b). From 27 August to 11 October, when multi-
ple samples of Cortinarius were collected (n > 3), the δ13CWSC
values for specific sampling days had high SDs, with a general
trend towards lower values from 10 September onwards,
approaching a minimum of −26.2� ± 0.4� (n = 5). These
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Table 1. δ13C values of water-soluble carbohydrates (WSC) in three ectomycorrhizal (ECM) fungal genera and of total organic matter (TOM) of hyphae
during the fungi growth period between 19 July and 11 October 2019 (mean ± SD). Hydrophobicity: Hi = hydrophilic, Ho = hydrophobic. Different letters
after numbers indicate statistical difference at P < 0.05.

ECM fungi (n) Hydrophobicity type δ13C (TOM, �) δ13C (WSC, �)

Cortinarius (30) Ho −25.1 ± 1.0 −25.2 ± 1.0
Russula (15) Hi −24.9 ± 0.7 −25.3 ± 0.8
Lactarius (33) Hi −25.6 ± 0.5 −25.9 ± 0.7
Average fungi (78) – −25.3 ± 0.8 a −25.5 ± 0.9
Hyphae (31) – −27.0 ± 1.0 b –

Figure 3. Comparison of intra-seasonal δ13C dynamics in Scots pine
(Pinus sylvestris L.) tree tissues and ectomycorrhizal (ECM) fungi
species. (a) δ13C of sucrose in Scots pine needles, sucrose and glucose
in Scots pine roots, and total organic matter of hyphae. (b) δ13C of
sucrose in Scots pine needles and water-soluble carbohydrates (WSC) in
sporocarps of three ECM species. For clarity, dashed lines indicate
periods during which no sporocarps were collected. Mean values and
standard deviation are shown (roots were pooled; needles (n) = 5;
hyphae (n) = 6–13; sporocarps: Cortinarius (n) = 1–9, Russula (n) = 1–5,
Lactarius (n) = 3–14).

large SDs suggested that this trend should be interpreted with
caution. Overall, the average δ13CWSC and δ13CTOM values
were similar across the three fungal genera (Table 1).

Factors driving δ13C values of ECM sporocarps

The ANCOVA results (Table 2) showed that DOY was
the single significant factor influencing δ13CWSC values of
sporocarps (F = 9.89, P < 0.001), indicating substantial
temporal variation in δ13CWSC across the sampling period
from July to October. The effect of ECM genera was not a
significant factor, but it approached statistical significance
(P = 0.06), suggesting a potential influence of genera on
δ13CWSC of ECM sporocarps. Moreover, the distance showed
no significant effect, while all interactions involving distance
were significant, suggesting that its influence on δ13CWSC in
sporocarps was genus-dependent, with some genera exhibiting
stronger responses, implying that distance may modulate
genus-specific patterns of C allocation.

Utilizing VPD as the environmental proxy for
needle δ13Csucrose

Among the environmental variable measurements, δ13Csucrose
in needles had a higher correlation with VPD (Pearson’s
r > 0.80, P < 0.05) than with RH, air temperature and
PAR (Figure 4 and Figure S1 available as Supplementary Data
at Tree Physiology Online). We therefore selected VPD as
the environmental proxy for δ13Csucrose in needles, similar to
Hobbie et al. (2024), who used time-integrated solar radiation
to estimate C transfer lags between trees and sporocarps. Fur-
thermore, the strength of the correlation between δ13Csucrose
in needles and VPD was improved when we considered the
carry-over effect of sucrose in needles. The relationship was
most notable (Pearson’s r = 0.85, P < 0.001) when incorpo-
rating a fraction of the previous day’s signal from day 0 to
3 (over a 4-day period), and a previous day’s weight of 0.9,
i.e., a time-integrated VPD (Figure 4). This can be described

by the optimal model: x∗
t =

(∑3
i=00.9i×xt−i

)
∑3

i=0 0.9i . Using this optimal

model, time series dataset of δ13Csucrose in needles exhibited a
pattern that closely followed the time-integrated VPD vari-
ations, with higher δ13Csucrose in needles corresponding to
higher VPD values (Figure 5). These findings suggested that
this time-integrated VPD can effectively model and reflect the
sucrose composition in the needle sugar pool by linking the
temporal resolution of VPD into δ13Csucrose through changes
in stomatal conductance and isotopic discrimination, confirm-
ing the reliability of this approach. In our dataset, VPD was
strongly collinear with air temperature, RH and PAR, and
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Table 2. Results of Type II ANCOVA analysing factors, including sampling date (DOY), ECM fungi genera (genus) as fixed factors and classification of
distances to the nearest studied tree distance (distance) as a covariant, affecting δ13C values of water-soluble carbohydrates (δ13CWSC) in 78 sporocarps
from three ectomycorrhizal (ECM) fungal genera. Significant P-values are given in bold (P < 0.05). N.S. represents no significant difference.

Variables df F-value P-value Interactions df F-value P-value

Genus 2 2.96 0.06 DOY × genus 3 0.08 N.S.
DOY 7 9.89 <0.001 Distance × genus 4 3.46 0.02
Distance 7 2.13 N.S. DOY × distance 10 1.43 N.S.

Figure 4. The environmental proxy was shown to estimate C transport
time, with the integration of the vapour pressure deficit (VPD) signal in
δ13C of needle sucrose in Scots pine (Pinus sylvestris L.) during the 2019
growing season at Hyytiälä. The optimal model integrated the
environmental proxy signal for the current day (d) and past 3 days (d, d–1,
d–2, d–3) and a fraction of the previous day’s weight of 0.9 (0.90, 0.91,
0.92, 0.93) using Eq. (2). Pearson’s correlation (r ) coefficient is indicated
by the numerical value shown for each model configuration, ranging from
low to high values (with the highest values obtained using a 0.9 daily
weight at three previous days). Only significant results (r > 0.5, P < 0.05)
are presented.

Figure 5. Time series of δ13Csucrose in needles (circles) and
time-integrated vapour pressure deficit (VPD, triangles) during the 2019
growing season. The VPD values were calculated using a carry-over
model with a daily weighting factor of 0.9 over the preceding 3 days,
following the approach of Tang et al. (2023).

model comparison showed that VPD explained the observed
δ13C variations in sporocarps more robustly (Figure S1 avail-
able as Supplementary Data at Tree Physiology Online). We
therefore selected time-integrated VPD as a predictor variable
for δ13Csucrose in needles.

Estimation of carbon transport time from Scots
pine needles to ECM sporocarps

Pearson’s correlation analysis revealed distinct patterns in the
relationship between δ13CWSC of ECM sporocarps and time-
integrated VPD (as a proxy for needle δ13C of sucrose) over
a 30-day period. For each day in this period, we calculated
the correlation coefficient between δ13CWSC and VPD values
from the preceding days, allowing us to determine the C
transport time between Scots pine needles and ECM sporo-
carps (Figure 6). For the Hi genera Russula and Lactarius,
correlation coefficients were significant between day 6 and
day 13 (red circles, Pearson’s r > 0.80, P < 0.05), peaking at
day 8 (Pearson’s r = 0.99), before gradually decreasing. This
indicated that δ13CWSC values in the Hi group showed the
strongest correlation with time-integrated VPD values from
8 days prior to sporocarp sampling. These correlation patterns
suggested that C fixed by the host tree takes ∼6 to 13 days
to be transported and incorporated into the WSCs of the Hi
group.

For Ho genus Cortinarius, correlation coefficients between
time-integrated VPD and δ13CWSC during the initial 20 days
predominantly ranged between 0.65 and 0.90, showing no
clear trend and reaching a maximum at day 18 (Pearson’s
r = 0.91). Despite these relatively high correlations, no sta-
tistically significant relationship was observed for Cortinar-
ius after accounting for autocorrelation by calculating the
effective sample size (n = 2). Nevertheless, the 18-day lag
time showed the strongest correlation, suggesting this as the
most likely C transport time from Scots pine needles to
Cortinarius.

Discussion

Detection of C transport time from canopy to
belowground components using natural
abundance δ13C
Preservation of VPD signals in δ13Csucrose: implications for C
allocation from needles to below ground components
Considering the coarser temporal resolution of root sampling
and the likelihood that root sucrose reflected assimilates
integrated over extended periods, the observed similarity in
seasonal δ13Csucrose variations and values between needles and
roots (Figure 3a) suggested that the VPD signal recorded in
leaf photosynthates (Figure 4) was, overall, transmitted and
preserved in root sucrose. The main difference was a lower
amplitude of seasonal variation in roots, possibly reflecting
integration over longer timescales (Lehtonen et al. 2025). As
shown by Rinne-Garmston et al. (2023) for Scots pine saplings
and Lehtonen et al. (2025) for mature P. abies, intra-seasonal
variation originating from leaf-level photosynthesis can be
well preserved in the δ13C of root sugars and annual rings,
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Figure 6. Coefficients of correlation between time-integrated vapour pressure deficit (VPD), based on the optimal model from Figure 4, and δ13C of
water-soluble carbohydrates (WSC, δ13CWSC) in ectomycorrhizal (ECM) sporocarps species as a function of C transport time (the time lag between
photosynthates in Scots pine (Pinus sylvestris L.) needles and WSCs in ECM sporocarps). Open circles indicate the correlation for Russula and
Lactarius; open squares indicate the correlation for Cortinarius. For Russula and Lactarius, significant correlations with an adequate sample size (n > 3)
are indicated with filled circles, denoting ‘effective numbers’ sufficient to filter out false positives due to autocorrelation in the VPD datasets. Cortinarius
exhibited low effective numbers (n = 2) to filter out false positive significant time lags, suggesting no statistical significance between VPD signals and
δ13CWSC in Cortinarius can be determined. Hydrophobicity: Hi = hydrophilic, Ho = hydrophobic.

respectively, despite the influence of post-photosynthetic pro-
cesses (Gessler et al. 2007).

Our analysis revealed the strongest significant correlation
(Pearson’s r = 0.85, P < 0.05) between δ13Csucrose in needles
and time-integrated VPD when applying a 4-day integration
period (from day 0 to 3) with a 0.9 daily weight, compared
with other time-integrated VPD methods (Figure 4). This
weighting implied a daily sucrose turnover rate of ∼10%,
with about 72.9% of the original sucrose still present after
the integration period (0.93). Additionally, incorporating a
fraction of the VPD signal from day 0 to day 3 more accu-
rately reflected the composition of the needle sucrose pool
(Figure 5), which includes both new and older sucrose formed
within 4 days. These findings aligned with a previous study
at the same site, where Tang et al. (2023) reported that
δ13Csucrose in P. sylvestris needles in 2018 correlated best
with VPD, compared with RH and PAR, particularly when
a 0.7–0.8 daily weight was applied over the previous 3–
5 days. Similar δ13C–VPD relationships have been observed
in Scots pine growing under semi-arid conditions (Klein et al.
2005), highlighting VPD as a key environmental driver of
δ13Csucrose variation in Scots pine needles across contrasting
climates.

In addition, previous studies have found that δ13C signals
from needle sucrose in mature trees were well-preserved in
soil respiration (Trudell et al. 2004, Kaiser et al. 2015, Wang
et al. 2021), indicating that photosynthetic C isotope signals

can persist along belowground C pathways. In our study,
δ13Cglucose values in roots closely matched the bulk δ13CTOM
values in hyphae (Figure 3a), supporting substantial C flow
from plants via roots to hyphae to support the formation
of new sporocarps. Although sucrose in roots is hydrolysed
into equimolar concentrations of glucose and fructose, fungal
hyphae exhibit a strong preference for glucose uptake with
high efficiency and restrict fructose uptake when glucose
concentrations are above 50 μm (Nehls et al. 2010). This close
agreement between δ13CTOM of hyphae and δ13C of its C
source (δ13Cglucose in roots) was consistent with findings from
Tang et al. (2022), who showed that bulk δ13CTOM in new
needles reflected the δ13C of recent photosynthates during
the initial growth stage. Together, these results supported a
mechanistic pathway in which the δ13Csucrose signal, shaped
by time-integrated VPD, is transmitted from needles through
roots to ECM hyphae, reflecting environmental influences
on C flow to ECM fungi. This preservation underscored the
value of δ13Csucrose as a tracer of whole-plant C allocation in
response to environmental drivers.

Nevertheless, while VPD integrates a temperature signal
and provides a useful proxy for δ13Csucrose during the main
growing season, it may not fully capture seasonal changes in
post-photosynthetic fractionation or C transport dynamics,
particularly during autumn when direct δ13Csucrose measure-
ments were unavailable. Still, our approach is supported by
previous work showing that integrated seasonal proxies, such
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as solar radiation, can reliably estimate C transfer lag to ECM
sporocarps (Hobbie et al. 2023).

Carbon transport time from canopy to ECM sporocarps
By incorporating ‘effective numbers’ to address autocorre-
lation in VPD datasets, we ensured robust and reliable C
transport time estimates. Our approach yielded lag times of
6–13 days for Lactarius and Russula sporocarps. These values
are consistent with a pulse-labelling study, which reported
canopy-to-ECM C transport lag of ∼6 days in P. sylvestris
(Högberg et al. 2010). Moreover, our results aligned closely
with recent findings from a 19.7 m tall P. sylvestris stand
in northern Sweden, where a 7-day lag was reported based
on correlations between δ13CTOM of ECM sporocarps and
solar radiation, a proxy of plant Gross Primary Production
(GPP) (Hobbie et al. 2023). For Cortinarius, our estimated
C transport time lag was 18 days, but unlike Lactarius and
Russula, the statistical significance could not be confirmed
for its correlation. However, a similar lag of 17–21 days
was reported by Hobbie et al. (2024) in mature P. abies
forests in Switzerland, based on correlations between ECM
sporocarp δ13CTOM and solar radiation. While their estimate
reflected an average across 138 sporocarps from 16 genera,
it placed our finding for Cortinarius within a comparable
temporal range. The absence of a significant relationship
in our dataset may be attributed to the greater variabil-
ity in δ13CWSC observed for Cortinarius, which showed no
clear seasonal trend compared with Russula and Lactarius
(Figure 3b). Even with sample sizes on 27 August and 10
September (n = 8, 9), Cortinarius exhibited larger SDs for
δ13CWSC (−25.2 ± 1.0�) and δ13CTOM (−25.1 ± 1.0�)
compared with Russula and Lactarius (Table S1 and Fig-
ure S2 available as Supplementary Data at Tree Physiology
Online). This variability likely resulted from Cortinarius’s dis-
tinct physiological characteristics, their stronger proteolytic
capacity for accessing organic nitrogen from deeper and more
13C-enriched soil layers than Russula and Lactarius (Agerer
and Raidl 2004, Hobbie et al. 2014). While Russula and
Lactarius primarily utilize C from photosynthates with some
contribution from recent litter-derived C, the δ13C values in
Cortinarius are influenced by both plant- and soil-derived
C. This dual influence may mask clear temporal patterns
in δ13CWSC and weaken correlations with time-integrated
VPD. Notably, Hobbie et al. (2023) suggested that Ho fungi,
including Cortinarius, require a longer time to acquire plant-
derived C for sporocarp production, exhibiting a 10-day delay
in sporocarp production compared with Hi fungi such as Rus-
sula and Lactarius. Thereby, our results provided further con-
text for the observed differences in C transport time among
these fungal genera. These findings demonstrated that, with
proper experimental design and sufficient climatic variability,
natural abundance δ13C analysis combined with environmen-
tal proxies can be used to estimate the time lag between
canopy photosynthesis and ECM sporocarp formation. This
approach is particularly valuable in systems where pulse
labelling is not feasible, thereby supporting Hypothesis 1.
Although our data indicated a longer lag time for Cortinarius,
we do not consider Hypothesis 2, that C transport time differs
among fungal genera, to be statistically supported, due to the
lack of a significant correlation.

Notably, in our study, CSIA of needle sugars enabled
the direct measurements of δ13Csucrose, which captured a
strong VPD signal in photosynthates. This allowed us to

identify VPD as the strongest environmental driver for
estimating C transport time to ECM sporocarps. While our
compound-specific approach provides more physiologically
precise insight into C source signals, such measurements
remain technically demanding and are not widely accessible.
Furthermore, transport lags inferred from natural abundance
δ13C data typically represent C transfer integrated over
the growing season, limiting their ability to resolve short-
term dynamics such as peak photosynthetic activity in late
July, which pulse-labelling can capture. The reliability of
environmental proxies, such as VPD, may also decline during
extended cloudy or rainy periods, potentially introducing bias.
Despite these limitations, our approach demonstrated that,
when combined with suitable environmental drivers, natural
abundance δ13C measurements can offer valuable insights
into seasonal C allocation and transport in ECM systems.

Fungal genera’s role in δ13CWSC of ECM sporocarps

The sampling date significantly influenced δ13CWSC in sporo-
carps (P < 0.001; Table 2), likely reflecting seasonal vari-
ations in photosynthetic C assimilation by the host plants,
which are linked to climate variables such as VPD (Tang et al.
2022) and PAR (Hobbie et al. 2023). The ANCOVA result
showed that fungal genus was a marginally significant factor
(P = 0.06) on δ13CWSC in sporocarps. This finding contrasted
with two key studies that found significant differences in
δ13C among these genera. Chen et al. (2019) analysed 96
specimens across 11 fungal genera in Finland (September–
October), while Hobbie et al. (2023) examined 248 specimens
across 13 genera in Sweden (July–September). Both studies
reported significantly lower δ13CTOM values in Cortinar-
ius compared with Lactarius and Russula. The discrepancy
between our results and previous findings may be explained
by the fungal sampling periods. Cortinarius typically exhibits
higher C demands from host plants than Lactarius and Rus-
sula, generally resulting in lower δ13CTOM values due to less
selective C uptake from photosynthetic C (primary source)
and soil-derived C (secondary source) and preferential trans-
port of 13C-depleted sugars due to their longer mycorrhiza
than Lactarius and Russula. However, in our study, Corti-
narius emerged later (2 August, DOY 214) than Lactarius
and Russula, coinciding with peak needle δ13Csucrose values
in late July. This sampling period suggested that Cortinarius
may have incorporated more 13C-enriched C than typically
observed. Furthermore, limited Cortinarius replication on cer-
tain dates (n = 1–2 for DOY 214 and 233, Table S1 available as
Supplementary Data at Tree Physiology Online) likely reduced
statistical power and resulted in marginal statistical signifi-
cance. Notably, we analysed δ13CWSC of ECM sporocarps,
whereas previous studies focused on δ13CTOM. Since TOM
includes lipids, proteins and chitin, variations in chemical
composition may affect δ13C results (Hobbie et al. 2012,
2014; Chen et al. 2019; Hobbie et al. 2023). However, our
results showed no significant differences between δ13CWSC
and δ13CTOM in sporocarps (independent t-test: P > 0.05;
Table 1). This suggests that δ13CWSC, like δ13CTOM, reflects
fungal hydrophobicity—an important trait of fungal genera,
as described by Hobbie et al. (2023). These observations
support Hypothesis 3, indicating that ECM fungal genera
influence δ13CWSC values in their sporocarps.

The significant fungal genus and distance interaction
(P = 0.02) indicated that the effect of distance varied by genus,
suggesting that different ECM genera exhibit distinct spatial
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responses to host proximity, likely reflecting genus-specific
strategies in C acquisition. These findings highlighted that
δ13C variation in sporocarps cannot be explained by distance
alone but depends on fungal identity. This interpretation
is consistent with Hobbie et al. (2023), who reported that
sporocarps closer to host trees (0–6 m) received substantially
more recent photosynthates (71 ± 5%) than those at greater
distances (6–12 m: 32 ± 6%; 12–18 m: 19 ± 7%).

Ecological impacts of carbon transport time under
warming

Deslippe et al. (2016) found that warming leads to a signifi-
cant increase in high-biomass fungi with proteolytic capacity,
particularly Cortinarius spp., while reducing fungi with high
affinities for labile nitrogen, especially Russula spp., in Arctic
tundra. These studies suggested that in response to global
warming, Cortinarius may become more dominant in sensitive
ECM fungal communities in the future, potentially altering
belowground C allocation patterns (Hawkins et al. 2023).
Cortinarius can enhance belowground C allocation due to
high fungal biomass demand (Hobbie et al. 2012, Hobbie et al.
2023). The longer C transport time to its sporocarps observed
in our study is consistent with its extensive mycelial network
and exploration strategy, which may result in slower move-
ment of recent photosynthates through the soil-fungal system
(Hobbie et al. 2023b). However, their unique enzymatic degra-
dation of complex organic matter may reduce long-term C
retention in soil, as more C is cycled through fungal biomass
and less becomes stabilized in humus (Tunlid et al. 2016). This
trade-off could shift the fate of root-derived C and affect soil
C stability. Moreover, Clemmensen et al. (2013) demonstrated
that ECM fungi acted as a critical regulator of ecosystem
C dynamics in boreal forests. If Cortinarius indeed has a
longer C transport time compared with Russula and Lactar-
ius, this could have ecological implications, including slower
C cycling in soil ecosystems, reduced nutrient release from
organic matter and decreased efficiency of C stabilization in
soil (Clemmensen et al. 2021). These changes can reduce soil
fertility, the function of the soil as a C sink and overall forest
production.

Conclusions

By using natural abundance δ13C and CSIA, this study pro-
vided a less invasive approach to estimating C transport time
between Scots pine trees and ECM fungi. This method offered
a viable alternative to the conventional 13C-pulse labelling
technique and enhances our understanding of C dynamics
and plant–fungal interactions in forest ecosystems, particu-
larly under the influence of climate change. Although fungal
genera had a marginally significant impact on δ13CWSC of
ECM sporocarps, the limited statistical power of our anal-
ysis prevented definitive conclusions. However, our findings
suggested that fungal genera may play a role in influencing
temporal C dynamics and allocation in ECM sporocarps. A
time lag of 6 to 13 days was observed between C fixation
in Scots pine and its allocation to Russula and Lactarius
sporocarps, while Cortinarius exhibited the highest corre-
lation of transport time at 18 days, though this statistical
relationship cannot be determined. These findings highlighted
the distinct C transport dynamics between Cortinarius versus
Russula and Lactarius, potentially indicating different traits
of C transfer in hydrophilic and hydrophobic fungal, which

may have important implications for ecosystem C cycling.
Given that ECM fungi significantly contribute to C reservoirs
and C flux in soil, differences in transport times could affect
C allocation and turnover rates in soil, with implications
for nutrient cycling in soil, forest productivity and long-term
C balance (Lindahl et al. 2021, Hawkins et al. 2023). This
highlights the need for further research on the roles of different
fungal genera in ecosystem-scale C dynamics. Such knowledge
is essential for predicting and managing forest ecosystem
responses to ongoing climate change.
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