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Abstract. Changes in plant-soil interactions associated with shifts in vegetation composition and climate change may have a
range of effects on soil microbial activity, including increases (positive priming), inhibition (negative priming), or no net
change in organic matter decomposition. The carbon-rich soils, including peats, of high latitude ecosystems, in particular, are
at risk of large carbon losses linked to ongoing vegetation shifts, yet their vulnerability to priming in sifu remains unresolved.
Here we deploy a field-based technique, which harnesses the contemporary atmosphere as a radiocarbon (C) ‘label’ together
with a “C-depleted (‘ancient’) peat substrate, to quantify soil organic matter (SOM) decomposition in the presence or absence
of roots and rhizosphere processes in subarctic Sweden. Collars encased with different mesh sizes were placed in control and
girdled (in which belowground carbon transport from the plant canopy was disrupted) mountain birch forest and willow shrub
stands to test the hypothesis that the presence of ectomycorrhizal roots and extra-radical mycorrhizal mycelium increases SOM
decomposition through positive priming. As expected, carbon dioxide (CO,) and dissolved organic carbon (DOC) from root
ingrowth cores were significantly enriched in '“C (contemporary carbon) compared to CO, and DOC from root exclusion cores
(peat carbon), allowing partitioning of carbon mobilisation between heterotrophic (peat substrate) and recent autotrophic
(plant) sources. Neither vegetation community (birch or willow), nor girdling treatment, were statistically significant as main
effects, but there was a significant rhizosphere priming effect ratio of 1.36 across all groups; thus, the ancient peat-derived
CO; flux was 36% higher in the presence of a rhizosphere than when it was absent. The lack of a significant girdling effect
did not support our specific hypothesis that the presence of ectomycorrhizal roots and their associated mycelium increases

SOM decomposition, but the substantial variability of modelled ancient CO; efflux and DOC concentration during the peak
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growing season is consistent with the existence of ‘hot-spots’ of microbial activity. Our study provides a potential alternative
to artificial substrate (e.g. glucose) additions, or '*C labelling (e.g. pulse-chase), to estimate priming in ecosystems.
Furthermore, the study, undertaken in sifu in the subarctic, emphasizes that increased primary productivity and associated
rhizosphere processes, associated with shifts in vegetation composition and climate change, may not translate simply into

increased C sequestration at whole-ecosystem scale.

1 Introduction

The net carbon (C) balance of Northern Hemisphere terrestrial high latitudes has a large potential influence on global climate.
Warmer temperatures, longer growing seasons and atmospheric CO, enrichment all act to increase plant growth, thus
increasing uptake of CO; by the vegetation. However, increased plant growth and shifting vegetation composition can also
influence soil organic matter (SOM) decomposition via rhizosphere processes such as priming. Broadly, rhizosphere priming
commonly refers to an increase in pre-existing SOM decomposition (positive priming) in the presence of roots, root-associated
microorganisms, and labile carbon inputs from roots (Huo et al., 2017). It should be noted, however, that in soils with limited
C availability, for example when dominated by low and/or recalcitrant SOM stocks, negative priming has also been observed
(Siles et al., 2022; Mueller and Megonigal, 2024), whereby microorganisms shift from decomposing pre-existing SOC to
mineralizing the added fresh carbon due to preferential substrate utilization. Thus, priming can range from positive to negative,
or none, and the related mechanistic links between vegetation change at high latitudes, and rates of decomposition of SOM,
remain poorly understood. This uncertainty limits our ability to predict the future C balance of terrestrial ecosystems both here

and globally.

The northern high latitudes are warming more rapidly than the global average; indeed, the Arctic region is estimated to have
warmed nearly four times faster than the globe since 1979 (Rantanen et al., 2022). Furthermore, tundra and taiga ecosystems
store ~351 and 811 Pg C in the top 30, and 100 cm, respectively, representing around 1/3™ of the global soil C stock (Kuhry
et al., 2013). Increases in temperature, thaw depth and lengthening growing seasons all potentially create more favourable soil
conditions, both for SOM decomposition and plant root activity. Aboveground, evidence of change in vegetation composition
and productivity is clear, with large-scale increases in tall shrub cover and advances of the forest line, both northwards and to
higher altitudes (Dial et al., 2024; Rees et al., 2020). Increasing plant growth and the shift towards woody species may amplify
potential rhizosphere priming effects as plants allocate more C belowground. Indeed, in some parts of the Arctic, areas of
higher shrub and tree abundance are associated with lower soil C stocks compared to neighbouring tundra (Parker et al., 2015;
Wilmking et al., 2006), possibly reflecting faster soil C turnover linked to positive rhizosphere priming (Hartley et al., 2012).
However, the magnitude of rhizosphere priming effects on SOM decomposition have never been directly quantified in situ in

high latitude ecosystems. This represents a critical knowledge gap — high latitude soil carbon stocks are so large that even
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relatively small increases in C losses may tip the circumpolar north from being a net sink to a source, despite increasing net

primary productivity (Braghiere et al., 2023).

Most trees and shrubs found in the Arctic rely on ectomycorrhizal symbionts for nutrient acquisition, to which they allocate
carbon to fuel mycelial exploration of the soil (Smith and Read, 2008). Within ectomycorrhizal fungi there is a considerable
potential to produce extracellular enzymes that can degrade SOM, depending on the species (Read and Perez-Moreno, 2003;
Lindahl and Tunlid, 2015; Miyauchi et al., 2020). Therefore, enhanced decomposition in the presence of mycorrhizal roots
and fungi could be considered a soil priming mechanism, especially in the context of nitrogen mining whereby ectomycorrhizal
species may degrade SOM and selectively extract N (Clemmensen et al., 2021). It should be noted, however, that saprotrophic
fungi also play a central role in the breakdown of SOM, and competition between these two fungal guilds has been
hypothesized to lead to suppression of decomposition rates in a phenomenon known as the ‘Gadgil effect’ (Fernandez and
Kennedy, 2016), which could be considered an instance of negative priming. Furthermore, soil fauna are stimulated by root
and rhizosphere processes, which can lead to an increased density and biomass of organisms associated with decomposition
(Bardgett and Cook, 1998; Zuev et al., 2023). Our understanding of rhizosphere priming effects therefore needs to be built on

in situ quantification which includes the full complexity of soil communities associated with plant hosts.

Several approaches have been applied to quantify SOM priming (Kuzyakov, 2010; Bernard et al., 2022), with most priming
experiments conducted in the laboratory (e.g. Wild et al. (2016)), owing to the technical difficulty of measuring priming in
situ. There have also been a range of field-based approaches to investigate interactions of organic matter decomposition under
modified rhizosphere carbon supply, often utilising stable isotope tracers ('3C or '*N) to understand in situ carbon turnover
(Paterson et al., 2009). Priming studies using intact natural vegetation are rare, owing to the technical difficulties of
implementing experimental manipulations of complex ecosystems that allow the identification of carbon turnover processes
and CO; flux contribution from different sources within the plant-soil system. Using natural abundance of '*C in organic matter
to partition sources of CO> has recently been demonstrated for intact Arctic shrub communities (Street et al., 2020), providing
a promising approach for cold-climate ecosystems typically dominated by long-lived woody perennials or mature canopy-

forming trees with extensive mycorrhizal colonisation.

In this study we quantified root and rhizosphere priming effects in sifu at a mountain birch forest in an arctic-alpine treeline
ecotone in northern Sweden. We deployed a novel field-based method which exploits the distinct “C signature of a ~2700-
year-old peat to partition respiration sources in the presence and absence of roots and mycorrhizal fungi. To investigate the
impact of tall shrubs and trees on priming, we compared priming effects between intact vegetation and experimentally girdled
plots in which belowground carbon transport from the plant canopy had been disrupted (Parker et al., 2020). This work showed
that girdling reduced soil respiration, root production and mycelium production, together resulting in a reduction in root and

rhizosphere activity, reflecting reduced C allocation to roots and rhizosphere processes (Parker et al., 2020). Therefore, we
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hypothesize 1) that presence of roots and associated organisms increases SOM decomposition (positive priming), and 2) that
this priming effect is greater in ungirdled plots (with intact ectomycorrhizal shrubs and canopy trees) than in girdled plots,

with only understorey vegetation.

2 Materials and Methods
2.1 Site and Experimental Design

We utilised a girdling experiment around a permafrost-free forest tundra ecotone 4 to 5 km south of the Abisko Scientific
Research Station, Sweden (68°18°N 18°49°E), at ~ 600 m a.s.1. (Figure 1; see Parker et al. (2020) for details). Briefly, six pairs
of plots in mountain birch (Betula pubescens Ehrh. ssp. czerepanovii (Orlova) Hamet Ahti) forest, and five pairs of plots in
woolly willow (Salix lapponum L.) thickets, were located across a 0.88-km? area within the treeline ecotone. At Abisko
Research Station (356 m a.s.l.), the mean January and July temperatures were -10.9 and +10.3°C, respectively, and the mean
annual precipitation was 1014 mm from 1991 to 2020 (Hersbach, 2023). Soils consist of a well-developed organic layer, an
albic horizon indicative of leaching, and a silt-rich lower-mineral horizon with a pH between 4.0 and 5.6, over glacial till
deposits. The understorey vegetation of the mountain birch forest is dominated by ericaceous species, mainly Empetrum
nigrum L. ssp. hermaphroditum (Hagerup) Bocher and Vaccinium vitis-idaea L., with occasional patches of V. myrtillus L.
and abundant bryophytes. Understorey vegetation of the willow plots included graminoids and a smaller portion of Betula
nana L.. In June 2017, one member of each pair of birch or willow stands was randomly selected to be girdled. In willow plots,
all willow stems within a 2-m radius were girdled; the epidermis, periderm, cortex and phloem were removed in a continuous
~4-8 cm wide band around the stem, as close to the base as possible. The plot perimeters of both girdled and control plots were
trenched with plastic sheet to prevent root ingrowth from outside the plots. In forest plots, every birch tree within a 10-m radius

was girdled. Girdling was found to be highly effective in reducing bulk soil respiration in both birch and willow plots.
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Birch Willow

Girdling

({

Ihgrowth Exclusion
(2 mm mesh) (1 pm mesh)

Control Girdled Control Girdled

Figure 1. Birch and willow plots with girdled and control treatments. Peat substrate was contained within PVC collars
with windows of different mesh sizes to allow (2-mm mesh) or restrict (1-um mesh) root and hyphal growth into the peat
within control and girdled treatments. Any priming effects were hypothesized to be greater in Control (ungirdled) plots, with
intact ectomycorrhizal shrubs and canopy trees, than in Girdled plots, with only understorey vegetation contributing to below-
ground C fluxes through rhizodeposition.

2.2 C-depleted Mesh Soil Cores

In July 2017, peat was excavated from 55 to 100 cm depth from a small island on lake Uddjaure, Sweden (65° 56' 52.8", 17°
50' 45.6"), retained at field moisture and passed through a 4-mm sieve (pH 3.5-3.7). To assess the radiocarbon activity
(Yomodern) of the peat, a representative sub-sample was combusted by heating with CuO in a sealed quartz glass tube and
recovered as CO, following cryogenic purification (Boutton et al., 1983). The gas was converted to graphite by Fe/Zn reduction
prior to analysis by Accelerator Mass Spectrometry (AMS; Ascough et al. 2024). This sample had an average '“C content of
71.41% modern carbon (Table 1). Washed sand (carbonate-free) from the shores of Lake Tornetrask (68° 23' 45.6", 18° 49'
30") was homogenized with Uddjaure peat 1:1 (v:v) to increase drainage, provide structure and limit shrinking. Between 1%
and 3™ of August 2017, in each experimental plot, two 16 cm diameter soil cores were removed to the depth of 14 cm and
replaced by two PVC cylinders of the same diameter (16 cm height) and containing the *C-depleted Uddjaure peat
(subsequently referred to as a ‘peat core’). The cores were inserted so that the peat surface was flush with the surrounding soil,
leaving 2 cm of PVC standing above the soil surface. The time between peat extraction and peat core installation was 14 days.
Three windows (12 cm wide, 3 cm high) were cut into the side of each PVC core such that the upper edge of each window
was 4 cm below the upper edge of each core, i.e. 2 cm below the soil surface. To separate autotrophic (roots and rhizosphere

processes) from free-living heterotrophic components, windows were covered by nylon mesh with mesh sizes of either 2-mm

5
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(ingrowth core) or 1-um (exclusion core) (Fig 1.). Mesh of corresponding size was also fixed to the bottom of the core to
prevent waterlogging while allowing or excluding ingrowth from below. Window size and position was determined to
maximise root ingrowth (spanning over 70% of the circumference of cores) while maintaining structural integrity of the
cylinder. A 2-mm white mesh was placed on the soil surface inside each core to intercept falling leaf litter and other debris,
and material was removed from this mesh regularly to restrict recent C inputs from above. The surface mesh also acted to limit
exposure of the soil to direct sunlight and limit surface drying. Newly colonising mosses and seedlings were picked from the

surface continuously; no seedling grew to more than 1-2 cm.

2.3 Respired “CO; sample collection and *C determination

In the last week of July 2021, after 4 years of deployment, soil cores were removed for CO, and DOC sampling and radiocarbon
determinations. July is considered peak growing season in this subarctic location, when maximum rhizosphere priming effects
are anticipated. However, the CO; and DOC sampling and radiocarbon collections were originally scheduled for the previous

(2020) growing season, but the COVID-19 pandemic resulted in deferral until 2021.

The peat cores were cut around with a sharp knife, leaving 2 cm of adhering soil, and lifted out with a spade. Once out of the
ground, soil external to the core was carefully removed and in-grown roots were trimmed to the outer surface of mesh windows,
leaving only roots that had grown into the peat. Each core was then placed in a sealed 10-1 plastic box fitted with PTFE tubing
to monitor CO, build-up. Paired cores from each plot were incubated simultaneously in boxes placed in the shade and covered

with reflective bubble-wrap to limit heating during the CO; collections and flux measurements.

After sealing boxes, CO; was initially removed by circulating air through a soda lime column for 30 to 40 minutes at a rate of
500 ml min’! to reduce contributions from atmospheric CO,. This scrubbing process reduced CO, concentrations to between
200 and 300 ppm. Carbon dioxide efflux rates were subsequently measured by monitoring the increase in CO; concentration
(IRGA, EGM-5, PP Systems) within the closed system over a 5-minute period. CO; was then allowed to build up further to
between 800 and 2000 ppm to collect at least 3 ml of CO; on a molecular sieve trap (placed inline and pumped at 500 ml
min!), following the methods of Garnett et al. (2021). The CO, build-up phase took between 2 and 4 hours for the rooted peat
cores (ingrowth), but up to 12 hours for the heterotroph-only (exclusion) peat cores, owing to lower respiration rates in the
latter. Method validation for the longevity of the root and rhizosphere respiration after root severing can be found in Appendix
A. Molecular sieve traps were returned to the NEIF Radiocarbon Laboratory (East Kilbride, Scotland) where the CO, was
recovered by heating and cryogenic collection, followed by graphitisation and 'C measurement by AMS (Ascough et al.,
2024). Radiocarbon concentrations were normalised to a delta-'3C of -25%o to account for any mass dependent isotopic

fractionation effects (Gaudinski, 2000; Stuiver and Polach, 1977), and are presented as %omodern, calculated as %modern =
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R . . - : :
Rsaﬂ % 100, where R is the '*C/'2C ratio of a sample or modern reference (Oxalic acid 11, National Institute of Standards
modern

and Technology, USA), respectively.

2.4 Radiocarbon activity of respired Uddjaure peat

For partitioning respiration sources (see Section 2.7, below), we obtained a sample of CO, respired from the Uddjaure peat
during incubation in vitro in the laboratory. This was collected in the absence of atmospheric and autotrophic sources of C and
represents metabolism of heterotrophic organisms. The peat soil was incubated between ~11 and 16 °C from August 2017 to
achieve a basal rate of respiration. The incubation vessel was sealed on 6 December 2017 and atmospheric CO, removed by
scrubbing with soda lime. Evolved CO, was collected by pumping the headspace gases through a molecular sieve trap after
sufficient CO; (>3 ml) had accumulated for '“C analysis (9 January 2018) and processed using methods as described in section

2.3.

2.5 Correction for atmospheric contamination

We determined 8'*C of respired CO2 (87 Cyampre) from ‘Keeling plots’ as the y-intercept of the inverse of the sampled CO,
concentration plotted against the '*C value from AMS analysis separately for the ingrowth and exclusion cores (see Appendix
B; Fig B1; (Gaudinski, 2000; Street et al., 2020). To account for atmospheric contamination of the CO, samples, we calculated
the fractional contribution of atmospheric CO; (f;;) to each CO, sample based on a two-source mixing model with the §'3CO,

of air (8/3C») and the 8'*CO, of Uddjaure peat respiration (8/3Cpeq) as end members (Eq. 1).

f - (513csample - 513Cpeat) (1)
ar (513Cair_ 513Cpeat)

Atmospheric C isotopic signatures were determined from three air samples collected on molecular sieve from the first two
growing seasons (2017 and 2018) after the peat cores were established, and the final season (2021) when the peat cores were

harvested. The '“C content of the respired CO; efflux (Ay.sy) was then calculated using Equation 2:

A _ (Bsampte X D+ (Dgir X fair)
resp 1-fair

@)

Where Agampre is the sampled '*CO, signature (Yomodern), A represents the atmospheric '“CO, signature (%emodern) at the

time of sampling (2021), and A,.s, is the '*C content of respiration from the ingrowth or exclusion peat cores.
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2.6 DO'C sample collection and processing

All peat cores were taken to the laboratory within 24 h of CO; collection for dissolved organic C extraction. Ingrown roots in
the peat cores with 2-mm mesh were picked out by hand, washed, oven dried at 70°C for 48 h, and weighed. From the
homogenised peat-sand matrix, 200 g (fresh weight) was added to 500 ml of deionised Millipore water, mixed by hand for 10
seconds and left to settle for 10 minutes. 400 ml of supernatant was then filtered through a glass fibre filter (Whatman GFF)
into a polycarbonate bottle and maintained at 4°C. Prior to analysis, the DOC extracts were freeze-dried, acid-fumigated,
combusted to CO,, converted to graphite and analysed for '*C by AMS (Ascough et al. (2024) at the NEIF Radiocarbon
Laboratory (East Kilbride, Scotland).

2.7 Partitioning respiration sources

To quantify the influence of root and rhizosphere processes on the rate of decomposition of the incubated peat, we used the
14C content to partition the respiration from each peat core into CO; derived from (1) recent plant-derived carbon and (2) peat-
derived carbon (Subke et al., 2003; Street et al., 2020). The fractional contribution of respiration from peat-derived carbon

(fpear) was calculated based on a two-source mixing model:

(Aresp— Drecent)
fpeat = (3)
(Bpeat— Arecent)

where A,y is the “CO, content of respiration from the entire soil core, Ayeq is the *CO, content of respiration from the peat
and Ayecenis the C content of the recently photosynthesised carbon (Y%omodern), which we assume is equal to the '“C signature
of the atmosphere in 2021. Finally, the modelled peat-derived CO flux from each soil core (F,eq¢; #mol m2 s™') was calculated

as the product of the observed CO; flux from the core (Fyo¢q;) and the estimated peat-derived fraction (fpeqe):

Fpeat = Fiota1 X fpeat 4)

We then calculated the rhizosphere priming effect (RPE) for each plot as:

RPE = Fpeat ingrowth (5)

Fpeat exclusion

Where Fieat ingrowth 1S the peat derived CO; flux in the 2-mm mesh cores and Fpeat exclusion 1S the peat derived CO; flux in the 1-

um mesh cores from the same plot, excluding roots.
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2.8 Statistical analysis

The effects of girdling and the presence of roots and rhizosphere processes were tested as explanatory factors for the total,
recently plant-derived, and ancient peat-derived CO, fluxes, '*CO; signatures (%modern), DOC concentrations (mg L") and
DO'C signatures (Y%omodern) using mixed effects linear models from the nlme package (version 3.1) in R (version 4.4.1) for
each vegetation type separately. The treatment (control or girdled) and mesh size (1-um = Exclusion, or 2-mm = Ingrowth)
were designated fixed effects, and the plot designated a random effect to account for plot level differences arising from spatial
variation. We tested the effect of vegetation type and girdling on RPE ratios using fixed effects linear models in R (version

4.4.1). Response variables were natural log (In(x)) transformed to maintain homoscedasticity.

3 Results
3.1 Atmospheric “CO; and *C signature of ancient peat

Atmospheric *CO, decreased during the study period from 101.80 + 0.47 %modern in 2017 down to 100.1 + 0.46 %modern
in 2021 (Table 1). CO; respired from the Uddjaure peat had a higher '“C signature than the bulk peat (Table 1).

Table 1. Radiocarbon activity of bulk and respired Uddjaure peat and activity of three air samples collected in 2017, 2018 and 2021.

Publication . o Radiocarbon Age CO; volume _,; o
Code! Sample Identifier oModern £1 ¢ (years BP) £ 1 (ml) 0" C-VPDB%o
SUERC-75755 Uddjaure bulk peat 71.41+0.33 2704+37 49.3 -27.8
SUERC-77510  Respired COzfrom 78.65+0.36 1929437 5.67 267
Uddjaure peat
SUERC-76444 Abisko air 2017 101.8+0.47 n/a 6.34 -8.1
SUERC-83429 Abisko air 2018 101.1+0.46 n/a 13.63 -8.8
SUERC-102436 Abisko air 2021 100.1+0.46 n/a 12.03 -9.0

'Each radiocarbon determination receives a unique publication code

3.2 Root biomass, total CO; fluxes and *C content

CO; fluxes were consistently higher in the ingrowth cores relative to exclusion cores, in both control and girdling treatments.
In the control plots, ingrowth cores had, on average, 64% higher CO; efflux in birch (p = 0.002) and 53% higher efflux in
willow (p = 0.001) compared to exclusion cores (Fig. 2a & c). Girdling did not have a significant effect on total CO2 efflux
rates from the extracted cores in either birch (p = 0.15) or willow (p = 0.62). CO; fluxes from both ingrowth and exclusion
peat cores were enriched in *C relative to CO, respired from Uddjaure peat under laboratory conditions (Fig. 2b & d). Slightly

more enriched *CO, signatures were observed in respiration from peat cores in girdled plots, compared with ungirdled

9



260

265

270

275

https://doi.org/10.5194/egusphere-2026-3803
Preprint. Discussion started: 6 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

controls, although these were neither significant in birch (p = 0.104) nor in willow (p = 0.172) (Fig. 2b & d; Table B1). *CO,
signatures were also enriched by 5.3% modern on average in the birch ingrowth cores (p = 0.005, Fig. 2b) and enriched by
7.7% modern in the willow ingrowth cores (p = 0.001, Fig. 2d) relative to the exclusion cores in the control treatments (Fig.
2b-d; Table B1). No significant interactions were found between the presence or absence of roots and the girdling treatment
for either total CO, efflux or *C content (Table B1). Root biomass was higher in the ingrowth cores than in exclusion cores
(p < 0.001) across both vegetation types, confirming the effectiveness of the exclusion mesh treatment within plots (Fig B2;
Table B2). However, there was no significant effect of the girdling treatment on root biomass across all vegetation types (p =

0.755; Fig B2; Table B2).

(@) Control || Girdled | (b) Control | Girdled |
oo o Mesh ** Mesh *
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Figure 2a-d. CO; effluxes and “C content of respiration from peat cores. Individual points and means for total CO,
efflux (umol m? s!) (a & ¢) and CO; signature (Yomodern) (b & d) for peat cores in birch control treatment (n=6) and
girdled treatment (n=6) and willow control treatment (n=5) and girdled treatment (n=4). Peat cores (abbr. Ingrowth = 2-mm
mesh and Exclusion = 1-um mesh) are presented on the x-axis. Individual points are randomly spaced along the x-axis. Mean
values are represented by horizontal black bars. Significance of fixed effects in linear mixed effects models indicated as:

**% p <0.001, ** p <0.01, * p < 0.05, ns = non-significant (Table B1). The solid horizontal lines in b) and d) represent the

14C content of atmospheric CO; (blue) and pure peat-derived CO under laboratory incubation (red).

10



280

285

290

https://doi.org/10.5194/egusphere-2026-3803
Preprint. Discussion started: 6 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3.3 Soil DOC concentrations and “C content

Extracted DOC concentrations were similar across treatments, with no significant effects of either girdling, rhizosphere
exclusion or their interaction (Fig. 3a&c; Table B3). However, DO'C signatures were significantly more enriched in ingrowth
cores relative to exclusion cores, in both birch (p = 0.009) and willow (p = 0.006) (Fig. 3b&d; Table B3). There was no
significant difference in the average '“C content of DOC between girdled and control treatments and no significant interaction

between girdling and core type (Table B3).

(a) Control || Girdled | (b) Control || Girdled |
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- @
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o
°
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(c) Control Il Girdled | (d) Control || Girdled |
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~ 2 Mesh x Girdling ns Mesh x Girdling ns
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Figure 3a-d. DOC concentrations and radiocarbon signatures from ingrowth soil cores. Individual points and means of
DO™"C signature (%omodern) and soil DOC concentrations (mg L!) of peat cores (abbr. Ingrowth = 2-mm mesh and Exclusion
= l-um mesh) in birch girdled (n= 6,6) and control (n= 5, 5) plots and willow control (n= 5, 5) and girdled (n=5, 5) plots.
Significance of fixed effects in linear mixed effects models indicated as: *** p < 0.001, ** p <0.01, * p < 0.05, ns = non-

significant (Table B4).
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3.3 Partitioned CO; fluxes and rhizosphere priming effects

There was a significant impact of mesh size (i.e. ingrowth/exclusion) on the efflux of recent plant-derived C from the excavated
peat cores in both birch (p = 0.002) and willow (p = 0.002; Fig 4, Table B1). In both vegetation types, a non-significant
decrease in plant-derived CO; flux was found with girdling (p = 0.063 and p = 0.276, for birch and willow, respectively). Even
where the rhizosphere was excluded, however, the modelled contribution of plant-derived carbon to the total CO, flux was
evident. In the exclusion mesh cores, the average recent plant-derived component was 41 — 59% of the total flux, compared to
63 — 76% on average for ingrowth cores (Fig 4). Differences in the modelled ancient peat-derived CO; flux were less clear
than the plant-derived flux in birch, as there was no statistically significant effect of mesh size (p = 0.538) or girdling treatment
(p = 0.954). Willow, in contrast, had significantly higher ancient peat-derived fluxes from ingrowth cores than from exclusion

cores (p = 0.046), while girdling caused no significant effect on the ancient peat-derived flux (p = 0.768, Fig 4. Table B1).

5
I Recent Plant-derived flux (Birch) M Recent Plant-derived flux (Willow)
Mesh* Girdling ns Mesh x Girdling ns Mesh™ Girdling ns Mesh x Girdling ns
Ancient Peat-derived flux (Birch) Ancient Peat-derived flux (Willow)
4 Mesh ns Girdling ns Mesh x Girdling ns Mesh™ Girdling ns Mesh x Girdling ns
"
o
E 3
©
E
2
>
=
g 2
Q
O
| =

Ingrowth  Exclusion Ingrowth Exclusion Ingrowth Exclusion Ingrowth Exclusion
(2-mm)  (1-pm)  (2-mm)  (1-um) (2-mm)  (1-pm)  (2mm)  (-pm)

Control Girdled Control Girdled

305 Figure 4. Partitioned (modelled) CO; fluxes for each vegetation type and treatment. Modelled recent plant-derived CO»

flux and ancient peat-derived CO> flux in control and girdled treatments in birch and willow vegetation based on source
partitioning using natural abundance radiocarbon signatures of sources. Significance of fixed effects in linear mixed effects
models are indicated as: *** p < 0.001, ** p <0.01, * p < 0.05, ns = non-significant (Table B1). Error bars represent the

standard errors of the means.
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Generally, rhizosphere priming effect (RPE) ratios were > 1 (Fig. 5), meaning that peat-derived CO; fluxes were higher from
the ingrowth cores than from the paired exclusion cores, consistent with positive priming. One plot (BC6; birch control #6)
had a notably high total CO, flux (Fig. 2) which also translated to a notably high RPE value (Fig. 5). When all data were
included (there was no analytical justification for removal of BC6) the RPE ratios were significantly > 1 (p =0.01). This effect
was still maintained even when BC6 was excluded from the analysis (p = 0.005; Table B4). There was, however, no statistically
significant effect of either vegetation (p = 0.764) or girdling treatment (p = 0.507) on the RPE ratio (Table B4), even though
the average across all groups was 1.36; on average the peat-derived CO, flux was 36% higher in ingrowth cores than in

exclusion cores.

BC6

? = &
O

Rhizosphere Priming Effect Ratio

®

Birch Control Willow Control Birch Girdled Willow Girdled

Figure 5. Rhizosphere priming effect (RPE) ratios for each vegetation type and treatment. The rhizosphere priming
effect ratio was calculated using Equation 5 where the ancient peat-derived flux in ingrowth cores was divided by the ancient
peat-derived flux in the paired exclusion cores. Horizontal lines indicate mean values (after taking the exponent of the mean
of the natural log transformed RPE ratios). Birch control #6 (BC6) had a notably high total CO; flux but was not excluded

from the analysis.

Consistent with earlier ecosystem ecology publications using atmospheric natural abundance '“C signatures (see Gavazov et

al. (2018) and references therein) our modelling assumed contemporary (in this case, 2021) atmospheric “C abundance (Aur;
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Eq. 2) in autotrophic belowground fluxes (Table 1). Our analysis (Appendix B) confirmed that our conclusions on RPEs were

robust regardless of whether we used current year (2021) atmospheric “C values or those from the first year of girdling (2017).

4 Discussion

We experimentally controlled the access of roots to peat cores deployed in situ in two treeline ecotone vegetation types over a
four-year period using meshes of two contrasting sizes. The '*C content of respired CO, allowed the partitioning of fluxes
from recently-fixed (root, mycorrhizal and potentially also litter sources) versus ancient peat-derived sources. As expected,
where roots were excluded, the recent plant-derived component of respiration was significantly reduced. Differences in the
peat-derived component of respiration between the rooted and non-rooted cores revealed impacts of roots and associated biota
on rates of decomposition; the clearest test yet of rhizosphere priming under field conditions. The overall positive rhizosphere
priming effect (RPE) of ~36% (based on mesh-size comparison) was statistically significant, while neither vegetation type nor
girdling treatment, nor their interactions, were influential. There was generally a positive, and statistically significant, effect
of roots and associated soil organisms on respiration from peat, consistent with positive priming, but the response was variable,
with examples ranging from very high positive (BC6), through neutral, to some (4 out of 21 pairs) negative priming effects.
These results are consistent with growing evidence, underpinned by advances in rhizosphere imaging and isotope techniques
(Becker and Holz, 2021; Denis et al., 2019), of rhizosphere priming occurring as ‘hotspots’ and ‘hot moments’ in soils. These
are indicative of strong spatial and temporal heterogeneity in soil microbial activity (Kuzyakov and Blagodatskaya, 2015)

often linked to input of labile organic compounds by plants, both above- and belowground.

Our approach clearly demonstrates that soil respiration fluxes can be partitioned based on distinct '4C signatures of the substrate
and recent plant-derived inputs. Although a high contribution of root-derived carbon to this flux was expected, there was also
an important contribution of recently fixed C to respiration and DOC concentrations in the absence of roots. The modelled
plant-derived, recently assimilated C made a significant contribution to CO; fluxes and to DOC, even for peat cores where
roots had been excluded. This finding suggests that relatively '“C-enriched C was entering the 1-um cores and being
metabolised, possibly through leaching of DOC from above and the surrounding soil, or possibly also via ingrowth of very
fine hyphae, with subsequent proliferation inside the cores. Autotrophic inputs via leaching of litter, moss establishment and
germinating seedlings could be further minimized in future studies. Nevertheless, our approach was successful in manipulating

the input of recent plant-derived C into peat via roots.

The difference in modelled peat-derived respiration in the rooted and unrooted cores allowed us to calculate an average
rhizosphere priming effect of ca. 1.36 across all vegetation and treatment types, marking the first quantification of this effect
in situ in natural vegetation communities. By contrast, most studies to date have involved lab incubations, commonly adding

13C-labelled compounds such as cellulose, glucose, proteins, amino acids, or other simple compounds, to sieved soils in the
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absence of roots or mycorrhizal fungi (Wild et al., 2016; Wild et al., 2023; Hicks et al., 2020). In a further development,
Friggens et al. (2025) grew non-native plants in tundra soils under controlled conditions. These studies, with their tight
environmental control, and also in combination with modelling approaches (Keuper et al., 2020), provide valuable insights,
while our approach is complementary, offering a new perspective and marking a significant step forward in understanding
priming under field conditions. Indeed, in a recent analysis of laboratory experiments where '*C-labelled substrates were added
to permafrost peat soils (Wild et al., 2023), organic soils were unresponsive (with a relative RPE of ~1) to labile carbon
addition, whereas mineral permafrost soils showed a positive priming effect (RPE > 1). Likewise, Friggens et al. (2025) showed
that the greatest RPE in response to planting with non-native grasses was observable in mineral permafrost soils. In the current
study, however, by integrating the biological and environmental complexity associated with exposing organic substrate (peat)
to root and rhizosphere processes in situ over 4 years, our data suggest that high positive priming rates are possible in tundra

and treeline vegetation, but that the local response may be highly variable.

High variability in RPEs could be attributable to spatially and temporally heterogeneous soil processes across the treeline
ecotone. In our previous work in these stands, we found that soil respiration, and mycelium and root production were highly
variable between the ungirdled plots (Parker et al., 2020), as was the ectomycorrhizal fungal community composition (Parker
et al., 2022). Indeed, Packard et al. (2025) found that fungal community composition and enzyme activity varies at small
scales, from 10 to 1000 cm. Furthermore, saprotrophs and mycorrhizal fungi exhibit distinct vertical niche differentiation
(Rosling et al., 2003), and ectomycorrhizal species may even associate with roots at different depths than those at which they
produce their extramatrical mycelium (Genney et al., 2006). Therefore, high measured RPEs at specific sites (e.g. RPE=5.07,
plot B6C, Fig. 5) could reflect areas of high root and ectomycorrhizal activity. Equally, it has been suggested that ericoid
mycorrhizal (ERM) shrubs and fungi inhibit decomposition (Clemmensen et al., 2015) and therefore drive a negative RPE via
inhibition of saprotrophic (Fanin et al., 2022) or ectomycorrhizal decomposers (Mielke et al., 2025). We could not control the
species composition of root ingrowth into the cores, however, so the community-level mean RPE may integrate both positive

and negative effects associated with different organisms.

Contrary to our expectations, there was no significant effect of the girdling treatment on root biomass across both vegetation
types (Fig B2; Table B2) in 2021. This may be linked with the duration of the experiment, with compensatory development of
the understorey rhizosphere in girdled plots over four growing seasons. If so, then this was an unintended artifact of the
experiment, which ran for four, as opposed to the planned three, growing seasons. In terms of rhizosphere development in the
cores compared with surrounding undisturbed soils, the work of Sloan et al. (2013) makes it possible to make direct
comparisons, but only for willow communities. Mean root biomass in the ingrowth cores varied from 51.1 + 15.1 to 48.8 +
32.7 ¢ C m? in control and girdled willow plots, respectively, which is ~7 times lower than standing root biomass C in natural
systems (~350 g C m™ in tall Salix plots at Abisko (Sloan et al., 2013)). Standing root biomass in our cores in the control birch

plots was likely also much lower than in the natural system, although Sloan et al. (2013) do not provide data for natural birch
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forest at Abisko. Therefore, there may have been scope in our methods to enhance root and hyphal ingrowth relative to peat
volume, to improve the robustness of our RPE estimates as well as to aid in identifying roots to species or functional types. A
research priority should thus be to strengthen the interaction between '“C- depleted peat and root and rhizosphere processes to
the point where root production and activity, as well as microbial interactions (e.g. competition between ectomycorrhizas and
saprotrophs), better reflect the natural environment. Although we have measured significant RPEs in the field, there is scope
for further method development to tackle spatial and temporal variability in RPEs and the underpinning biological processes.
We further acknowledge that, four years after implementation, our girdling treatment was likely beyond peak effectiveness for

CO; and DOC sampling, due to substantial above-ground die-back of the canopy-forming birch and willow.

Given that ECM fungi are understood to be the primary driver of late-stage decomposition in treeline subarctic (Clemmensen
et al., 2021) and boreal forests (Sterkenburg et al., 2018), we expected that girdling of the canopy-forming ectomycorrhizal
hosts would cause a reduction in positive priming. Contrary to our expectations, however, we measured similar priming in
control plots and their girdled counterparts (Fig. 5, Table B4). Furthermore, neither root ingrowth into the 2-mm mesh cores,
nor the relative contribution of recently assimilated plant C to respiration fluxes differed significantly between control and
girdled plots (Table B2, Fig. B2). In the first two growing seasons post-girdling (2017 and 2018), peak growing season soil
respiration was reduced substantially, by 46-53% and 30-38% in birch and willow plots, respectively (Parker et al., 2020).
Much of the reduction was likely the result of cessation of birch and willow root respiration, as expected, suggesting that the
decrease in root growth observed in the initial years of the experiment (Parker et al., 2020) might have been compensated for
in subsequent growing seasons by production from the ericaceous and herbaceous understorey. Compensatory root growth by
the ericaceous understorey may also have explained the lack of a significant girdling effect on priming (Table B4), thus leading
us to underestimate the girdling effect, although this challenges assumptions about the relative roles of ERM and ECM fungi
in priming. ERM fungi are a guild with a diverse range of genes coding for nutrient acquisition from organic sources (Martino
et al., 2018) and despite our initial hypotheses, understorey plants also appear to be responsible for priming. Indeed, work by
Grelet et al. (2009) suggests that some ERM fungi can also form ECM, and the niche separation of ERM and ECM hosts may

be less clear-cut than is often assumed.

The approach of utilising the natural abundance '“C content of an ancient '“C-depleted peat soil as a distinct tracer to estimate
priming effects in situ could have wide applicability across systems. Although peat soils only cover 3-4% of the Earth’s
terrestrial surface, they store up to 30% of soil C; thus, the preservation of peat, for this and many other reasons, is critically
important (Unep, 2022), but see also Créz¢ et al. (2025). In circumstances where peat has been afforested (Sloan et al., 2019;
Defrenne et al., 2023), or converted to grassland or agriculture (Hutchinson, 1980), it is challenging to distinguishing C losses
due to rhizosphere processes from those caused directly by drainage and thus changes in oxygen and redox potential (Evans
et al., 2021). However, such converted and managed systems may exhibit less heterogeneity than those we studied here,

potentially rendering our method more powerful in these contexts. Indeed, priming is hypothesised as a mechanism for C loss
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when trees are planted on temperate ericaceous organic soils (Friggens et al., 2020), and it may have an important role in
destabilisation and loss of organic matter following afforestation of peatlands. Equally, peat is being mobilised from eroding
systems around the world and deposited downstream, in systems where roots of productive plants may exert a strong priming
effect, enhance decomposition rates and impact on GHG budgets for peatlands (Parker et al., 2025). Plant productivity in the
subarctic landscape studied here is strongly limited by low temperature, low soil fertility and short growing season length. We
therefore suggest that if our method were deployed in more productive temperate soils, RPEs could be identified and quantified
with more confidence due to a potentially more active mycorrhizosphere and root-associated soil biota showing more rapid
exploration of the test substrates. However, to obtain a reliable radiocarbon contrast between SOM and contemporary C inputs
to the rhizosphere requires organic substrates of significant age (i.e. '*C depletion) to accommodate continued reduction in
atmospheric isotopic enrichment via the Suess Effect (Michaud et al., 2024). We also want to emphasize that we deployed just
one boreal peat substrate here, where there were substantial age contrasts between bulk peat and respired CO; (Table 1). We
therefore acknowledge that the substrate itself is heterogeneous, and there might be shifts in the lability and '“C age of organic
matter being primed through the duration of the experiment, potentially further interacting with microbial hotspots or hot
moments. Our approach, nonetheless, gives a fourth year ‘snap-shot’ of the potential for priming in two contrasting systems
(indeed four, including girdled plots), which was notably consistent given the high variability around the mean values (Fig. 5).
We are also confident that our set-up also holds particular promise in the context of thawing of permafrost and thermokarst

exposure of previously unrooted, ancient, material exposed to new root activity.

In conclusion, we show that it is possible to partition soil respiration into recent and ancient sources based on the use of natural
abundance *CO; produced from peat ingrowth cores in situ. Based on the partitioning calculations, and by comparing cores
that allow or restrict root ingrowth, it is further possible to estimate RPEs in the field. We found predominantly positive priming
(p = 0.01) of the ancient peat substrate across mountain birch forest and woolly willow stands, even after girdling. However,
there was also substantial variability, potentially consistent with the existence of microbial ‘hotspots and moments’. By
contrast, we could not identify any statistically significant contrasts in RPEs between the two vegetation communities, nor any
effect of girdling. For the latter, it is possible that compensatory rhizosphere development by the understorey plants reduced
the importance of C supply by the canopy-forming species. Overall, our unique experimental approach, deployed for the first
time in situ within natural communities, has successfully identified positive rhizosphere priming. Our evaluation of the
approach highlights optimisations that can be made to better represent the natural system (e.g. encouraging more representative
and extensive root ingrowth, in addition to identifying root and microbial communities) but demonstrates transformative
progress toward a more robust quantification and exemplification of RPEs. Our study underscores the pivotal role of
rhizosphere processes and plant-microbe-soil interactions for understanding how recently assimilated C interacts with SOM

to determine whole-ecosystem C dynamics.

Appendix A
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Root severing experiment

Continued root and mycorrhizal activity in the ingrowth cores during respiration measurement and CO; collection is a
key assumption of our severing and CO; collection approach. We tested this assumption in a birch (Betula pendula) forest in
Stirling, UK. On 15™ October 2020, birch roots in the upper 20 ¢cm of soil over an area of ~20 x 20 c¢m, all connected to a
single coarse root were excavated. All roots were washed then repacked into a 14 x 7 x 10 cm plastic box with washed quartz
up to 7 cm (leaving 3 cm head space), and the root system laid halfway at 3.5 cm depth. As the boxes contained sand and no
organic matter, 3-4 slow-release nutrient pellets were mixed in to encourage root growth. The boxes had a 3.5 cm slot cut from
the top to pass the live coarse root through; once inserted, the rest of the slot was then filled with non-setting putty (Evo-Stik
Plumber’s Mait) to ensure the box was airtight when the lid was sealed. After installing boxes, lids were loosely placed on top
of each box to prevent flooding, and roots were allowed to grow into the sand matrix for 8 months. Boxes were watered as
needed. Replicated boxes were placed in spatial blocks of two with the intention of severing one; however, some of the root
systems died, leaving 6 that could be severed and 7 non-severed control plots, without direct pairing possible. Three boxes
were placed in the soil in the same way as the rooted boxes but without any roots, acting as an un-rooted control.

On 28 June 2021, the root system in six of the boxes was severed from the tree by cutting the single coarse root that fed
into the box. Root respiration was measured by sealing the box and measuring the increase in [CO>] over a 100 second period
using a PP Systems EGM-5 infra-red gas analyser. Measurements were taken 4, 3.5, 2.5 and 0.5 h before severing, then at the
time of severing, and again at 0.5, 1, 1.5, 2, 3, 4, 7, 20, 24, 48, 72, 96 and 168 h after severing. After these measurements, all
roots were harvested, split into fine root and coarse roots based on a 2-mm diameter threshold, dried at 70°C for 48 h and
weighed. Fluxes were normalised by weight of fine roots and the root respiration in each box 0.5 h before the severing
treatment. The time post severing at which root respiration (per g fine root) changed in the severed cores was estimated by
segmented regression analysis in the R package ‘segmented’ (Muggeo 2008).

We determined, from this separate experiment, that root severing had no effect on root respiration rates until after 50
hours (P < 0.001; Figure A1) while there was no clear breakpoint in the controls (P = 0.104). Therefore, we can reasonably
conclude that root and mycorrhizal respiration was unaltered during the CO, collections shortly after severing in the main

experiment at the subarctic sites.
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Figure Al. Hourly time series of normalised birch root respiration since time from severing. The y-intercepts reflect
the root CO; efflux (umol s™!) normalised by the grams of fine roots in the absence of other sources and is used to assess the
longevity of the roots over time (x-axis in hours). Control roots (uncut) are displayed in black and cut roots are open red
circles. The segmented regression analysis (see source code) found an inflection point at 50 hours (+/- 1 SE (marked with
horizontal error bar)).
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Appendix B

500 Keeling plot

In the instance of atmospheric contamination (ingress) of headspace CO,, radiocarbon results are sensitive to the
8'3C value chosen for the atmospheric correction; however, there is a strong a priori reason to expect small but
systematic differences in §*CO, in respiration from the rooted peat cores compared to the heterotroph peat cores,
505 given there is a large autotrophic component to the flux in the rooted peat cores. Therefore, the y- intercepts from
Keeling plots of root-derived (2-mm mesh) and heterotroph (1-pum) derived peat cores (Fig. B1; —25.5%o for the
heterotroph correction, and —28.8%o for the rooted correction) were used as 8/°Ci., to inform the fraction of

atmospheric contamination for all samples in Equation 1.

510

Ingrowth (2-mm)
-151 y=26.3x-28.8, R2 =0.41 ® Exclusion (1-um)

3C0O, (%o)

0.0 0.1 0.2 0.3 0.4
1/CO,volume (ml)

Figure B1. Keeling plots of CO; collected on molecular sieve cartridges demonstrate the 3'3CO; versus 1/ volume of
sample collected. The y-intercepts reflect the §'*CO; of respiration (8°C..yy) in the absence of other sources and are used to

correct the *CO, data for atmospheric contamination.
515
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Figure B2 Root biomass in cores with windows of different mesh sizes for each vegetation type and treatment.
Individual points and means for root biomass (g) from soil cores in birch control (n=6,6), birch girdled (n=6,6) and willow
control (n=5,6; blue) and willow girdled (n=4,4) plots for ingrowth and exclusion peat mesh cores), respectively. Individual
points are randomly spaced along the x-axis.
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525 Table B1. Linear mixed effects model output from the total soil CO, efflux (umol m? s™), “CO, signature (%modern),
modelled recent plant-derived CO; flux (umol m? s™!) and modelled ancient peat-derived CO, flux (umol m s™!) from peat
cores in girdled and control plots within birch and willow vegetation based on the atmospheric *CO; signature from the time

of sampling (2021). Mesh (2-mm) refers to ingrowth peat cores.

Birch Willow
log(CO; efflux pmol m™s™) Estimate Std. Error DF tvalue  p-value log(CO; efflux pmol m™s™) Estimate Std. Error DF t-value p-value
{Intercept) 0.139 0.193 10 0721 0487 (Intercept) 0.097 0.139 7 07 0507
Mesh (2-mm) 0.923 0.221 10 4173 000z == Mesh (2-mm) 0.716 0.126 T 5663 0001 v+
Treatment (Girdled) -0.422 0274 10 -1.541 0154 Treatment (Girdled) 0.108 0.209 70519 062
Mesh (2-mm) x Treatment (Girdled) 0139 0313 10 0445 0666 Mesh (2-mm) x Treatment (Girdled) 0.01 019 7 0052 096
log(*'CO; %) Estimate Std. Error DF  t-value  p-value log(*CO; %s) Estimate Std. Error DF t-value p-value
{Intercept) 4515 0014 10 319333 0 {Intercept) 4473 0.009 T 49097 o
Mesh (2-mm) 0.038 0.015 10 2572 0.028 = Mesh (2-mm) 0.049 0.013 T 3832 0006 ¢
Treatment (Girdled) -0.036 0.02 10 -1787 0104 Treatment (Girdled) 0.021 0.014 7 L3221 0172
Mesh (2-mm) x Treatment (Girdled) 0.019 0.021 10 0879 04 Mesh {2-mm) x Treatment (Girdled) -0.012 0.019 T 0624 0553
Recent plant-derived log(CO; efflux pmol m™~s™) Estimate Std. Error DF  tevalue  p-value Recent plant-derived log(CO; efflux pmol m™s™) Estimate Std. Emor DF t-value p-value
{Intercept) -0.412 0.238 10 -1.734 0114 (Intercept) -0.78 0.172 7 -4.542 0.003
Mesh (2-mm) L1178 0.283 10 4.16 000z == Mesh (2-mm) L113 0.222 T 5022 0002 **
Treatment (Girdled) -0.712 0336 10 -2.118 0.06 Treatment (Girdled) 0.305 0.258 7 LIB3 0276
Mesh (2-mm) x Treatrnent (Girdled) 0.326 04 10 0814 0434 Mesh (2-mm) x Treatrnent (Girdled) -0.111 0.332 T 0335 0747
Ancient peat-derived log(CO, efflux pmol m~s™) Estimate Std. Error DF  tvalue  p-value Ancient peat-derived log(CO, efflux pmol m~s™) Estimate Std. Error DF tvalue p-value
{Intercept) -0.85 0267 10 -3.185 0.01 {Intercept) -0.452 0.129 73509 001
Mesh (2-mm) 0.172 0269 10 0638 0.538 Mesh (2-mm) 0.223 0.092 T 2423 06 ¢
Treatment (Girdled) -0.022 0377 10 -0.06 0.954 Treatment (Girdled) -0.059 0.193 7 0307 0768
Mesh (2-mm) x Treatment (Girdled) 0.177 0.381 10 04564 0652 Mesh {2-mm) x Treatment (Girdled) 0.105 0.138 T 0762 0471
530
Table B2. Linear mixed model of mesh and girdling treatment effects on root biomass across both vegetation types.
log(Root biomass (g)) IEsumare Std. Error DF t-value  p-value
(Intercept) 0.605 0.049 19 12.444 i}
Mesh {2-nm) 0.497 0.049 19 -10.23 <0001 *#*+*
Treatment { Girdled) 0.015 0.049 1% 0.317  0.755
Mesh (2-mm) x Treatment (Girdled) -0.077 0.04% 19 -1.582 0.3
535

Table B3. Linear mixed effects model output from the soil DOC concentration (mg L") and DO'C signature (%omodern) of
peat cores in girdled and control plots within birch and willow vegetation. Mesh (2-mm) refers to ingrowth peat cores.

Significance of fixed effects in linear mixed effects models indicated as: *** p <0.001.

22



540

545

550

555

560

https://doi.org/10.5194/egusphere-2026-3803
Preprint. Discussion started: 6 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Birch Willow

log(DOC mg L") Estimate Std. Error DF t-value  p-value log(DOC mg L) Estimate Std. Error DF t-value  p-value
(Intercept) 2198 0142 10 15509 0 (Intercept) 2,159 0126 & 17.196 0
Mesh (2-mm) 0.13 0126 10 1.032 0326 Mesh (2-mm) -0.066 0173 &  -0384 0711
Treatment (Girdled) -0.127 02 10 -D.635 0.54 Treatment (Girdled) -0.024 0178 & <0137 0894
Mesh (2-mm) x Treatment (Girdled) -0.064 0178 10 0363 0.724 Mesh (2-mm) x Treatment (Girdled) 0.146 0245 &8 (0.598 0.566
log( po*c Yemodern) Estimate Std. Error DF t-value  p-value log( po'c Yamodern) Estimate Std. Error DF t-value  p-value
(Intercept) 4.347 0017 10 259799 0 (Intercept) 4342 0009 B 464974 0
Mesh (2-mm) 0.038 001z 10 3206 0.009 ** Mesh (2-mm) 0.038 001 R 3.699  0.006 **
Treatment (Girdled) -0.012 0024 10 -0.493 0632 Treatment {Girdled) -0.003 0013 & -0D218 0833
Mesh (2-mm) x Treatment (Girdled) 0.024 0017 10 1412 0.188 Mesh (2-mm) x Treatment (Girdled) -0.003 0015 B -0.195 (.85

Table B4. Linear model output for rhizosphere priming effect ratios in girdled and control plots within birch and willow
vegetation including and excluding the paired plots from birch control in plot 6 (BC6). Significance of fixed effects in linear

mixed effects models indicated as: ** p <0.01, * p < 0.05.

RPE ratios RPE ratios excluding BC6

Im{log{RPE} ~ Vegetation x Treatment) |E.stim:ne Std. Error  t-value p-value Im({log(RPE) ~ Vegetation x T ) |Est.hrme Std. Error  t-value p-value
{Intercept) 0.308 0.106 2.893 0.01 *  (Intercept) 0.24 0.074 3.241 0.005 **
Vegetation (Birch) 0.032 0.106 0.305 0.764 Wegetation (Birch) -0.035 0.074 -0.479 0.639
Treatment (Girdling) -0.072 0.106 -0.678 0.507 Treatment (Girdling) -0.14 0.074 -1.892 0.077
Vegetation x Treatment -0.001 0.106 -0.007 0.995 Wegetation x Treatment -0.069 0.074 -0.927 0.368

Sensitivity Analysis of Autotrophic Belowground Fluxes to changes in Atmospheric Abundance of '*C

Consistent with earlier ecosystem ecology publications using atmospheric natural abundance “C signatures (see Gavazov et
al. (2018) and references therein) our modelling assumed contemporary (in this case, 2021) atmospheric “C abundance (Agir;
Eq. 2) in autotrophic belowground fluxes (Table 1). During our study period, however, there was a modest, but measurable,
decline in %modern atmospheric '“CO, content between 2017 and 2021 (Table 1). Interannual and longer-term changes in
atmospheric '*C abundance are a consequence, among other factors, of fossil fuel CO, emissions to the atmosphere (which are
heavily '*C-depleted) and the atmospheric atomic weapons testing of the late 1950s and early 60s (see Fig. 3 in Graven et al.
(2020)). We acknowledge the possible contribution of plant stored C to both root and shoot growth, and autotrophic respiration,
because age-related differences in atmospheric *CO; activity (Table 1), and thus plant-assimilated C, could alter the modelled
contributions to priming estimated from plant-derived respiration. We therefore tested this assumption, using the more enriched
atmospheric *CO,, A4 (Yomodern) from 2017, four years prior to peat core sample collection, as an alternative end-member
to 2021. Our analysis confirmed that our conclusions on RPEs were robust regardless of whether we used current year (2021)
atmospheric '*C values or those from the first year of girdling (2017). In short, using the A,; of 2017 reduced the estimated

fraction of autotrophic respiration, and increased estimated positive priming compared to estimates based on A, from 2021.
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