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A B S T R A C T

Enhanced growth of trees under elevated atmospheric CO2 concentration (‘CO2 fertilisation’) can potentially
reduce a fraction of anthropogenic CO2 emissions but is anticipated to become progressively constrained by
nitrogen (N) limitation in temperate ecosystems. However, it is believed that this constraint may be mitigated if
trees under elevated CO2 (eCO2) prime microbial activity in their rhizosphere to release available N. We assessed
whether mature trees under eCO2 regulate N availability in their rhizosphere to meet increased N demand. We
hypothesized that eCO2 primes N mineralization in the rhizosphere while reducing N losses through nitrification
and denitrification. This study was conducted in a mature English-Oak-dominated temperate forest in central
England, in the sixth year of Free Air CO2 Enrichment (FACE). In the summer of 2022, we measured N trans-
formations, enzyme activities, and nutrient pools in the rhizosphere and bulk soil of the organic layer (0–7 cm)
under laboratory conditions. While the rhizosphere was found to be inherently more active (i.e. positive N
priming) than the bulk soil, the effect of eCO2 were not consistently stronger in the rhizosphere. Available soil N,
dissolved organic carbon and microbial biomass were enhanced under eCO2 in bulk and rhizosphere soils. Net N
mineralization was enhanced under eCO2 in the bulk and rhizosphere soils while leucine aminopeptidase ac-
tivity, associated with organic N depolymerization, was enhanced solely in the rhizosphere. Despite higher C and
N availability creating potential hot spots, nitrification was reduced under eCO2 and denitrification remained
unaffected in the rhizosphere, demonstrating a more efficient conservation of N under eCO2. Our findings
demonstrate that eCO2 stimulates N-mining and reduce N losses in the rhizosphere. Furthermore, the tenfold
difference in N turnover rates between rhizosphere and bulk soils suggests that expanding rhizosphere mass from
increased root biomass may help trees under eCO2 to meet higher N demand.

1. Introduction

Temperate forests under elevated atmospheric CO2 (eCO2) concen-
tration are expected to require more available nitrogen (N) to be able to
sustain the higher net primary productivity (NPP) triggered by the CO2
fertilisation effect (Gardner et al., 2021; Norby et al., 2002). Biogeo-
chemical simulations and meta-analysis indicate that enhanced photo-
synthesis under eCO2 exacerbates progressive N limitation (PNL) of
forest ecosystems because more N will be sequestered in long lasting

biomass pools (De Graff et al., 2006; Johnson, 2006; Luo et al., 2004;
McMurtrie et al., 2008; van Groenigen et al., 2006). This hypothesis was
supported by one of the firsts free air carbon enrichment (FACE) ex-
periments involving young sweetgum plantation at Oak Ridge FACE,
where the initially enhanced NPP decreased after a few years of eCO2
treatment, indicating N limitation of the growth enhancement (Norby
et al., 2010). However, outcomes from a similar FACE experiment (Duke
FACE) challenged the PNL hypothesis as enhanced NPP was maintained
over 11 years, suggesting N supply in soils was sustained via enhanced

* Corresponding author. Birmingham Institute of Forest Research, University of Birmingham, Birmingham, UK.
** Corresponding author.

E-mail addresses: MLR094@student.bham.ac.uk (M. Rumeau), S.ullah@bham.ac.uk (S. Ullah).

Contents lists available at ScienceDirect

Soil Biology and Biochemistry

journal homepage: www.elsevier.com/locate/soilbio

https://doi.org/10.1016/j.soilbio.2024.109537
Received 22 April 2024; Received in revised form 5 June 2024; Accepted 15 July 2024

mailto:MLR094@student.bham.ac.uk
mailto:S.ullah@bham.ac.uk
www.sciencedirect.com/science/journal/00380717
https://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2024.109537
https://doi.org/10.1016/j.soilbio.2024.109537
https://doi.org/10.1016/j.soilbio.2024.109537
http://creativecommons.org/licenses/by/4.0/


Soil Biology and Biochemistry 197 (2024) 109537

2

decomposition of soil organic matter (SOM) (Phillips et al., 2011). This
discrepancy between CO2 manipulation experiments demonstrates our
lack of understanding in forest N cycling, especially in the context of
climate change and rising atmospheric CO2 (U.S. DOE, 2020). Further-
more, while most FACE experiments have been conducted in systems
with young trees (Norby and Zak, 2011), recent observations in a mature
forest (EucFACE) showing lower-than-expected C uptake responses to
eCO2 challenged original thinking on whether mature trees can initiate
an enhancement of photosynthesis under eCO2 (Jiang et al., 2020;
Pihlblad et al., 2023). Thereby, it is uncertain whether the way trees
regulate biochemical cycles under eCO2 is similar in mature forests
which had decades to interact with soil microbial communities and
exhaust soil nutrient resources (Norby et al., 1999).

Tree ability to enhance N availability is largely governed by their
interactions with microbes. For instance, under eCO2, trees in associa-
tion with ectomycorrhizal fungi (ECM) can acquire N at low cost due to
the fungi’s ability to access SOM (Pellitier et al., 2021; Stuart and Plett,
2020; Terrer et al., 2018). More generally, plant-microbe interactions in
the rhizosphere have been identified as a key mechanism for increasing
N supply to plants under eCO2 (Meier et al., 2015; Phillips et al., 2011,
2012). However, rhizosphere priming effect (RPE) defined as the stim-
ulation or retardation of SOM decomposition by root presence and
exudation (Carrillo et al., 2014; Dijkstra et al., 2013), can both increases
or decreases N availability depending on soil nutrient status, soil and/or
exudate C:N ratio and microbial nutrient acquisition strategy (Craine
et al., 2007; Gaudel et al., 2024; Kuzyakov, 2002); properties likely to be
affected by eCO2. Especially, changes in root exudate composition and
quantity observed under eCO2 (Dong et al., 2021; Johansson et al., 2009;
Phillips et al., 2009) are likely to enhance SOM decomposition to meet
the higher tree nutrient demands (Meier et al., 2015; Pihlblad et al.,
2023; Terrer et al., 2021). For instance, enhanced exudation of dissolved
organic carbon was found to stimulate microbial activity and therefore
the secretion of N-acquiring enzymes in low-N soils (Phillips et al.,
2011). Organic acids were also found to be released in higher quantity
under eCO2 (Hasegawa et al., 2023), which could directly destabilize
SOM andmobilise nutrients into bioavailable forms (Jilling et al., 2018).

However, enhanced SOM decomposition for N release could pro-
gressively lead to a depletion of soil C pools, offsetting the biomass C
sink under eCO2 (Terrer et al., 2021). This soil-for-plant C offsetting may
be especially significant if slow cycling pools of SOM are targeted, as it
has been observed by the gradual reduction of mineral associated
organic matter (MAOM) pool under eCO2 (Dorodnikov et al., 2011;
Hofmockel et al., 2011) or by the loss of old C (Carrillo et al., 2018).
Enzyme activity can provide valuable insights into which specific pools
of soil organic matter (SOM) are being targeted for decomposition under
eCO2. A shift between oxidative and hydrolytic enzyme activity can
indicate which components of SOM are primed, since oxidative enzymes
often initiate the first step of complex organic matter break-down or
destabilization (Jilling et al., 2018). eCO2 was found to promote hy-
drolytic over oxidative enzyme activity indicating a preference for
decomposing simple molecules (Xiao et al., 2018), this preference
reversed over time at Duke FACE (Finzi et al., 2006b). Therefore, how
eCO2 influences rhizosphere priming and its subsequent impact on soil C
pools over time remains uncertain (Hyvönen et al., 2007; Kuzyakov
et al., 2019; Terrer et al., 2021).

In addition, the regulation of N losses via dissimilatory reduction to
N gases and leaching into groundwater in the rhizosphere under eCO2 is
poorly understood (Barnard et al., 2005; Rütting and Andresen, 2015).
Nitrification and denitrification in the rhizosphere could be enhanced
because of the higher C availability and, hence, higher microbial activity
(Philippot et al., 2009) or, conversely, trees could exudate higher con-
centrations of biological nitrification inhibitor (BNI), as a N conserva-
tion strategy (Guyonnet et al., 2017; Jilling et al., 2018; Subbarao et al.,
2007). Therefore, constraining N availability under eCO2 requires an
understanding of N turn-over and loss regulation in forest rhizosphere of
mature trees as well as an understanding of microbial ecological

strategies.
In this study, we aimed at understanding the response of N avail-

ability in the rhizosphere under eCO2 in a mature deciduous forest, six
years into CO2 fumigation treatment at the Birmingham Institute of
Forest Research (BIFoR) Free Air Carbon Dioxide Enrichment (FACE)
facility in the UK. We assessed both potential net and gross N mineral-
ization rates to gain comprehensive insights into the temporal changes
in N availability (net mineralization measured in-situ over 28 days) and
into the specific N process dynamics (gross mineralization) in the
rhizosphere and bulk soils of the organic layer (0–7 cm) under elevated
and ambient atmospheric CO2 conditions after six years of fumigation
treatment. We also quantified potential N2O emissions, potential
oxidative and hydrolytic extracellular enzyme activities involved in C, N
and phosphorus (P) cycling to elucidate nutrient acquisition shifts.
Given that eCO2 can potentially affect exudation quantity and quality,
we hypothesized that: 1) eCO2 will prime N mineralization in the
rhizosphere through the decomposition of recalcitrant SOM pools.
Inversely, 2) eCO2 will decrease nitrification and denitrification rates
more strongly in the rhizosphere than in the bulk soils as a strategy to
conserve N.

2. Material & methods

2.1. Experimental set up

The study was performed at the BIFoR-FACE facility, located in a
mature deciduous forest in Staffordshire, UK. The forest is dominated by
English oak (Quercus robur L.) in the upper canopy and common hazel
(Corylus avellana L.), sycamore (Acer pseudoplatanus L.), and hawthorn
(Crataegus monogyna Jacq.) in the understorey. The soil at site, classi-
fied as Ortic Luvisol (Hart et al., 2020), set on glacial till and is about 50
cm deep where the organic soil layer (O) of about 7–10 cm depth overlie
an A horizon (15–25 cm deep) overlying the B horizon transiting into
sandstone geology. The O-layer is a sandy loam (41% sand, 43% silt,
16% clay), with a pH of 3.8 and is characterized by a high root density
(1 mg cm− 3 on average, data not shown), a high organic matter (10% of
C) and low bulk density (0.45 g cm− 3) (Hollis et al., 2021). The mineral
layer (A) is also a sandy loam (39% sand, 39% silt, 22% clay), with a pH
of 4.7 and a bulk density of 0.79 g cm− 3. More detailed soil properties for
the first 15 cm can be found in Sgouridis et al. (2023).

The BIFoR-FACE facility is composed of six infrastructure arrays,
three are fumigated with a target concentration of +150 ppm of CO2
above the ambient concentration (eCO2) and three with ambient air
(aCO2) (Fig. 1). Fumigation started in April 2017 and operated in
daylight hours from budburst (~1st April) to leaf fall (~1st November).

The towers reach one to 3 m above the local canopy top in order to
fumigate the forest from ground to canopy level. Air is released from the
upwind quadrant of the array through vertical vent pipes (VVPs) placed
on the 16 peripheral towers in each array. Performance of the system has
been reported in Hart et al. (2020), showing that the system is able to
deliver the target concentration precisely; the daytime CO2 enrichment
achieved during the 2022 growing season was of 135 ± 24 ppm (mean
± SD), due to intermittency in the CO2 supply. The mean annual air
temperature at the site was of 10.8 ◦C (sensors HMP155 (Helsinki,
Finland)) and the mean annual precipitation was 1152 mm (rain gauges
at site TR-525M (Dallas, Texas)). For a detailed site description, see Hart
et al. (2020).

2.2. Soil sampling

In each array, three sampling plots of 0.5 m × 0.5 m were estab-
lished, each at approximately 1-m distance from different individual oak
trees. On August 13th, 2022, three soil cores of 5 cm diameter
comprising exclusively the organic layer (O-horizon: Oe + Oa) after
removing the leaf litter (Oi) were collected per sampling plot and bulked
together to make-up one sample per sampling plot before analysis. On
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the day of the sampling, the soil surface temperature was 15 ◦C and the
soil gravimetric moisture in the O horizon varied between 10 and 55%
(Table S1). The depth of the O-horizon varied between 5 and 9 cm be-
tween sampling areas (Table S1 and Fig. S1).

Rhizosphere soil was separated from bulk soil by gently shaking the
roots. Soil that remained attached to the roots after shaking was
considered as the rhizosphere sample while the rest of the sample
constituted the bulk soil and was sieved through a 2 mm sieve. Masses of
rhizosphere and bulk soils were recorded to calculate the proportion of
rhizosphere. Roots were kept and visually identified as “oak root” or
“non-oak root” to determine the relative proportion of oak rhizosphere
(Table S2). Rhizosphere and bulk soil samples were stored at 5 ◦C until
further analysis.

2.3. Nutrient standing pools analysis

To determine soil nutrient pools, we quantified soil ammonium
(N–NH4

+), nitrate (N–NO3
- ), free amino acids (FAA), dissolved organic C

(DOC), dissolved N (DN), microbial biomass C and N (MBC and MBN)
and total C and N contents. All nutrient analyses were performed within
a week after field collection. Gravimetric moisture was measured by
drying 5 g of soil at 105 ◦C for 48 h. Soil pH was determined after mixing
3 g of soil in 30ml of deionized water using a pHmeter (SevenExcellence
pH, Mettler Toledo, UK).

Soil NH4
+ and NO3

− concentrations were measured by extracting 2 g of
soil with 0.5 M potassium sulphate (K2SO4;soil: extractant ratio of 1:5
(w/v)). The extracts were filtered at 0.45 μm and analysed by continuous
flow colorimetry (Skalar SA 3000 analyser, Netherlands). The limit of
detection was 0.02 mg N L− 1 for both NH4

+ and NO3
− . The concentrations

were blank corrected and the relative standard deviation (RSD) calcu-
lated on quality control (QC) samples was below 2%.

Soil free amino acid (FAA) concentration was determined using the
OPAME fluorescence assay described by Jones (2002) and adapted to a
microplate assay by Darrouzet-Nardi et al. (2013). Briefly, 2 g of soil was
extracted in 10 ml of 1 M KCl, shaken, filtered at 0.45 μm and 50 μl was
added to a microplate with 100 μl of OPAME working reagent. As NH4

+

reacts to fluorescence in the first hour, fluorescence was measured after
1 h of incubation when the fluorescence from reaction with NH4

+ is
negligible.

The soil concentration of DOC and DN was measured after extraction

with 0.5 M K2SO4, as described above, and extracts analysed on a TOC/
TN analyser after a 10-fold dilution (Multi N/C 2100, Analytik Jena,
Germany). Samples were blank corrected and the RSD was below 1% for
DOC and below 4% for DN.

The dried soils used for soil moisture determination were manually
pulverized with a pestle and a mortar and approximatively 8 mg was
weighed in a tin capsule. These samples were analysed for total C and N
soil concentrations by an elemental analyser (EA) (vario PYRO cube;
Elementar Analysensysteme GmbH, Hanau, Germany). The EA was
calibrated with sulphanilamide (N: 16.26%, C: 41.81%) and the preci-
sion was below 5% RSD for both C and N.

C and N in the microbial biomass (MBC and MBN) were measured
according to the chloroform extraction method (Brookes et al., 1985).
For each soil sample, two subsamples were weighed and one was
fumigated with chloroform for 48 h. Blanks without soil were also
fumigated. Fumigated and non-fumigated soil subsamples were then
extracted with K2SO4 (0.5 M) for DOC and DN quantification as above.
MBC and MBN were calculated as the difference in the DOC and DN
concentrations between the fumigated and the non-fumigated samples
and divided by a correction factor of 0.45.

2.4. 15N isotopic pool dilution combined with the 15N Gas Flux method

Gross N mineralization, nitrification rates, soil N2O emissions from
nitrification and denitrification were assessed by a15N pool dilution
method as described by Hart et al. (1994) combined with a15N Gas flux
method as described by Sgouridis et al. (2023) within 2 weeks of
sampling.

2.4.1. Labelling and incubation
Rhizosphere soils (5 g) and bulk soils (10 g) were weighed in qua-

druplets into airtight specimen cups equipped with a septum on the lid
to allow gas sampling. Before labelling, all samples were acclimated in
the dark at 15 ◦C for 2 days, chosen to match the soil temperature on the
sampling day. To achieve a simultaneous 20% enrichment in 15N atom
percentage (to avoid stimulating microbial activity) (Micucci et al.,
2024) and raise the soil moisture to 35% (average of soil gravimetric
moisture in summer) in all samples, various labelling solutions were
prepared using K15NO3 (98 at. % 15N, Sigma-Aldrich) or 15NH4Cl (98 at.
% 15N, Sigma-Aldrich). The labelling solutions were added dropwise,

Fig. 1. Schematic of the BIFoR-FACE site from (Hart et al., 2020). Fumigated arrays are represented in orange and ambient arrays are in blue.
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and soils were gently stirred with a spatula to ensure a uniform distri-
bution of labels before closing the specimen cups. Immediately after
labelling and following a 24 h incubation at 15 ◦C in the dark, soil
samples were extracted with 1 M KCl. A soil extract aliquot was analysed
for extractable N–NH4

+and N–NO3
- , as described above, and the rest of

the soil extract was used to extract the 15N content in the NH4
+ and NO3

−

pools using the gas diffusion procedure (Davidson et al., 1991; Hart
et al., 1994).

Concurrently, 20 ml of gas was sampled near the soil surface with a
syringe before cup closure and transferred into a pre-evacuated 12 ml
gas exetainer vial (Labco, Ceredigion, UK). A final set of gas samples
were obtained after 24 h of incubation by pumping the headspace (100
ml) with a syringe through the septum and transferring into a 12 ml gas
exetainer. These samples were analysed for total CO2, N2O and CH4
concentration on a gas chromatograph (GC; Agilent Technologies Ltd,
USA) equipped with μECD (electron capture detector) and FID (flame-
ionisation detector). The 15N content of the N2O was determined using a
continuous flow isotope ratio mass spectrometer (IRMS; Elementar
Isoprime Precision; Elementar Analysensysteme GmbH, Hanau, Ger-
many) coupled with a trace-gas pre-concentrator inlet with autosampler
(isoFLOW GHG; Elementar Analysensysteme GmbH, Hanau, Germany).
Gas samples in the 12 ml exetainer were purged into a He stream
through the autosampler and then entered 2 sequential liquid N2 traps to
isolate and cryofocus the N2O. The gas sample containing the concen-
trated N2O was separated from any residual CO2 via a GC column before
passing though the IRMS where the N2O isotopologues and R45 and R46
ratios were measured at a current of 600 μA. Ten N2O reference samples
were run before any of the samples to ensure instrument stability and a
δ15N standard deviation lower of 0.05‰.

2.4.2. Gas diffusion procedure on enriched soil extracts
The diffusion procedure was performed according to Davidson et al.

(1991) and Hart et al. (1994). The aim is to diffuse the enriched pool of
either NH4

+ or NO3
− onto an “acid trap” to then measure the 15N at% of

these N pools by an EA-IRMS (elemental analyser-IRMS: Elementar
Isoprime Precision; Elementar Analysensysteme GmbH, Hanau, Ger-
many). Acid traps were prepared with 8 mm diameter Whatman 3 filter
discs soaked with 10 μL of 2.5 M KHSO4 and wrapped in sealing PTFE
tape. Using 20–40 ml of soil extract, NH4

+ was diffused by simulta-
neously adding 0.2 g of MgO and an acid trap. To ensure complete
diffusion, extracts were shaken at low speed for 7 days. Then, acid traps
were retrieved, dried in a desiccator, and encapsulated in tin capsules for
EA-IRMS analysis. To diffuse NO3

− , NH4
+ was first removed from the

solution using the above procedure but the filters were discarded. NO3
−

was then diffused by adding 100 μL of 30 % Brij-35 and 0.4 g of
Devarda’s alloy, which reduces NO3

− to NH4
+. A second acid trap was

placed into the specimen cups and samples were let for another 7 days at
room temperature on reciprocal shaker. The filters disks were dried,
wrapped and analysed for 15N at% on EA-IRMS.

2.4.3. Calculations
Gross mineralization fluxes were calculated using the following

equations developed by Kirkham and Bartholomew (1954):

M
(
μg g− 1 day− 1

)
=

[
NH+

4
]

0 −
[
NH+

4
]

t
t

×

log
(

APE0
APEt

)

log

(
[NH+

4 ]0
[NH+

4 ]t

) (1)

C
(
μg g− 1 day− 1)=M −

[
NH+

4
]

t −
[
NH+

4
]

0
t

(2)

Where M = gross mineralization rate, C = NH4
+ consumption rate, t =

time elapsed, [NH4
+] = NH4

+ soil concentration (μg g− 1), APEτ = 15N
atom percent excess of the NH4

+ pool, τ. Gross rates of nitrification and
NO3

− consumption were calculated by replacing NH4
+ concentration by

NO3
− concentration, and APE in the NH4

+ pool by the APE in the NO3
−

pool. NH4
+ immobilization rate is equal to the difference between NH4

+

consumption rate and gross nitrification. NO3
− immobilization rate is

assumed equivalent to the gross NO3
− consumption rate.

Total N2O emissions and basal respiration (i.e. CO2 flux) were
calculated using the following equation (CO2 flux example):

CO2 flux
(
μgC g− 1 h− 1)=

(
[CO2]t − CO2

]

0

)
× H

m× t
(3)

Where [CO2]τ = concentration of CO2 in μg C L− 1 in the vial, H =

headspace in L,m=mass of dry soil (g), t = time elapsed (h). N2O flux is
calculated in the same way by substituting the concentration in N2O in
μg N L− 1 in the above equation. N2O from nitrification and denitrifica-
tion were calculated as described in Sgouridis et al. (2023)

To assess microbial activity, the microbial metabolic quotient (qCO2)
was calculated by dividing microbial respiration by the microbial
biomass C (Anderson and Domsch, 1993).

Finally, primed C and N by rhizosphere effect (Yin et al., 2021) were
calculated as follows where R and B represent rhizosphere and bulk soil
respectively (Equations (4) and (5)):

Primed C
(
μgC g− 1 h− 1

)
=RCO2 flux − BCO2 flux (4)

Primed N
(
μgN g− 1 h− 1

)
=Rgross mineralization − Bgross mineralization (5)

2.5. Enzyme assays

The activities of six soil extracellular enzymes involved in microbial
C, N and P cycling were assayed. These enzymes fall into two functional
groups based on the type of compounds they are able to decompose.
Oxidative enzymes including peroxidase (PEROX) and phenol oxidase
(PHENOX) decompose recalcitrant SOM such as lignin. Hydrolytic en-
zymes involved in several organic compound breakdown such as β-N-
acetyl-glycosaminidase (NAG) and leucine aminopeptidase (LAP) for
organic N, β-glucosidase (BG) for organic C and acid phosphatase (AP)
for organic P.

2.5.1. Fluorometric assays
Hydrolytic enzymes activities were determined by fluorimetry.

Within 2 weeks after sampling, soil suspensions were prepared by son-
icating 2 g of soil in 125 ml of acetate buffer (pH 5.2). While stirring,
200 μl of soil suspension were added in duplicate to 50 μl of substrate
solution of 200 μM (Table S2) on a sterile black 96-well microplate.
Quenched standard wells received 200 μl of soil suspension and 50 μl of
either 4 methylumbelliferone, or 7-amino-4-methyl coumarin at con-
centrations ranging from 0.025 μM to 50 μM. Reference standard wells
received 50 μl of standard (same as above) and 200 μl acetate buffer.
Blank wells received 50 μl of acetate buffer and 200 μl of soil suspension
and negative control wells received 50 μl of substrate and 200 μl of
acetate buffer. Fluorescence was measured at 30 ◦C every 5 min for an
hour with excitation wavelength of 365 nm and an emission wavelength
of 450 nm. Fluorescence intensity after the first 10 min of pre-incubation
was plotted over time. The slope of the linear regression and coefficient
of determination were calculated. Each regression was visually assessed,
and any outliers were removed to ensure a satisfactory coefficient of
determination (R2 > 0.97). The slope was then used to determine the
activity. An example of the linear regression can be found in Fig. S2.

2.5.2. Colorimetric assays
Phenol oxidase (PHENOX) and Peroxidase (PEROX) activities were

determined by measuring absorbance at 450 nm. Soil suspensions were
prepared by sonicating 0.5 g of soil in 125 ml of acetate buffer (pH 5.2).
Again, 200 μl of soil suspension were added to 50 μl of substrate solution
(25 mM DOPA) (Table S2) on a sterile transparent 96-well microplate.
For peroxidase assays, 10 μl of 0.3 % H2O2 was added to the 50 μl of 25
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mM DOPA substrate. Blank wells received 50 μl of acetate buffer and
200 μl of soil suspension, negative control wells received 200 μl of ac-
etate buffer and 50 μl of substrate solution (+10 μl of 0.3% H2O2 in the
case of Peroxidase). Absorbance was measured at 30 ◦C every 5 min for
2 h for Peroxidase, and every few hours for up to 48 h for Phenol oxidase.
Similarly, activity was calculated as the slope of absorbance over time.

2.5.3. Calculations of microbial carbon use efficiency (CUE) and nitrogen
use efficiency (NUE) from enzyme activities

We calculated microbial CUE and NUE (e.g. amount of nutrient
assimilated in microbial cells over the amount taken up) from the
elemental stoichiometry of organic matter and microbial biomass, and
the ratios of C to N-acquiring eco-enzymatic activities (Sinsabaugh et al.,
2016) (Equations (6) and (7)). This method assesses how microbes shift
their resource use efficiency in response to substrate stoichiometry
(Schimel et al., 2022).

CUEC:N =CUEmax

(
SC:N

(SC:N + K

)

where SC:N =
1

EEAC:N
×
BC:N

LC:N
(6)

NUEN:C =NUEmax

(
SN:C

SN:C + K

)

where SN:C =(1 − EEAN:C) ×
BN:C

LN:C
(7)

where SC:N is a scalar that quantifies how ecoenzymatic activities allo-
cate resources to mitigate differences between the elemental composi-
tion of available resources and that of microbial biomass. CUEmax is set
at 0.6, NUEmax is set at 1.0 and K is the half saturation constant set at 0.5
(Sinsabaugh et al., 2016). EEAC:N refers to the enzymatic C:N ratio, BC:N
is the microbial C:N ratio and LC:N is the soil DOC:DN ratio.

2.6. Net N mineralization

Nitrogen net mineralization rates were measured in June 2022 and
August 2022. On June 6th and August 2nd, 5 replicates of organic soils
(O horizon) were collected per array. On the same day, the rhizosphere
soil was separated from the bulk soil as described above. Each bulk and
rhizosphere sample were divided into two subsamples; one subsample
was left for 28 d incubation in a polyethylene bag buried in-situ under
the leaf litter (T28d) and the other (T0) was transported to the labora-
tory and analysed for extractable N–NH4

+ and N–NO3
- (see method

description above). After 28 days, incubated T28d samples were
retrieved and analysed for extractable N–NH4

+ and N–NO3
- . Net miner-

alization and net nitrification were then calculated as the difference
N–NH4

+ and N–NO3
- content between the T0 and the T28d samples.

2.7. Statistical analyses

Statistical analyses were carried out with Rstudio software (version
3.6.1) (R Core Team, 2017). Linear mixed effect models were used to
evaluate soil fraction (rhizosphere or bulk soil) and treatment (eCO2 or
aCO2) effects, with soil fraction and treatment set as fixed effects, and
array set as random effects (“lmer” function, lme4 package (Bates et al.,
2015)). Due to high variability and low number of replications in FACE
experiment (n = 3) we considered that a p-value (p) between 0.1 and
0.05 indicates an effect and a p-value <0.05 indicates a significant ef-
fect. A Tukey’s multi-comparison test was performed when the treat-
ments or soil fraction had a significant effect on the variable (p < 0.05).
Furthermore, to detect treatment effect independently from the soil
fraction, one-way ANOVA models were performed on the rhizosphere
data and on the bulk soil data separately (Table S3). When the as-
sumptions of normality and homogeneity of variance were not met, log
transformations were performed to meet model assumptions (Table S3).
Correlations between variables were assessed using Pearson correlation
tests and R-squared coefficients of determination. To estimate the eCO2
effect, we calculated the natural log of the response ratio (RR) as an
effect size and its corresponding pooled variance (V) (Hedges et al.,

1999) between the eCO2 and aCO2 treatment in both the bulk soil and
the rhizosphere soil separately (Equations (8) and (9)).

lnRR= ln
(
Xe
Xa

)

(8)

V=
Se2

(
Ne× Xe2

)+
Sa2

(
Na× Xa2

) (9)

where Xe and Xa are the mean values of a specific variable in the eCO2
and aCO2 treatment respectively; Ne and Na are the sample sizes; and Se
and Sa are the standard deviations.

3. Results

3.1. Soil nutrient standing pools

Expect of NO3
− , all nutrient pools showed a positive rhizosphere ef-

fect with notably NH4
+ increasing by 100%, DOC by 13%, free amino

acids (FAA) by 18% and C:N ratio by 7% relative to the bulk soil (p <

0.05) (Table 1, Fig. S3). Soil total C, N and microbial biomass pools were
also higher, though the difference was not significant (p > 0.05). Soil
NH4

+ concentration, dissolved organic carbon (DOC) concentration and
dissolved nitrogen (DN) were significantly higher under eCO2 in both
rhizosphere and bulk soils while FAA and NO3

− concentrations remained
unaffected by eCO2 (Table 1). MBC was also higher under eCO2 in both
bulk and rhizosphere soils while MBN only increased significantly in the
bulk soil (Table 1). Consequently, the microbial C:N ratio was increased
by 10% under eCO2 in the rhizosphere (p > 0.05). Total C and N were
higher under eCO2 in the bulk soil but lower in the rhizosphere (p >

0.05). Overall, most soil nutrient and microbial biomass pools were
positively affected by eCO2 but displayed a stronger eCO2 effect in the
bulk soil (lnRRbulk-pool = 0.32 on average against lnRRrhizosphere-pool =

0.08) (Fig. 2). Additionally, while the difference was not significant, the
relative proportion of rhizosphere soil was slightly higher under eCO2
(23.7%) compared to aCO2 (21.2%) (Fig. 3C).

3.2. Nitrogen and carbon fluxes

3.2.1. Nitrogen mineralization and nitrification
Gross and net mineralization rates were ten times higher in the

rhizosphere compared to bulk soils (Fig. 3). However, while eCO2 had no
discernible impact on gross rates or on the amount of primed N
(Table 2), it increased net rates in both bulk and rhizosphere soils (RR >

0.9) (Fig. 2), but this enhancement was only significant in the rhizo-
sphere (+150% in August) (Fig. 3B). Gross nitrification and net nitrifi-
cation were both enhanced in the rhizosphere but only under aCO2 (p <
0.05). Consequently, nitrification was lower under eCO2 compared to
aCO2 in the rhizosphere (p> 0.05) (Fig. 3), this reduction was especially
pronounced on the gross rates (RR = ─ 0.80) compared to the net rates
(RR = ─ 0.25) (Fig. 2). Additionally, gross nitrification showed a posi-
tive correlation with soil DOC and DN content under aCO2 but not under
eCO2 (Fig. S4) while net nitrification was mostly correlated with soil
moisture (Fig. S5). Finally, while gross and net mineralization rates were
positively correlated (R2 = 0.30), gross and net nitrification showed a
poor correlation (R2 = 0.03) (Fig. S6).

NH4
+ and NO3

− consumption mirrored the production rates, showing
no effect of eCO2 on NH4

+ consumption but indicating lower NO3
− con-

sumption in the rhizosphere (Fig. 3A). NO3
− immobilization by microbes

can be approximated by NO3
− consumption, given that N2O emission by

denitrification is comparatively minimal. NH4
+ immobilization,

approximated by the difference between NH4
+ consumption and gross

nitrification, was higher in the rhizosphere (8.4 ± 13.3 μg g− 1 d− 1) (p >
0.05) compared to the bulk soil where NH4

+ immobilization was barely
detectable (0.3 ± 1.2 μg g− 1 d− 1). NH4

+ and NO3
− mean residence times

(MRT) were calculated as the nutrient pool divided by the rate of
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mineralization or nitrification respectively. NH4
+ MRT was 3 d in the

bulk soil and 0.5 d in the rhizosphere. NO3
− MRT was faster in the

rhizosphere under aCO2 (from 2 d in the bulk soil to 0.7 d in the
rhizosphere), but remained the same between bulk and rhizosphere
under eCO2.

3.2.2. N2O losses by nitrification and denitrification
Under equal soil moisture, total nitrous oxide emissions were higher

under eCO2 in the bulk soil (p> 0.05) but not in the rhizosphere (Fig. 4).
This enhancement was mainly explained by a higher denitrification
activity under eCO2 in the bulk soil (p = 0.03). N2O emissions from
nitrification were not affected by treatments in neither bulk nor rhizo-
sphere soil. Moreover, N2O emissions were positively correlated with
soil MBC in the bulk soil, whereas this correlation was less pronounced
in the rhizosphere (Fig. 4B). On average, denitrification and nitrification
contributed to approximately 40% and 50% of the total N2O emissions,
respectively, leaving only 10% for other sources or errors. However, this
distribution varied considerably among treatments and soil fractions. In
the bulk soil, N2O emissions were predominantly associated with nitri-
fication, whereas in the rhizosphere, the primary source of N2O emis-
sions was denitrification (Fig. 4A).

3.2.3. Microbial carbon respiration
Microbial respiration was influenced by soil fraction and eCO2

treatment (Table 3), but the eCO2 effect was stronger in the bulk soil
(RR = 0.34) compared to the rhizosphere soil (RR = 0.14) leading to no
overall effect of eCO2 on the positive priming effect regarding C
(Table 2). The microbial metabolic quotient (qCO2), providing insight
into microbial activity was significantly higher in the rhizosphere (p <

0.05), with no significant enhancement under eCO2 (Table 3).

3.3. Soil enzyme activities and stoichiometries

eCO2 had a stronger effect on potential soil enzyme activity in the
rhizosphere while trends were less noticeable in the bulk soil. Notably,
in the rhizosphere, LAP was significantly enhanced under eCO2 (+67%),
while phenol oxidase activity was downregulated (− 34%). BG activity
also showed a slight enhancement in both bulk and rhizosphere soils
under eCO2 (p > 0.05) (Fig. 5). Despite these changes, microbial CUE,
NUE and enzymatic ratios remained unaffected by soil fraction or eCO2
(Table S4). The ratio of ln (BG):ln (PHENOX) was 14% higher under
eCO2 in the rhizosphere (p= 0.12) (Table S4) suggesting that there was a
shift in the type of enzyme utilized under eCO2 in the rhizosphere from
oxidative to hydrolytic. The activities of all the hydrolytic enzymes
(LAP, BG, NAG, AP) were positively correlated with each other, and BG
especially was positively correlated with gross mineralization and NH4

+

consumption (Fig. S7). Phenol oxidase activity, on the other hand,
showed a negative correlation with NH4

+ consumption, gross

mineralization, gross nitrification and NH4
+ content (Fig. S7).

4. Discussion

Nitrogen availability and cycling were enhanced by eCO2 in the bulk
soil and in the rhizosphere as evidenced by the higher net mineralization
rates, higher NH4

+ content and higher LAP activity under eCO2. The
increase of the LAP enzyme activity under eCO2 in the rhizosphere
indicated a potential increase of protein depolymerization activity, as
LAP degrades mostly proteins and peptides (Matsui et al., 2006). Higher
N-acquiring enzyme production, together with the higher microbial C:N
ratio observed in the rhizosphere suggests that higher C availability (i.e.
DOC) under eCO2 triggered a microbial N demand in the rhizosphere
(Manzoni et al., 2021; Moorhead et al., 2013). Furthermore, the higher
microbial respiration supports the hypothesis of a faster SOM decom-
position for N-mining, resulting in increasing NH4

+ availability. These
findings align with studies on young tree plantations suggesting an
enhanced N-mining under eCO2 based on higher N-acquiring enzyme
activities (Meier et al., 2015; Phillips et al., 2011) or net mineralization
(Finzi et al., 2002, 2006a). However, only few studies have detected
signs of gross mineralization enhancement (i.e. prime indicator of
N-mining) (Phillips et al., 2011; Sgouridis et al., 2023), indicating that it
may only be discernible in highly N-limited systems (Andresen et al.,
2020; Rütting and Andresen, 2015). Therefore, net rates, measured
in-situ on long term incubation periods, may be more sensitive to
changes in N availability changes compared to gross rates (Verchot
et al., 2001). Yet, further evidence is required to confirm whether the
increased net mineralization results from higher SOM decomposition
and not only from lower NH4

+ consumption. Nevertheless, this experi-
ment suggests that after six years of eCO2 treatment, N availability is not
constrained under eCO2, as NH4

+ is more available, likely due to
increased SOM decomposition, as supported by higher LAP activity, net
mineralization and microbial respiration.

Net nitrification and gross nitrification were slightly downregulated
under eCO2 in the rhizosphere despite the positive rhizosphere effect
and eCO2 effect creating hot spots for heterotrophic nitrification (i.e.
high DOC and DN content) (Zhang et al., 2019). While high soil DOC can
reduce autotrophic nitrification by promoting heterotrophic activity
(Strauss and Lamberti, 2002), in acidic forest soils, heterotrophic nitri-
fication primarily dominates (Li et al., 2018). Hence nitrification was
expected to be stimulated by both rhizosphere and eCO2 effects. Yet, a
positive rhizosphere effect solely occurred under aCO2 where rhizo-
sphere DOC and DN levels drove increased nitrification activity. This
suggests that another mechanism is involved in the reduction of nitri-
fication under eCO2. Earlier research on bulk soils has generated
inconsistent results on nitrification (Barnard et al., 2005; Rütting and
Andresen, 2015; Sgouridis et al., 2023), generally pointing towards an
overall lack of effect. However, a decrease was observed in some cases

Table 1
Soil nutrient content and microbial biomass in bulk soil and rhizosphere soil under aCO2 (ambient) and eCO2 (elevated) and ANOVA test results with p-value below 0.1
highlighted in bold. Mean values and standard errors are indicated for each soil fraction and treatment (n = 9).

Bulk soil Rhizosphere soil ANOVA p-value

aCO2 eCO2 aCO2 eCO2 fraction treatment fraction x treatment

Gravimetric moisture (%) 22 ± 3 25 ± 5 21 ± 3 21 ± 4 0.08 0.83 0.48
pH 3.9 ± 0.2 3.8 ± 0.2 3.8 ± 0.1 3.9 ± 0.2 0.77 0.83 0.21
N–NO3

- (μg g− 1) 15 ± 5 20 ± 7 11 ± 3 13 ± 5 0.15 0.52 0.15
N–NH4

+ (μg g− 1) 3.8 ± 0.7 6.9 ± 1.1 9.5 ± 2.2 11.4 ± 1.4 <0.001 <0.001 0.24
N-FAA (μg g− 1) 2.8 ± 0.2 3.3 ± 0.4 3.4 ± 0.3 3.8 ± 0.3 0.06 0.44 0.88
MBC (μg g− 1) 695 ± 62 969 ± 79 791 ± 91 914 ± 93 0.69 0.02 0.36
MBN (μg g− 1) 86 ± 7 119 ± 10 100 ± 13 106 ± 13 0.85 0.45 0.08
MBC:MBN ratio 8.1 ± 0.2 8.2 ± 0.3 8.1 ± 0.3 8.9 ± 0.3 0.23 0.42 0.18
DOC (μg g− 1) 240 ± 11 311 ± 25 284 ± 7 333 ± 19 0.05 0.06 0.52
DN (μg g− 1) 33 ± 4 44 ± 8 38 ± 4 43 ± 3 0.18 0.03 0.50
Total C (%) 8.9 ± 1.7 13.0 ± 2.3 13.3 ± 2.5 10.9 ± 1.6 0.57 0.7 0.10
Total N (%) 0.50 ± 0.07 0.67 ± 0.10 0.63 ± 0.12 0.56 ± 0.07 0.92 0.57 0.19
C:N ratio 17.1 ± 0.7 18.5 ± 0.8 19.6 ± 0.6 18.9 ± 0.5 0.03 0.54 0.09
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(Barnard et al., 2005; Rütting and Andresen, 2015), aligning with our
observations in the rhizosphere. Nitrification can be downregulated in
soils in the presence of roots either due to competition for NH4

+ (Dijkstra
et al., 2013; Zhu et al., 2021) or due to the release of biological nitrifi-
cation inhibitor (BNI) compounds by roots as a strategy to conserve N
(Subbarao et al., 2007) suggesting that eCO2 increased the competition
between roots and nitrifying bacteria and may alter the concentration of
BNI released by roots. Similar mechanisms may have regulated N2O
losses by denitrification in the rhizosphere (Fender et al., 2013). Deni-
trification was only primed by the higher C in the bulk soil while no
eCO2 effect was detected in the rhizosphere where a higher N demand by
trees may have suppressed denitrifying communities (Rummel et al.,
2021) and counteracted the C exudation effect. These results collectively
suggest that N losses via nitrification and denitrification are reduced
under eCO2 in the rhizosphere, thereby conserving available N for tree
uptake. However, further investigation is needed to understand the

underlying mechanisms of this downregulation.
Furthermore, shifts in soil enzyme activities observed in the rhizo-

sphere indicate that the higher N-mining activity under eCO2 primarily
targets easily accessible SOM, such as proteins or cellulose, rather than
recalcitrant C denoted by the lower phenol activity. Similar shifts were
noted in a meta-analysis but were not significant (Xiao et al., 2018)
suggesting a small yet tangible effect of eCO2. Microbes under eCO2
might shift their nutrient acquisition strategy, acquiring N from easily
accessible nutrients provided by the higher rhizodeposition under eCO2
(Phillips et al., 2009) rather than recalcitrant SOM (Dijkstra et al.,
2013). Thereby, while the decrease in phenol oxidase activity under
eCO2 may imply a promotion of C storage (Sinsabaugh, 2010), we hy-
pothesize that the accelerated decomposition of new carbon could
impede C accumulation under eCO2 (Phillips et al., 2012), aligning the
lower total C found in the rhizosphere and with research suggesting an
overall marginal effect of eCO2 on soil C storage (Carney et al., 2007;

Fig. 2. Response ratio (lnRR mean with standard error) of the eCO2 effect in the bulk (brown) and rhizosphere soil (red) relative to aCO2 calculated for each variable
(gross rates, N2O emissions and CO2 respiration are measured from soil incubated with 15 N label). A negative response ratio means that eCO2 decreased that specific
variable and a positive value means that eCO2 increased that variable.
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Kuzyakov et al., 2019; Terrer et al., 2021).
While the rhizosphere was found to be inherently more active (i.e.

positive priming of C and N) than the bulk soil, the effects of eCO2 were
not consistently stronger in the rhizosphere, contrary to our initial hy-
pothesis. Increased nutrient availability and N mineralization were
observed in both rhizosphere and bulk soils, complicating in-
terpretations on the role of RPE on N availability under eCO2. This could
be due to the dense root distribution in the organic layer (1 mg cm− 3)
resulting in high exudation quantity of 5 μg cm− 2 d− 1 (Reay et al., in
prep), which likely extended the priming effect into the bulk soil espe-
cially under eCO2 where the fine root biomass is higher. Consequently,

Fig. 3. Ammonium and nitrate dynamics under aCO2 (blue) and eCO2 (orange) in rhizosphere and bulk soils. A) Gross mineralization, gross nitrification, ammonium
and nitrate consumption, where errors bars represent the standard error between replicates (n = 9) in August. B) Net mineralization and nitrification in June and
August (n = 15). C) Rhizosphere relative mass expressed in percentage. Significant differences between treatments, types, or interactions are indicated with an
asterisk above the respective groups.

Table 2
Primed C and N calculated as the difference in CO2 respiration and gross
mineralization respectively between rhizosphere and bulk soil (mean ± se).
ANOVA results for treatment are described on the right part of the table.

Priming effect aCO2 eCO2 ANOVA p-value

treatment

Primed C 0.46 0.46 0.99
(ugC g− 1 h− 1) ±0.22 ±0.32
Primed N 16.4 14.8 0.89
(ugN g− 1 h− 1) ±6.1 ±5.9

Fig. 4. A) N2O emission source partitioned (i.e. denitrification and nitrification and other). Errors bars represent the standard error between replicates (n = 9). An
asterisk indicates significant differences (p-value <0.05) between treatment for that soil fraction. B) Total N2O emission correlation with microbial biomass car-
bon (MBC).
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even a small addition of C in the bulk soil may trigger more changes than
a larger addition in the rhizosphere, an already nutrient-rich environ-
ment. Thus, in our study, eCO2 also influenced the bulk soil, giving it
rhizosphere-like characteristics such as higher microbial biomass,
respiration and N availability (Kuzyakov and Blagodatskaya, 2015). We
cannot exclude the possibility of errors during the separation of bulk and
rhizosphere soils where some rhizosphere soil might have fallen into the
bulk soil, especially since rhizosphere soil can be attached more loosely
to roots in organic soils compared to mineral soils. However, this po-
tential error should have been consistent between eCO2 and aCO2.

Additionally, by increasing root biomass (Ziegler et al., 2023), eCO2
likely expanded the proportion of rhizosphere soil as it was observed in
our experiment (+2%) and to a larger extent at Duke FACE (Meier et al.,
2015). Given that N mineralization is ten times faster in the rhizosphere,
even a modest expansion of 2% in relative mass can potentially boost N
gross mineralization by 18% when scaling-up to soil volume (2.53 μg N
cm− 3 d− 1 under eCO2 against 2.13 μg N cm− 3 d− 1 under aCO2). There-
fore, rhizosphere mass expansion might be a crucial mechanism for
enhancing N availability that must not be disregarded when addressing
tree N demand under future climates.

5. Conclusion

Collectively, our findings demonstrate that elevated CO2 stimulates
N cycling in the rhizosphere and bulk soils to meet microbial and tree N
demand and reduce N losses in the rhizosphere, through a higher
competition for available N. Our study proposes that the promotion of
SOM decomposition and the control of N availability through plant and
rhizobiome interactions could be a crucial mechanisms sustaining plant
growth under higher atmospheric CO2 concentrations. However, long-
term studies need to track the trajectories of these processes to under-
stand whether a shift may happen from abundant N supply to N limi-
tation forcing long term C pool priming and leading to either a limitation
of tree growth and/or a depletion of soil organic matter pool.
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Strömgren, M., Van Oijen, M., Wallin, G., 2007. The likely impact of elevated [CO 2
], nitrogen deposition, increased temperature and management on carbon
sequestration in temperate and boreal forest ecosystems: a literature review. New
Phytologist 173, 463–480. https://doi.org/10.1111/j.1469-8137.2007.01967.x.

Jiang, M., Medlyn, B.E., Drake, J.E., Duursma, R.A., Anderson, I.C., Barton, C.V.M.,
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