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Abstract
Background and aims Rhizosphere processes are inte-
gral to carbon sequestration by terrestrial ecosystems in
response to rising concentrations of atmospheric CO2.
Yet, the nature and magnitude of rhizosphere responses
to elevated CO2, particularly in nutrient and water-
limited forest ecosystems, remain poorly understood.
Methods We investigated rhizosphere responses (en-
zyme activities and nutrient availability) to atmospheric
CO2 enrichment (ambient +150 μmol CO2 mol−1) in a
phosphorus-limited mature eucalypt woodland in south-
eastern Australia (the EucFACE experiment).

Results Following 17 months of treatment, the activity
of rhizosphere soil exoenzymes related to starch and
cellulose degradation decreased between 0 and 10 cm
and increased from 10 to 30 cm depth under elevated
CO2. This response was concurrent with increases in
nitrogen and phosphorus availability and smaller C:P
nutrient ratios in rhizosphere soil under elevated CO2.
Conclusions This nutrient-poor eucalypt woodland ex-
hibited rhizosphere responses to atmospheric CO2 en-
richment that increased nutrient availability in rhizo-
sphere soil and suggest accelerated rates of soil organic
matter decomposition, both of which may, in turn, pro-
mote plant growth under elevated CO2 concentrations.

Keywords Climate change . Elevated CO2
. Free-air

CO2 enrichment . Fine roots . Forests . Nutrient
limitation . Phosphorus . Rhizosphere

Introduction

Atmospheric carbon dioxide (CO2) concentrations have
been steadily increasing since pre-industrial times and
are predicted to reach 650 μmol mol−1 within the next
30–50 years (Friend et al. 2014). This increase is due to
human activities such as fossil fuel combustion and land
clearing, which release large amounts of CO2 to the
atmosphere, altering the global carbon (C) cycle and
changing the climate across the globe (Day et al. 2013;
Friend et al. 2014). A large proportion of anthropogenic
CO2 emissions is expected to be assimilated and stored
by plants via photosynthesis (Liberloo et al. 2007).
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However, an increase in net primary productivity will
only result in significant C accumulation if a substantial
proportion of the fixed C is able to enter pools that turn
over slowly, for example, soil organic matter, wood and
coarse roots (Allen et al. 2000; Trumbore 2000; Stover
et al. 2007).

Soil fertility and water availability frequently modu-
late ecosystem responses to elevated CO2 (eCO2), par-
ticularly in forests (de Graaff et al. 2006; McCarthy et al.
2010; Norby et al. 2015). Furthermore, in the absence of
external nutrient inputs (e.g., via fertilization or high
levels of atmospheric nitrogen (N) deposition), plant
growth enhancement under eCO2 may not be main-
tained in the long-term due to progressive nutrient lim-
itation (de Graaff et al. 2006). This can be especially
important for mature ecosystems, which are frequently
limited by nutrients such as N and phosphorus (P)
(Vitousek et al. 2010). Under such circumstances, en-
hanced rhizosphere activity may help sustain higher
rates of plant growth in response to eCO2 due to a
rhizosphere-induced increase in soil nutrient availability
(Phillips et al. 2011; Phillips et al. 2012; Dijkstra et al.
2013; Drake et al. 2013). In this context, plants can exude
a considerable proportion (estimated at about 17% on
average) of their assimilated C belowground as low mo-
lecular weight C compounds that can be directly
metabolised by microorganisms (Phillips and Fahey
2005; Nguyen 2009; Jones et al. 2009; Finzi et al.
2015). Alternatively, plants can influence nutrient avail-
ability via the production of extracellular enzymes and
release of carboxylic acids. A recent global meta-analysis
demonstrated that eCO2 stimulates rhizodeposition of C
and both fine and coarse root production (Nie et al. 2013).
This was concomitant with a decrease in the proportion of
roots in the topsoil and the expansion of rooting systems
deeper into the soil profile, particularly in forests
(Pritchard et al. 2008; Iversen 2010; Nie et al. 2013). This
suggests that, under eCO2, strategies associated with in-
creased acquisition of soil resources may be especially
relevant. However, little is known as to whether this
mechanism applies to ancient, highly P-depleted soils
such as those in the southern hemisphere and throughout
the tropics (Wang et al. 2010; Norby et al. 2015).

Given the paramount importance of forest ecosys-
tems for terrestrial C sequestration and the extent of P
limitation across the globe (Wang et al. 2010), two key
questions are whether P-limited forest ecosystems re-
spond to increasing atmospheric CO2 concentrations
and how important is the rhizosphere in mediating

eCO2 effects on nutrient availability (Jin et al. 2015).
In a recent study, Hasegawa et al. (2016) found higher P
and N availability and mineralization rates under eCO2

in a low-nutrient, mature eucalypt woodland but this
increase was only evident during the warmer, summer
months (November–February). These responses were
attributed to an enhancement of microbial turnover of
organic matter and mobilisation of chemically-bound
nutrients. However, the study did not provide evidence
of the specific mechanisms driving this response, in-
cluding rhizosphere mechanisms, which remains an
under-explored field of research (Zak et al. 2000; de
Graaff et al. 2006). In this study, we examine the role of
rhizosphere mechanisms in underpinning these ob-
served increases in P and N availability.

Herein, we aimed to quantify nutrient availability and
activity of extracellular enzymes (exoenzymes) related
to the main nutrient cycles (C, N and P) in the bulk and
rhizosphere soil, and their early responses (17 months)
to eCO2. We also sought to explore the influence of fine
roots on nutrient availability and activity of exoenzymes
(i.e., the rhizosphere effect). We predict that eCO2 will
increase plant C investment in strategies that facilitate
the acquisition of soil resources (particularly P) such as
exudation of C-rich compounds and increasing plant-
and microbial-derived exoenzymes (Nie et al. 2013).
This would, in turn, reduce resource constraints on the
CO2 fertilization response.

Material and methods

Study site

The study was conducted at the Eucalyptus free-air CO2

enrichment (EucFACE) experiment in a P-limited
(Crous et al. 2015) remnant Cumberland Plain wood-
land in the Sydney basin, near Richmond, New South
Wales, Australia (33° 24’S, 150° 59’E). The dominant
tree species is Eucalyptus tereticornis and the dominant
understorey grass is Microlaena stipoides. Other fre-
quent understorey species are the forbs Pratia
purpurascens and Commelina cyanea. Mean tree basal
area at the study site is 27.6 ± 2.7 m2 ha−1. The soil is a
loamy sand of the Clarendon Formation (>75% sand in
the surface; Gimeno et al., 2015). Total soil C and N (0–
10 cm) at the site range between 1 and 2% and 0.08–
0.16%, respectively, whereas total P (extracted with
Aqua Regia and, thus, representing the P contained in
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the soil organic matter pool) ranges between 51.3–
102.4 mg P kg soil−1 (Drake et al. 2016). The pH is
acidic (pH 5.5; this study). Variations in soil moisture at
the site are conditioned by the presence of a hard soil
layer that runs in an oblique angle across the whole
experimental area (depth ranges between 34 and
67 cm), as well as by microtopography and associated
variation in soil texture. Annual rainfall and mean
minimum/maximum temperatures at the site in the two
years immediately prior to sampling were 824.2 mm and
10.5 °C/24 °C in 2012 and 661 mm, 11.1 °C/25.2 °C in
2013 (Station 067105, Australian Government, Bureau
of Meteorology).

Experimental design

EucFACE was designed as a completely randomized
experiment and consists of six experimental rings, each
25 m in diameter. Three of these rings are controls,
receiving ambient air only, and three are continuously
fumigated during daylight hours to maintain a CO2

concentration of 150 μmol CO2 mol−1 above ambient
levels. The experiment commenced in September 2012.
CO2 concentrations in the fumigated rings were gradu-
ally increased by 30 μmol CO2 mol−1 every 4–5 weeks
until the final target concentrations (+150 μmol CO2

mol−1) were reached in February 2013 (Gimeno et al.
2015). From February 2013 to February 2014, 5-min
average CO2 concentrations measured in the canopy
were within 25% of the target 87.5% of the time
(Suppl. Fig. 1).

Soil sampling and root standing crop biomass
determinations

In February 2014, eight soil samples were collected at
depths of 0–10 and 10–30 cm within four pre-
established 1 × 1 m plots in each of the 6 rings (96
samples in total), using a slide hammer (4.5 cm diame-
ter). This corresponded to a period when soil P avail-
ability, as measured using ion exchange membranes
with subsequent Bray 1-P extraction using 0.03 M
NH4F (Rayment and Lyons 2011), was observed to be
higher under eCO2 (Hasegawa et al. 2016). Samples
were transported to the laboratory, weighed and then
stored at 4 °C and processed within 15 days. To separate
fine roots, soil was sieved and then sorted by hand,
collecting any roots <2 mm in diameter. Rhizosphere
soil was obtained by shaking fine roots vigorously after

hand collection and also by collecting any soil particles
attached to the roots. The remaining soil was considered
as bulk soil. The roots were then washed, placed in a
drying oven at 60 °C for 2 days, after which they were
weighed. Bulk and rhizosphere soil samples were re-
frigerated (4 °C) and processed within 15 days.

Soil measurements

Soil pH was measured using a 1:2.5 ratio of fresh bulk
soil to deionised water. We determined the maximum
potential activity of seven enzymes related to the main
nutrient cycles (C, N and P) both in bulk and rhizo-
sphere soil. Enzymes assayed were: α-1,4-glucosidase
(AG; starch degradation), β-1,4-glucosidase (BG;
starch degradation), β-xylosidase (XYL; hemicellulose
degradation) and β-D-cellobiohydrolase (CBH; cellu-
lose degradation) for the C cycle; β-1,4-N-
acetylglucosaminidase (NAG; chitin degradation) and
L-leucine aminopeptidase (LAP; protein degradation)
for the N cycle; and acid phosphatase (PHOS; phospho-
rus mineralization) for the P cycle. Soil enzyme activi-
ties were assessed fluorometrically following the
methods described in Bell et al. (2013). Briefly, assays
were conducted by homogenizing 0.3 g of soil in 30 ml
of 50 mM sodium acetate buffer (pH 5.5) for 1 min. The
homogenised solutions were then added to a 96-deep-
well (2 ml) microplate. Control replicates of soil slurry
and 4-methylumbellfferone (MUB) or 7-amino-4-
methylcoumarin (MUC) standard curves of 0–100 μM
were included in each sample. Soil slurries with fluo-
rometric substrates (Sigma-Aldrich: M9766 for AG,
M3633 for BG, M7008 for XYL, M6018 for CBH,
M2133 for NAG, L2145 for LAP, and M8883 for
PHOS) were then incubated for 1.5 h at 35 °C. Follow-
ing incubation, the supernatant solution was transferred
into corresponding wells in a black, flat-bottomed 96-
well plate. The plates were then scanned on a microplate
fluorometer (2300, EnSpire® Multilabel Reader,
PerkinElmer, Boston, MA, USA) using an excitation
wavelength of 365 nm and an emission wavelength of
450 nm. Root phosphatase activity was evaluated on ~2-
cm fine root segments following the same procedure.

In the same set of bulk and rhizosphere soil samples
(February 2014), extractable soil N (NO3

− and NH4
+)

and hydrolysable C sources (phenols and hexoses) were
evaluated from 0.5 M K2SO4 extracts following the
procedures described in Chantigny et al. (2006). Ex-
tractable P (PO4

3−, used as a proxy of instantaneous P
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availability) was also measured, using 2.5% acetic acid
(Olsen P) as described in Covelo et al. (2008). In all
cases, we used one bulked soil sample per ring and per
depth (composite of eight samples) given the scarcity of
material, particularly for rhizosphere soil in the deep
layer. For this reason, and in order to be able to extract
both C and N fractions from the same soil sample,
K2SO4 was chosen over other extractants (e.g., KCl) to
measure N availability.

Statistical analysis

Three-way nested analysis of variance (ANOVA) was
used to evaluate the overall effects of eCO2, sampling
depth and soil type (bulk vs. rhizosphere soil) on nutri-
ent availability and enzymatic activities, and their re-
spective stoichiometric ratios. Stoichiometric ratios (C
to N, C to P and N to P) were calculated based on the
sum of all nutrient concentrations or log-transformed
enzyme activities related to the same nutrient cycle.
For example, the enzyme C:N ratio was calculated as
the logarithm of the sum of AG, BG, CBH and XYL
divided by the logarithm of the sum of NAP and LAP
(Sinsabaugh et al. 2009). In our model, soil type was
nested within depth and depth within ring.

The relative interaction intensity (RII) index, origi-
nally developed to measure competition/facilitation in
plants (Armas et al. 2004), but recently used in other
ecological studies (e.g., soil microbial responses to N
addition; Sinsabaugh et al. 2015), was also used to
evaluate the relative effect of soil type on these biogeo-
chemical parameters. This index ranges from −1 to 1
and is defined as:

RII ¼ Xr−Xbð Þ
.

Xr þ Xbð Þ;

where X is the variable of interest and the subscripts r

and b refer to the rhizosphere and the bulk soil, respec-
tively. Relative interaction index values were calculated
at the sample level. In our case, RII ± 95% confidence
interval values <0 indicate lower enzyme activity/
nutrient availability in the rhizosphere soil in relation
to the bulk soil (significant negative rhizosphere effect),
whereas values >0 represent situations in which the
activity/availability is higher in the rhizosphere soil
(significant positive rhizosphere effect). Two-way
nested ANOVAs were also used to evaluate the effects
of eCO2 on RII values and root phosphatase activity. In
these analyses, depth was nested within ring.

We also carried out Pearson correlation analyses with
soil water content (SWC), soil pH and tree basal area
(data obtained from Drake et al. 2016) to investigate the
potential mediating role of pre-treatment spatial hetero-
geneity in resource availability, soil properties and tree
basal area in the belowground responses. Similarly, we
carried out Pearson correlation analyses between root
biomass and, by extension total rhizosphere soil extract-
ed, and all the biogeochemical parameters evaluated
both in the bulk and rhizosphere soils in order to inves-
tigate the extent of the control exerted by the roots in the
soil function. In the case of SWC, we used average
values of continuously monitored volumetric soil water
content data (from 1/11/2012 to 31/1/2014) from each
ring (eight probes per ring, 0–15 cm; CS650-L; Camp-
bell Scientific, Logan, UT, USA).

Statistical analyses were carried out using the ‘lme’
function of the nlme package in R version 3.3.2 (R Core
Team 2016). Given the low number of experimental
replicates (n = 3), P-values for these analyses were
considered significantly different at α = 0.10 (Phillips
et al. 2011). Mean ± standard error values are consis-
tently reported throughout. When needed, data were
log-transformed prior to analyses to meet normality
assumptions.

Results

Enzyme activities

Cellobiohydrolase activity was significantly affected by
the interaction between CO2 treatment and depth
(P = 0.059; Fig. 1; Table S1), with a three-fold decrease
and a four-fold increase in activity between 0 and 10 cm
and 10–30 cm, respectively, under eCO2 compared to
ambient conditions. Similarly, BG decreased at 0–10 cm
and increased at 10–30 cm in the rhizosphere soil under
eCO2 (CO2 x depth interaction in the rhizosphere soil;
P = 0.06; Fig. 1; Table S1). Phosphorus (PHOS) and N-
degrading enzymes (LAP and NAG) were, in contrast,
not affected by eCO2 (Fig. 1; Table S1). The enzyme
related to the P cycle (i.e., PHOS) was dominant in soil
in relation to those enzymes related to C (~3 times
higher) and N (~6 times higher) cycles (Fig. 1) and the
activity of all C-degrading enzymes, except XYL, was
consistently higher in the rhizosphere soil compared to
the bulk soil (Fig. 1; Table S1). Similar to PHOS, root
phosphatase activity (228.2 ± 28.7 nmol g dry
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root−1 h−1) was not affected by eCO2 (P = 0.96) nor by
depth (P = 0.46), despite a general trend towards higher
activity at 10–30 cm (Suppl. Fig. 2). The interaction
between eCO2 and depth was also non-significant
(P = 0.93).

Soil chemistry and rhizosphere effect

Extractable soil P concentrations were 4.91 ± 1.35 mg
kg soil−1 and did not vary in absolute terms with depth
(P = 0.78), indicating an overall depletion of this nutri-
ent across the soil profile (Fig. 2; Table S1). Phosphorus
concentrations were also unaffected by eCO2 (P = 0.34)
in both rhizosphere (P = 0.26) and bulk (P = 0.83) soil.
This contrasts with the consistent trend towards higher P
levels in eCO2 rings and the significant effects reported
by Hasegawa et al. (2016) during the same month. Soil
P concentrations were consistently greater in the rhizo-
sphere compared to bulk soil (P = 0.01) and there was
also a significant interaction between CO2 treatment and
soil type (bulk/rhizosphere, P = 0.06) indicating greater
P availability in rhizosphere soil under eCO2 regardless
of soil depth. Extractable P concentrations were also

greater in rhizosphere soil (compared to bulk) under
eCO2 when evaluated with the RII (P = 0.09; Fig. 3;
Tables S1 and S2), although the rizhosphere effect was
only clearly evident at 0–10 cm depth. Inorganic N and
hydrolysable C fractions were not affected by eCO2

(Fig. 2; Tables S1 and S2). Ammonium-N was the main
inorganic N fraction in soil (~3 times higher than NO3

−-
N). This form was particularly dominant in the rhizo-
sphere (~12 times higher), possibly reflecting high rates
of N mineralization in root-associated soil and/or a
lower rhizosphere pH (Fig. 2). As was found for P
availability, there was a significant interaction be-
tween CO2 treatment and bulk/rhizosphere soil
(P = 0.07) for total inorganic N availability, with
greater concentrations in rhizosphere soil under
eCO2. This effect was particularly evident at 0–
10 cm depth (P = 0.06), although the rhizosphere
effect was significant at both depths (Figs. 2 and 3;
Table S2). Hydrolysable C, both in the form of phenols
and hexoses, was also much greater in the rhizosphere
soil compared to bulk soil (~3 times higher), particularly
at 10–30 cm depth (significant rhizosphere effect re-
gardless of eCO2), which suggests an active release of
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organic C compounds by roots (i.e. rhizodeposition;
Figs. 2 and 3; Table S1). Soil pH was not affected by
eCO2 (P = 0.20), despite an evident negative trend and
previous findings of a significant reduction (P = 0.09)
(Hasegawa et al. 2016).

With regard to stoichiometric responses, we found a
significant interaction between CO2 treatment and bulk/

rhizosphere soil in terms of the C:P nutrient ratio. This
was largely due to the relative increase in P availability
with respect to concentrations of hydrolysable C in the
rhizosphere soil under eCO2, particularly at 10–30 cm
(Fig. 4a; Table S3). In contrast, the C:P enzyme ratio
increased under eCO2 in the rhizosphere soil between 10
and 30 cm (Fig. 4b; Table S4).
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Root biomass

Fine root biomass (0–30 cm) within the rings in Febru-
ary 2014 was estimated to be 238.6 ± 18.6 g m−2, with
total root biomass estimated at 1027.7 ± 286.87 g m−2.
Coarse root biomass therefore represented 69.8% of
total root biomass; however, coarse root biomass esti-
mates, based on small diameter cores, did not include
any taproot or large diameter coarse roots and are thus
likely to be an underestimate. Root biomass at the study
site varied among plots, and was positively related to
SWC, P availability, tree basal area and most of the
measured soil factors (Table 1).

Relationships between fine root biomass and soil
biogeochemistry

Fine root biomass and, by implication, the total amount
of rhizosphere soil in the extracted set of soil cores
(r = 0.683; P = 0.014), were positively related to the
concentrations of most of the bulk soil nutrients and
enzymes relating to C, N and P cycles (Table 1), sug-
gesting a tight association between the amount of fine
roots and soil microbial activity and nutrient availability.
Phosphorus availability in the bulk soil was, however,

more strongly (positively) related to coarse root biomass
and total root biomass than to fine root biomass alone
(Table 1). In contrast, associations between fine root
biomass and associated rhizosphere soil amount with
soil nutrients and enzymes measured in the rhizosphere
were less clear, except in the case of hexoses (i.e. car-
bohydrates) that, in contrast to the bulk soil, showed a
strong, negative association with fine root biomass and
associated total rhizosphere soil. Total and coarse root
biomass were highly positively related to tree basal area
(27.2 ± 2.4 m2 ha−1) and SWC (10.9 ± 0.1%), and
negatively related to soil pH (5.30 ± 0.06; Table 1).

Root phosphatase activity was not related to any of
the soil variables measured, including rhizosphere/bulk
soil phosphatase activity or P availability (data not
shown). However, root phosphatase activity was posi-
tively associated with the rhizosphere effect (RII values)
of NAG, N:P enzyme ratio and, to a lesser extent, PHOS
(Suppl. Fig. 3). There was a significant positive log-
linear relationship between hydrolysable C concentra-
tions (i.e. sum of dissolved hexoses and phenols) and P
availability, a response mainly driven by a significant
relationship in the rhizosphere soil but not in the bulk
soil (Fig. 5a). We did not find the same clear association
between N availabi l i ty and hydrolysable C
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concentrations in the rhizosphere soil, although there
was an overall positive relationship between these two
variables (Fig. 5b).

Discussion

Our study provides novel evidence that indicates that
plant and microbial communities from P-limited euca-
lypt woodlands are able to respond rapidly to eCO2 by
altering the production of starch and cellulose degrading
enzymes, which indirectly may have resulted in a rela-
tive increase of inorganic P and N in the rhizosphere
compared to bulk soil. Plant responses at the rhizosphere
level appear to be driven by an induced nutritional
imbalance (increased C availability, i.e. eCO2, in rela-
tion to mineral P), as suggested by stoichiometric

changes in rhizosphere chemistry (smaller C:P nutrient
ratios under eCO2). Similar shifts in nutrient and exo-
enzyme stoichiometry under eCO2 have also been re-
ported for a grassland ecosystem (Dijkstra et al. 2013).
The observed increase in C-degrading enzyme activities
in the deeper soil layers may be related to a rhizosphere
priming effect and, therefore, to an increase in microbial
nutrient mining. In contrast, the smaller activity of C-
degrading enzymes in the shallower layers, where P
turnover rates are typically much faster, could possibly
reflect a functional response of mycorrhizal plants to
reduce microbial competition for limiting nutrients such
as P (Fontaine et al. 2003). Although eucalypt roots can
typically explore the soil down to several meters, the
presence of a hard layer at depths ranging between 34
and 67 cm may limit the exploration of roots for extra P
much deeper, making our 10–30 cm layer a good func-
tional representation of deep exploration as compared to
the shallow, 0–10 cm layer. Taken together, these two
apparently contrasting, depth-dependent strategies may
allow plants to take advantage of the extra CO2 present
in the atmosphere, at least in the short term, by increas-
ing soil nutrient availability and uptake (Dijkstra et al.
2013).

Soil nutrients and enzymes

Our findings of increased enzyme activities related to
starch and cellulose degradation between 10 and 30 cm
under eCO2 are similar to those of Finzi et al. (2006) in a
temperate forest ecosystem. Interestingly, and in con-
trast to the latter study, N-degrading soil enzymes and,
more importantly, potential soil and root phosphatase
activities were not affected by eCO2 (Dijkstra et al.
2013; Carrillo et al. 2014). Despite the lack of signifi-
cant CO2 effects, phosphatase activity was greater than
that of any other C- or N-degrading enzyme, which is
also in agreement with a global synthesis study
(Sinsabaugh et al. 2009). In contrast to individual nutri-
ent concentrations and enzyme activities, stoichiometric
ratios were relatively consistent between rhizosphere
and bulk soil and depths, suggesting a certain degree
of homeostasis in the system (Sinsabaugh et al. 2009).
Potential soil and root phosphatase activities were also
decoupled from one another, as evidenced by the lack of
correlation between these variables.

Strikingly, only those enzyme activities responsible
for the degradation of starch (BG) and cellulose (CBH)
were affected by eCO2, while NAG (chitin degradation)
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and XYL (hemicellulose degradation), responsible for
the degradation of recalcitrant compounds, were not
affected. These results suggest that plant roots may be
releasing labile C compounds to the rhizosphere
resulting in a depth-dependent increase in microbial
activity as a consequence of priming (Carrillo et al.
2014). The up-regulation of enzymes responsible for
the degradation of recalcitrant compounds may only
happen after longer exposure times once labile P and
more accessible bound P fractions have been depleted.
Microbial priming has been reported to release nutrients
locked in SOM, particularly N and P, and may be the
underlyingmechanism explaining the larger relative and
absolute P availability in response to eCO2 observed
here and by Hasegawa et al. (2016). This evidence is
further supported by an increase in soil respiration rates
under eCO2 early in EucFACE (Drake et al. 2016) and
the lack of up-regulation of phosphatase activity, both in
rhizosphere and bulk soil and in the roots. In contrast to
Finzi et al. (2006), C-degrading enzymes in our study,
particularly BG and CBH, markedly decreased in the
rhizosphere soil between 0 and 10 cm under eCO2,
which is consistent with the typically greater availability
of soil nutrients in the shallower soil layers and presum-
ably reduced benefits to plant nutrient acquisition from
microbial priming (Dijkstra et al. 2013). In fact, slower
decomposition has been previously described in other
experiments in response to eCO2 under controlled,
greenhouse conditions (Carrillo et al. 2014). This
depth-dependent up- and down-regulation of microbial
activity in the rhizosphere soil under eCO2 may be
responsible for the relative increase in availability of
inorganic N and P in the rhizosphere soil and also in
the ratio of inorganic P to hydrolysable C across the
whole soil profile. These results highlight the important
role played by the rhizosphere in the previously de-
scribed increase in N and P availability under eCO2 in
the EucFACE experiment (Hasegawa et al. 2016). Our
results also suggest the importance of carrying out long-
term mechanistic studies in order to fully understand
ecosystem responses to eCO2 that can then be appropri-
ately integrated into global biogeochemical models
(Norby et al. 2015). Furthermore, the significant posi-
tive relationship found between hydrolysable C concen-
trations and P availability in the rhizosphere soil, togeth-
er with the lack of effect of eCO2 on phosphatase
activity, suggests an additional potential role of root C
exudates (e.g., chelators such as carboxylic acids, phe-
nolics, etc.) in the desorption/solubilisation of P from

mineral surfaces through ligand exchange and dissolu-
tion (Badri and Vivanco 2009; Dijkstra et al. 2013;
Lambers et al. 2015).

Roots as a driver of biogeochemical processes
in response to elevated CO2

In February 2014, fine root biomass values of 238.6 g
m−2 were slightly smaller, but in the same order of
magnitude, than those reported by Macinnis-Ng et al.
(2009) (490 g m−2) for remnant Cumberland Plain
woodlands within the same region. Our data do, how-
ever, represent just a single snapshot of root biomass and
so further sampling is needed to determine how variable
fine root biomass and productivity are across seasons
and years to enable robust tests of eCO2 effects and the
role of environmental factors mediating any response.

Elevated CO2 concentrations can stimulate forest
NPP through increased photosynthesis, which often re-
sults in greater C allocation to root biomass (Palmroth
et al. 2006; Carol Adair et al. 2011; Drake et al. 2011).
Matamala & Schlesinger (2000) reported a significant
increase in fine root biomass production (86%, 0–
20 cm) only after two years of fumigation in a compar-
atively young forest stand, while de Graaff et al. (2006)
reported an overall increase (34%) in belowground pro-
ductivity across multiple eCO2 experiments, but only
where extra N had been supplied. Our early data suggest
that belowground responses to eCO2 in the mid to long-
term could be mediated by spatial and temporal varia-
tions in the availability of soil resources (e.g., water and
nutrients) and also by pre-treatment variability in tree
cover. Future sampling campaigns will, however, deter-
mine the long-term ability of this system to increase
standing root biomass and productivity in response to
eCO2 and the role of environmental factors mediating
this response.

In parallel, fine root biomass and, by extension, total
rhizosphere soil amount in the extracted soil cores were
highly related to the activity of four enzymes in the bulk
soil, and to bulk soil nutrient availability. In contrast,
root phosphatase activity was upregulated by a positive
rhizosphere effect on the chitinase activity and N:P
enzyme ratio, suggesting that root-derived enzymes
may be also important in maintaining a balanced supply
of N and P for plant growth. Overall, our results support
the concept of plants controlling nutrient release and
uptake either through active root foraging or via en-
hanced or decreased activity of the microbial
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communities in the rhizosphere soil, more than directly
through the release of plant-derived nutrient-releasing
enzymes, although this last mechanism can also play a
role (Berendsen et al. 2012; Finzi et al. 2015). In this
sense, it has been shown that plants can shape the
composition of their rhizosphere microbiome, which is
crucial for plant health and the tolerance of biotic and
abiotic stresses (Berendsen et al. 2012; Philippot et al.
2013). This is, however, an unexplored field of research,
particularly in the context of climate change, that de-
serves further attention given its implications for C
sequestration (Berg and Smalla 2009). Our data also
support a broader and more functional definition of
rhizosphere as the portion of soil affected by the pres-
ence of roots (plant-soil interface sensu lato), and not
only restricted to the narrow portion of soil directly
attached to them (Hinsinger et al. 2009). In fact, this
broader definition coincides better with the original
definition of rhizosphere given by Lorenz Hiltner in
1904 (Hartmann et al. 2008) and that implicitly given
in the first editorial of the journal Rhizosphere (Adl
2016).

Our study provides novel evidence suggesting that
rhizosphere processes in a mature eucalypt forest eco-
system can respond rapidly (<2 years) to atmospheric
CO2 enrichment. Here we show that several early be-
lowground responses of a P-limited forested ecosystem
to eCO2 are associated with an alteration in the alloca-
tion of resources to strategies that enhance the ability of
plants to acquire resources (particularly inorganic P and
N) necessary to maintain increased plant metabolism
and potentially, therefore, growth under eCO2. In par-
ticular, we described a synchronized down- (0–10 cm)
and up-regulation (10–30 cm) of rhizosphere activity
that was associated with an overall increase in inorganic
P and N availability in the rhizosphere across the entire
soil profile studied. Our findings suggest that
rhizosphere-mediated increases in soil organic matter
decomposition and enhanced nutrient availability may
thus be an important mechanism in promoting plant
growth in response to elevated CO2 in this and perhaps
other nutrient-poor ecosystems.
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