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Abstract. Biomass production efficiency (BPE), the ratio of biomass production to photosynthe-
sis, varies greatly among ecosystems and typically increases with increasing nutrient availability.
Reduced carbon partitioning to mycorrhizal fungi (i.e., per unit photosynthesis) is the hypothesized
underlying mechanism, as mycorrhizal abundance and plant dependence on these symbionts typically
decrease with increasing nutrient availability. In a mesocosm experiment with Zea mays, we investi-
gated the effect of nitrogen (N) and phosphorus (P) addition and of mycorrhizal inoculation on BPE.
Photosynthesis and respiration were measured at mesocosm scale and at leaf scale. The growth of
arbuscular mycorrhizal fungi (AMF) was assessed with ingrowth bags while also making use of the
difference in d13C between C4 plants and C3 soil. Mesocosms without AMF, that is, with pasteurized
soil, were used to further explore the role of AMF. Plant growth, photosynthesis, and BPE were posi-
tively affected by P, but not by N addition. AMF biomass also was slightly higher under P addition,
but carbon partitioning to AMF was significantly lower than without P addition. Interestingly, in the
absence of AMF, plants that did not receive P died prematurely. Our study confirmed the hypothesis
that BPE increases with increasing nutrient availability, and that carbon partitioning to AMF plays a
key role in this nutrient effect. The comparison of inoculated vs. pasteurized mesocosms further sug-
gested a lower carbon cost of nutrient uptake via AMF than via other mechanisms under nutrient rich
conditions.

Key words: arbuscular mycorrhizae; biomass production efficiency; carbon allocation; carbon use efficiency;
mesocosm experiment; nitrogen; nutrient availability; phosphorus.

INTRODUCTION

The sequestration of carbon (C) into plants and soil cur-
rently mitigates climate change (Le Qu�er�e et al. 2016). The C
residence time in an ecosystem, which is a principal determi-
nant of its C sink strength, depends strongly on the C parti-
tioning (i.e., allocation relative to gross photosynthesis)
pattern, and particularly on how much of the C assimilated
during photosynthesis is used for plant biomass production
vs. respiration. The C partitioning to plant biomass produc-
tion, referred to as biomass production efficiency (BPE, i.e.,
the ratio of biomass production to photosynthesis), varies
greatly among ecosystems. Some ecosystems use only 30% of
their photosynthates for plant growth, while others use up to
70% (DeLucia et al. 2007, Litton et al. 2007, Vicca et al.
2012, Raich et al. 2014). A potentially large but typically
neglected fraction of GPP (up to 30%; Hobbie 2006) can be
allocated to symbionts such as mycorrhizal fungi, and this
fraction likely decreases with increasing nutrient availability
(Lilleskov et al. 2002, Treseder 2004, Vicca et al. 2012) as
plants then need to invest less in nutrient acquisition.
Various factors have been proposed to explain the large

variation in BPE, including climate and plant age (DeLucia
et al. 2007), but evidence is growing that nutrient availability
plays a key role (Vicca et al. 2012, Buend�ıa et al. 2014). BPE
has been shown to decrease with decreasing nutrient avail-
ability (Vicca et al. 2012), but the underlying mechanisms

remain unclear. The two most probable reasons are a shift in
C partitioning toward autotrophic respiration, or, a shift in
C partitioning to symbionts. The influence of nutrient avail-
ability on C partitioning to plant respiration is still poorly
understood, but the respiration-to-photosynthesis ratio of
leaves appears relatively constant across species and ecosys-
tem types (Reich et al. 1998, Loveys et al. 2003, Turnbull
et al. 2005, Atkin et al. 2007, Campbell et al. 2007). These
observations are in line with the theory that plants respire a
relatively constant fraction of their gross primary production
(GPP; Dewar et al. 1998, van Oijen et al. 2010) due to inter-
dependencies of respiration and photosynthesis (Hoefnagel
et al. 1998).
On the other hand, nutrient availability most likely deter-

mines how much C plants allocate to their symbionts (Smith
and Read 2008). Mycorrhizal fungi are associated with some
80% of land plants (Smith and Read 2008) and may con-
sume a large fraction of the C available for biomass produc-
tion (Courty et al. 2010). However, they are typically
neglected in C cycle studies because of major difficulties
assessing their growth, especially in natural conditions (Wal-
lander et al. 2013). Although accurate quantification of
mycorrhizal C use in the field is difficult (Staddon et al.
2003, Olsson and Johnson 2005), it is more feasible in meso-
cosm experiments, where C fluxes can be monitored more
precisely.
We set up a mesocosm nutrient manipulation experiment

with maize (Zea mays L.), a C4 plant, growing on C3 soil in
which we (1) expected shifts in BPE due to soil nutrient
availability (nitrogen, N, and phosphorus, P) and (2)
expected that this shift was not linked to autotrophic
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respiration, but to mycorrhization. For the latter, we focused
on autotrophic respiration and on the growth of mycor-
rhizal fungi, which was estimated by using the naturally
occurring difference in d13C between C4 plants and C3 soil.
We hypothesized that increasing nutrient availability
increases BPE due to reduced investment in mycorrhizae
rather than to reduced plant respiration.

MATERIALS AND METHODS

Experimental design

A fertilization (N and P) experiment, consisting of 30
mesocosms (1 m 9 1.2 m, 0.6 m high insulated containers),
was established in a greenhouse in Sint-Katelijne-Waver,
Belgium (51°04038″ N, 4°32005″ E). In April 2016, all meso-
cosms were filled with nutrient-poor soil, which was a
homogenized mixture of (1) sandy soil (Arenosol) originat-
ing from a pine forest in a nature reserve in Belgium with a
texture of 95% sand and 5% silt, (2) white river sand, and (3)
a minor fraction of potting soil, mixed in a proportion of
72%, 23%, and 5% by volume, respectively. The potting soil
consisted of a mixture of peat, perlite, and fertilizers (NPK
14-16-18; 1.5 kg/m3). Lime was added to increase the pH of
the soil to an average of 6.84 (standard error (SE) of � 0.14)
at the onset of the experiment. The mixture had a bulk den-
sity of on average 1.379 � 0.006 g/cm3 and a water satura-
tion value, field capacity, and permanent wilting point of
41.5% � 0.7%, 6.5% � 0.2%, and 0.7% � 0.1% by volume,
respectively.
On 20 May 2016, 12 seedlings of maize (Zea mays L.,

variety “Tom Thumb”) were transplanted into each meso-
cosm (i.e., a plant density of 10 plants/m2). Seeds had been
set to germinate one week earlier on water-saturated cotton
at ambient (room) temperature. The N treatment was fertil-
ized with calcium nitrate at a rate of 95.5 kg N/ha (YaraLiva
Calcinit; Yara B.V., Rotterdam-Vlaardingen, The Nether-
lands); the P treatment received 20 kg P/ha as triple super-
phosphate (Janssens-Smeets, Moerdijk, The Netherlands);
the combined N and P treatment (NP) received the com-
bined amount of these nutrients. N and P fertilization rates
were derived from the nutrient requirements for maize (Roy
et al. 2006). Due to the higher amount of calcium in the N
fertilizer, calcium was compensated for in the control and P
treatments. All mesocosms, including the control treatment,
received a basic dose of micronutrients (Fertigreen Paten-
tkali [Yara B.V.] and GroGreen [Lima Europe NV, Rumst,
Belgium] containing 79 kg/ha K, 19 kg/ha Mg, 53 kg/ha S,
0.4 kg/ha B, 0.1 kg/ha Cu, 2.4 kg/ha Fe, 1.1 kg/ha Mn, 0.1
kg/ha Mo, 0.4 kg/ha Zn). Each treatment consisted of five
replicates.
Spore-based inoculum of arbuscular mycorrhizal fungi

(AMF; species Rhizophagus irregularis (Blaszk., Wubet,
Renker and Buscot) C. Walker and A. Sch€ußler; Symplanta,
Oldenburg, Germany) was added to 20 (four nutrient treat-
ments 9 five replicates) mesocosms. In order to verify
responses also in the absence of mycorrhizal fungi, the soil
in 10 of the 30 mesocosms (five control and five NP) was
pasteurized prior to planting and fertilizer application. To
this end, the soil was heated at 80°C for 4 h. No inoculum
was added to these mesocosms. Fertilizer addition in these

pasteurized mesocosms was the same as described for the
NP and control treatments. Soil moisture was monitored in
all mesocosms, and water was regularly added to maintain
soil moisture at 80–100% of field capacity.

Measurements

Environmental variables.—Photosynthetic Active Radiation
(PAR) and soil temperature were continuously logged from
PAR sensors (JYP 1000, SDEC, Reignac-sur-Indre, France)
and two soil temperature sensors (NTC-WH probe, Carel
Industries, Manheim, Pennsylvania, USA) installed in each
mesocosm. Air temperature was logged simultaneously from
a centralized air thermometer in the greenhouse. Soil water
content (SWC) was logged continuously from a water content
reflectometer (CS616, Campbell Scientific, Logan, Utah,
USA) installed in each mesocosm. Soil nutrient availability
was monitored twice during the growing season (July and
August) with plant root simulator resin probes (PRS, Western
Ag Innovations, Saskatoon, Saskatchewan, Canada). The
probes were inserted into the soil during one week before
being analyzed, providing a dynamic measure of nutrient
availability (e.g., Dijkstra et al. 2012, May et al. 2012).

CO2 fluxes.—Mesocosm photosynthesis and respiration
were quantified by chamber measurements of CO2 fluxes,
conducted seven times during the season, that is, every two to
three weeks. A transparent cuvette covering the entire meso-
cosm was coupled to an EGM-4 infrared gas analyzer (PP
Systems, Hitchin, UK) to measure the CO2 flux during 200 s,
operating as a dynamic closed system (De Boeck et al. 2007,
Vicca et al. 2007). Net ecosystem (mesocosm) exchange
(NEE) was estimated from measurements at a range of light
intensities (as in, e.g., Vicca et al. 2007) between 0 and
1,300 lmol�m�2�s�1 of PAR using cloths of different trans-
parency covering the mesocosm, attenuating incoming light.
The CO2 effluxes in a fully darkened cuvette represented total
mesocosm CO2 efflux (Reco). GPP was then estimated by
summing NEE and Reco. Autotrophic respiration (Raut) was
estimated as the residual C needed to close the C balance,
that is, by subtracting C allocated to plant biomass, AMF,
and root exudates (seeMycorrhizal fungi.) from GPP.
For each measurement campaign of mesocosm-scale

fluxes, GPP data at various light intensities were pooled per
treatment and light response curves were fitted using Eq. 1:

GPP ¼ ðQE �GPPmax � PARÞ=ðQE � PARþGPPmaxÞ (1)

in which QE is the quantum efficiency and GPPmax the max-
imum photosynthesis. GPP was subsequently upscaled over
time by combining these biweekly curves with the logged
PAR of the corresponding periods and summed to obtain
total growing season GPP. Standard error of the sum was
calculated via error propagation. A similar procedure was
followed for seasonal Reco, for which the temperature
response of Reco was fitted using the Q10 function (Eq. 2)

Reco ¼ R22 �QððT�22Þ=10ÞÞ
10 (2)

where R22 is the reference mesocosm respiration at 22°C
(mean air temperature over the measurement period), Q10 is
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the temperature sensitivity, and T is the air temperature in
°C. Logged air temperature was used to scale up Reco to a
mean seasonal value. BPE was estimated as the fraction of
final biomass to seasonally cumulative GPP.
As a complement to the mesocosm-scale chamber mea-

surements, respiration and photosynthesis were measured
also at leaf scale. A portable LI-COR gas exchange system
LI-6400 (Biosciences, Lincoln, Nebraska, USA) was used,
operating as an open system. Net CO2 assimilation rate was
measured at 22°C and photosynthetic photon flux densities
of 1,200 lmol�m�2�s�1 (considered as maximal assimilation
rate; Amax) and 0 lmol�m�2�s�1 (net assimilation at zero
light, considered as “respiration in the dark” [Rdark]). The
ratio Rdark/Amax served as an indication of the fraction of
photosynthates used in plant respiration.

Plant biomass measurements and plant tissue P concentra-
tion.—On 22 August 2016, when plant growth had stopped
and corn cobs had ripened, both above- and belowground
biomass were harvested. All aboveground biomass was har-
vested in each mesocosm; belowground biomass was sam-
pled by taking six cores (7 cm diameter) down to the
approximate rooting depth of 30 cm. To approach a spa-
tially representative estimate of root biomass, two cores were
collected on a stubble and the remainder at variable dis-
tances between the stubbles. Soil cores were sieved and roots
were washed manually. Biomass was oven dried for 72 h at
70°C, its C concentration was determined using an elemen-
tal analyzer (model FLASH 2000; Thermo Fisher Scientific,
Waltham, Massachusetts, USA). The P concentration of
leaves, stalks, roots, and cobs were determined separately by
digestion in tubes with H2SO4-salicylic acid- H2O2 and sele-
nium (Temminghoff and Houba 2004).

Mycorrhizal fungi.—Mycorrhizal colonization was verified
in July and August by sampling roots from two plants per
mesocosm. Per plant, 20 cm of one lateral root containing
root hair, was excavated, cut, and stored for maximal 2 d at
5°C. These roots were cleared and stained using a non-vital
staining technique (as described by Vierheilig et al. 2005),
using a 5% KOH solution and a Sheaffer Black Ink solution
(10% ink in a 10% acetic acid solution). Mycorrhizal colo-
nization was quantified by counting arbuscules, vesicules,
and hyphae applying the gridline intersection method (Gio-
vannetti and Mosse 1980, Brundrett et al. 1996, Vierheilig
et al. 2005).
To estimate C allocation to AMF, we used the C3/C4 iso-

topic shift method with a C4 species (Zea mays) planted on
C3 soil (Balesdent et al. 1987, Kuzyakov 2006) in combina-
tion with the mesh bag approach to quantify ingrowth of
mycorrhizal fungi (see Wallander et al. 2013). The latter
involves installing mesh bags (10 cm length, 2 cm diameter,
and pore size 30 lm to prevent ingrowth of roots) that are
filled with carbon-free sand. Because C4 plants are richer in
13C than C3 vegetation and the organic matter it produces,
and because AMF but not roots can grow into the mesh
bags, the plant-derived C in the mesh bags was assumed to
originate primarily from AMF biomass, although root exu-
dates probably also contribute to that signal.
Mesh bags were installed at the time of planting and har-

vested at the end of the season. The C concentration and

stable isotope composition of the mesh bag content (sand
plus fungal biomass) were analyzed with Elemental Analysis
Isotope Ratio Mass Spectrometry (EA-IRMS; CE Instru-
ment EA 1110 elemental analyzer, coupled to a Finnigan
MAT DeltaPlus IRMS with a Finnigan MAT ConFlo II
Interface; Thermo Fisher Scientific, Bremen, Germany).
The fraction of plant-derived C (fC4) in mesh bag soil

(mb) was calculated using a two-ended linear mixing model
assuming the d13C of the AMF equals that of the roots
(d13C roots) and that any C that may have entered the mesh
bags (e.g., saprotrophic fungi or dissolved organic C released
during decomposition in the surrounding soil) has the d13C
signal of the initial SOM (d13C SOM)

fC4 ¼ ðd13Cmb � d13C SOMÞ=ðd13C roots� d13C SOMÞ:
(3)

Total plant derived C in mesh bags was then calculated as

plant-derived C in mesh bags ¼ fC4 � Cmb (4)

where Cmb is the C content of the mesh bag.
We used this plant-derived C also to calculate a proxy for

the P acquisition cost as the total plant P content (i.e., plant
tissue P concentrations multiplied by tissue biomass) relative
to the sum of root- and plant-derived C, expressed as g C
per g P. Because root exudates may also enter the mesh bags,
we further verified the plant-derived C estimate by analyzing
the PLFA 16:1x5 in the mesh bags. PLFA 16:1x5 is indica-
tive of AMF hyphal biomass (Olsson and Johansen 2000),
and a correlation between AMF-C and these the PLFA
16:1x5 would thus confirm that the plant-derived C in the
mesh bags is indeed primarily AMF derived. As prescribed
in, e.g., Birgander et al. (2017), lipids were extracted from
freeze-dried soil using a one-phase mixture of chloroform,
methanol, and citrate buffer were separated into PLFAs and
NLFAs on prepacked silica columns (Van Aarle and Olsson
2003). The fatty acid methyl esters (FAMEs) resulting from
mild alkaline methanolysis were analyzed by gas chromatog-
raphy using FAME 19:0 as internal standard (Frosteg�ard
et al. 1993).

Statistical analysis

Data normality and homoscedasticity were checked using
the Shapiro-Wilk and Levene’s test respectively. A two-way
analyses of variance (ANOVA) was applied to test if BPE,
plant biomass, P acquisition cost, plant-derived C in mesh
bags, and mycorrhizal colonization differed between the
control, N, P, and NP treatment within the inoculated meso-
cosms, where N addition and P addition were considered as
the two independent factors. In case of significant interac-
tion between N and P fertilization, the analysis was repeated
as one-way considering four independent treatments. A simi-
lar approach was used for comparison of pasteurized vs.
inoculated soil for the control and NP treatments. For GPP
and Reco, the model was extended with a random time-fac-
tor, according the subsequent measurement periods. This
mixed model was applied on the residuals of the light
response curves (for GPP) and temperature response curves
(for Reco) that were fitted for the pooled data.
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RESULTS

Fertilization with N and P increased N and P availability,
respectively (Fig. 1; supply rates of additional nutrients are
given in Appendix S1: Table S1). Considering the inoculated
mesocosms only, seasonal cumulative GPP was four to six
times higher in the P-fertilized (P and NP) vs. the P-limited
(N and control) mesocosms (Table 1, Fig. 2). P addition
increased GPP, whereas N addition did not have a signifi-
cant effect (Table 2). A similar trend was observed for Reco,
although the differences were smaller than for GPP, and N
had a significantly negative effect on Reco. For all treatments,
total cumulative Reco was higher than GPP, indicating a net
C-source (Appendix S1: Fig. S1).
Fertilization effects on biomass production were in line with

the effects observed for the CO2 fluxes, with biomass produc-
tion being five to eight times higher in the P-fertilized meso-
cosms (on average 204 � 10 g C/m2) than in the P-limited
mesocosms (33 � 3 g C/m2). In the P-limited mesocosms,
root:shoot ratio (mean of 0.27 � 0.04) was significantly higher
(P = 0.02) than in the P-fertilized mesocosms (0.17 � 0.02 on
average). Also in the share of cobs in the aboveground biomass,
a significant P effect (P < 0.01) was found, with mean values of
70% � 1% and 59% � 1% for the P-limited and P-fertilized,
respectively (Appendix S1: Table S2).

Because biomass production increased more in response
to P fertilization than GPP, BPE was significantly higher in
the P-fertilized mesocosms (Tables 1 and 2, Fig. 3).
Although GPP and biomass production were slightly lower
in the N-fertilized mesocosms, the effects of N addition on
biomass production and BPE were not statistically signifi-
cant. We also found no interaction effect of P and N fertil-
ization on biomass production or on BPE. Initially (when
plants were four weeks old), the leaf Rdark/Amax ratio
(Fig. 4) was significantly (P < 0.01) higher in the P-limited
mesocosms (control and N) as compared to the P-fertilized
mesocosms (P and NP). During the second leaf measure-
ment campaign (on eight-week-old plants), however, Rdark/
Amax was at a similar level for all treatments, and Rdark/Amax

was even slightly higher in the P-fertilized mesocosms. No N
effect (P = 0.59) or N 9 P interaction effect was observed.
The absolute amount of plant-derived C in the mesh bags

was slightly higher in the P-fertilized treatments. The signifi-
cant correlation between PLFA 16:1x5 and plant derived C
in mesh bags (Fig. 5) of the inoculated mesocosms further
supports that the plant-derived C in the mesh bags origi-
nated primarily from AMF. As a fraction of GPP, however,
plant-derived C was significantly smaller, about four to five
times, compared to the P-limited treatments (Tables 1 and 2,
Fig. 3). Also in terms the percentage of roots colonized
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FIG. 1. PRS(tm)-probe nutrient supply rate of (a) P and (b) NO3-N and NH4-N for July and August. past. = pasteurized. Error bars
indicate standard error (n = 5).
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(with hyphae and both vesicules and arbuscules), the P-lim-
ited mesocosms showed a significantly higher mycorrhiza-
tion than the P-fertilized mesocosms (Tables 1 and 2). The
proxy for the P acquisition cost (root biomass plus plant-
derived C per total plant P), was significantly (P < 0.01)

higher in the P-limited mesocosms. N-addition had no sig-
nificant effect on plant-derived C and root colonization.
Seasonal GPP was significantly affected by pasteuriza-

tion. The pasteurized control treatment showed very low
productivity with a GPP value about four times smaller than

TABLE 1. Seasonal means of C fluxes, C pools, and mycorrhizal colonization in August.

Treatment

GPP
(g C/m2)

Reco
(g C/m2)

Plant biomass
(g C/m2) BPE (%)

P
acquisition

cost
(g C/g P)

Plant-
derived C

in mesh bags
(g C/m2)

Plant-
derived

C:GPP (%)
Mycorrhizal colonization

in roots (%)

Hyphae Arbuscules Vesicules

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Soil pasteurization and fertilization (not pasteurized, AMF inoculated)
Control 123.2 85.1 206.3a 33.0 39.0 1.8 31.7 1.5 56 6 8.7 0.7 7.1b 4.9 68.8 5.3 46.4 3.3 15.8 4.6
N 87.5 87.4 176.6 22.8 26.1 2.2 29.9 2.6 83 12 7.2 0.5 8.3 8.3 64.6 3.4 36.6 4.2 20.0 1.5
P 566.3 361.8 582.9 86.4 210.7 7.1 37.2 1.3 19 3 9.9 1.3 1.7 1.1 41.4 10.3 16.4 6.4 6.8 4.2
NP 520.9 230.5 573.4c 61.4 197.2 12.3 37.9 2.4 27 4 10.7 0.5 2.0b 0.9 37.4 2.0 11.9 6.0 5.0 2.2

Pasteurized
Control 35.7 173.9 176.2a 41.5 2.9† 0.2 n/a† n/a† 8.8 1.1 24.8a 120.8 0 0 0 0 0 0
NP 466.2 116.8 501.7b 85.2 137.7 3.8 30.9 0.9 43 4 13.7 1.3 2.9b 0.8 0 0 0 0 0 0

Notes: GPP, gross primary production; Reco, ecosystem respiration; AMF, arbuscular mycorrhizal fungi; BPE, biomass production effi-
ciency; SE, standard error; n/a, not applicable. Superscript letters indicate homogeneous groups as results from post-hoc analysis of one-
way ANOVA (see Table 2), in case of a significant interaction in two-way ANOVA. In cases where an interaction was not significant, no
post-hoc results were added. Given a single factor has a significant effect, the mean values indicate the direction of the difference.
†A major part of the plants in the pasteurized control treatment died during the season, resulting in a deviating low biomass harvest at

the end of the season. BPE could therefore not be determined.

TABLE 2. P values from a two-way ANOVA for the effects of treatment on C fluxes, C pools, and mycorrhizal colonization.

Treatment GPP Reco

Plant
biomass BPE

P acquisition
cost

Plant-derived
C in mesh bags

Plant-derived
C:GPP

Mycorrhizal colonization in roots

Hyphae Arbuscules Vesicules

N 9 P 0.15 0.64 0.97 0.63 0.20 0.15 0.30 0.99 0.62 0.39
N 0.06 <0.01 0.19 0.82 0.03 0.78 0.09 0.50 0.17 0.73
P <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Fertilization 9 Pasteurization 0.08 <0.01 0.20 n/a n/a 0.15 <0.01 n/a n/a n/a
Fertilization <0.01 <0.01 n/a n/a <0.01 n/a n/a n/a
Pasteurization <0.01 <0.01 0.06 0.02 0.12 n/a n/a n/a

P values in boldface type are significant (P ≤ 0.05).

FIG. 2. Seasonal cumulative ecosystem-scale (a) gross primary productivity (GPP) and (b) ecosystem respiration, comprising auto-
trophic and heterotrophic respiration (Reco) for the different treatments. Total seasonal cumulative values are given with standard error bars
(n = 5).
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in the inoculated control mesocosms. When (NP) fertilized,
the pasteurized mesocosms produced about 15% less than
the inoculated mesocosms (Table 1, Fig. 2). Mesocosm res-
piration followed a similar pattern, but with smaller differ-
ences between the pasteurized and the inoculated
mesocosms. About 50 times more end of season biomass
was harvested from the pasteurized NP mesocosms than the
pasteurized control mesocosms (Table 1; Appendix S1:
Table S2). This was due to the minor biomass production in
the latter control mesocosms, where a major proportion of
plants had even died prematurely. BPE could therefore not
be determined for the pasteurized control mesocosms. The
comparison of BPE, as well as the P acquisition cost,
between pasteurized and inoculated mesocosms is therefore
restricted to the NP mesocosms. The mean value of BPE in
the inoculated NP mesocosms (37.9 � 2.4) was higher than

in the pasteurized NP mesocosms (30.9 � 0.9; although the
pasteurization effect was only borderline significant;
Tables 1 and 2), the latter having a mean BPE similar to the
non-P-fertilized inoculated mesocosms (29.9–31.7; Table 1).
On the other hand, the cost of P acquisition was signifi-
cantly higher in the pasteurized NP mesocosms than in the
NP mesocosms with AMF (P < 0.01; Table 2). As expected,
no AMF were detected in the plant roots of the pasteurized
mesocosms (Table 1), viz. no mycorrhizal colonization, and
also the mesh bags contained no 16:1x5 PLFAs or NLFAs.
However, mesh bags in the pasteurized mesocosms did con-
tain similar amounts of plant-derived carbon as their homo-
logue inoculated mesocosms (Table 1). In the pasteurized
fertilized (NP) treatment, this share was on average 2.9% �
0.8%, in the same order of magnitude as the inoculated NP
treatment (2.0% � 0.9%).

FIG. 3. Partitioning of plant biomass and mesh bag carbon of P-limited and P-fertilized inoculated mesocosms. Autotrophic respiration
(Raut) was considered as the remainder part of GPP.

FIG. 4. Mean ratio of leaf-scaled respiration in the dark to maximal assimilation rate (Rdark/Amax) in July (white bars) and August (gray
bars). Error bars indicate standard error (n = 7–15). Statistical analysis showed a significant P effect and P 9 campaign interaction; different
letters above bars indicate significant differences (P ≤ 0.05).
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DISCUSSION

The presence of AMF clearly influenced plant growth,
and our results suggest that they were crucial for the plants
to overcome P limitation in our system. In the absence of P
addition, plants without AMF died prematurely whereas, in
the mesocosms that did contain AMF, plants revived once
mycorrhizae started growing, as indicated by the photosyn-
thesis and respiration measurements at mesocosm scale and
at leaf scale (Fig. 4). These results suggest that AMF were
essential for plant survival under P-limited conditions. This
is in line with results of previous studies showing that maize
is a highly mycotrophic species (Hetrick et al. 1988, Hoek-
sema et al. 2010). The positive effect of the AMF required
some time to occur, possibly corresponding to the phase
where mycelium development with low compensating nutri-
ent provision acts as a net C sink. Although no AMF were
observed in the roots or in the mesh bags of the pasteurized
mesocosms, similar amounts of plant-derived C as in the
inoculated mesocosms were observed in the mesh bags.
Although caution is needed when interpreting this indica-
tion of relative differences in amounts of root exudates,
these results suggest that, in absence of AMF, plants pro-
duced a higher amount of exudates in order to attain nutri-
ents (Marschener 1998, Hinsinger 2001, Dakora and
Phillips 2002, Carvalhais et al. 2011).
The contribution of the mycorrhizal pathway to total

phosphate uptake is also dependent on AMF-species iden-
tity (Munkvold et al. 2004, Koch et al. 2017). Among fun-
gal species, the presently used R. irregularis, has been shown
to suppress the expression of plant P transporters of the
plant pathway the most (B€ucking et al. 2012). In case of
high nutrient availability, growth of AMF-associated plants
might decrease (e.g., Peng et al. 1993, Colpaert et al. 1996),

merely resulting from (1) the high C cost of the symbiosis
for the plant that is not counterbalanced by a net gain in
phosphate (Johnson et al. 1997) and/or (2) reduced phos-
phate uptake via the plant pathway that is not compensated
for by an increased mycorrhizal uptake, leading to an overall
phosphate deficiency for the plant (Smith et al. 2011). In
our study on maize monocultures, however, the higher BPE
in inoculated NP mesocosms (37.9% � 2.4%) vs. the pas-
teurized NP mesocosms (30.4 � 0.9%) indicates rather the
opposite. Although this difference in BPE was only border-
line significant, the absence of a negative effect indicates that
also under apparently ample nutrients AMF did not act as a
net C cost to the plants. On the contrary, AMF exerted a
beneficial effect on plant biomass production, as our proxy
for the C cost of P acquisition was significantly lower for
NP than for NP pasteurized mesocosms. The AMF thus
more than compensated for the C they received from their
hosts, suggesting a positive influence of AMF beyond
enhancing nutrient uptake in low nutrient environments.
This is in accordance with previous studies showing that
AMF presence can improve the efficiency of fertilizer uptake
and limit nutrient leakage (Cozzolino et al. 2013), and that
AMF can also play a role in protection against plant patho-
gens (Miransari 2011), thus reducing plant C losses.
In our experiment, the unfertilized soil was clearly P lim-

ited; an addition of P significantly increased plant produc-
tivity, whereas N addition did not. The lack of N limitation
in the mesocosms, indicated by the lack of N effects on plant
biomass production, BPE and most other measured param-
eters, precluded assessing potential effects of N limitation
on C partitioning and on the role of AMF therein. In accor-
dance with our hypothesis, biomass production increased
more than GPP when P-limitation was relieved: BPE was
significantly higher in the P-fertilized mesocosms vs. the P-

FIG. 5. Linear relation of plant-derived carbon (including mycorrhizal carbon and root exudates) in mesh bags to the specific 16:1x5
Phospholipid Fatty Acid (PLFA) in the inoculated mesocosms at the end of August. Inset bar plot shows mean (+SE) PLFA amount per
treatment.
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limited mesocosms. Moreover, the P-induced increase in
BPE (about 6% of GPP; Table 1, Fig. 3) was associated with
a reduced partitioning to plant-derived C in the soil.
The positive relationship between PLFA and plant-

derived C in the mesh bags of the inoculated mesocosms,
and the fact that PLFA amount was only 2–3 times higher
in the P-fertilized mesocosms compared to the P-limited
mesocosms whereas GPP was 4–5 times higher, indicate a
higher partitioning to AMF in the inoculated P-limited
mesocosms. These observations thus confirm the hypothe-
sized role of mycorrhizal fungi, and C partitioning to nutri-
ent acquiring processes in general, in determining nutrient
effects on BPE. They also broadly agree with the trade-bal-
ance framework of mycorrhizal functioning as proposed by
Johnson (2010); this framework states that considering N, P,
and C limitation of both plants and their symbionts is key
to understanding C investment in fungi and plant responses
to mycorrhization. Under low-P conditions, growth of myc-
orrhizal fungi thus appeared primarily limited by low plant
C assimilation, while the plants did invest a large fraction of
these photosynthates to the AMF, which they needed for
their P nutrition. Under N- and P-fertilized conditions, myc-
orrhizal growth was probably constrained by their effectivity
in supplying plants with sufficient P to match plant demand
and be rewarded with C accordingly, as plants could also
rely more on their roots to take up the N and P that were
ample. The increase in BPE in response to mycorrhization at
high nutrient conditions, therefore suggests that maize is
highly effective at directing its fungal allocation, as high C,
N and P conditions should, from a mycocentric point of
view, favor a reduced mutualistic lifestyle (Johnson 2010,
Kiers et al. 2011).
Also, the leaf scale flux measurements suggest a role for

AMF in controlling C partitioning (Fig. 4); when mycor-
rhizal root colonization had not yet occurred or was still in
its initial phase, early in the season, the ratio of Rdark/Amax

was higher in the P-limited mesocosms than in the P-ferti-
lized mesocosms (Fig. 4). Such an increased C partitioning
to plant respiration often occurs at limiting nutrient avail-
ability (Raich et al. 2014). For instance, plants can adapt to
this lack of nutrients by retranslocating a greater fraction of
N and P (Tilton 1977, Chapin and Kedrowski 1983) as a
strategy to improve the efficiency of internal utilization of
nutrients (Smith 2001). Retranslocation processes are energy
expensive and thus come at a high respiratory cost, since
enzymes that break down molecules and nutrient transporter
molecules need to be produced (Killingbeck 2004), which
might explain the initial increase of the Rdark/Amax ratio in P-
limited systems. However, the difference disappeared later in
the season, and even tended to invert: the Rdark/Amax ratio in
the P-limited mesocosms decreased to a level slightly lower
than in the P-fertilized mesocosms. This change over time
corresponded well with the temporal pattern observed for
mycorrhizal root colonization. Whereas no AMF were found
in the plant roots sampled during the first leaf measurement
campaign, AMF structures were abundant in roots sampled
at the time of the second campaign (Table 1). Reduced stress
because of increased nutrient uptake under P limitation pre-
sumably decreased leaf-level respiration compared to its
assimilation. At the seasonal scale, partitioning of the
approximated mesocosm-scaled Raut was very similar for

P-limited and P-fertilized mesocosms (both 61%, Fig. 3).
Although these are crude estimates (obtained from a mass
balance approach using the plant-derived C in the mesh
bags, which is merely indicative of relative treatment differ-
ences and does probably not accurately represent absolute
amounts of root exudation), they confirm that the increases
in BPE were indeed most likely due to shifts in C partitioning
to AMF and not to altered partitioning to Raut.
Our results confirm the assumption that plants invest a

larger fraction of their C in AMF when nutrient availability
is low (Vicca et al. 2012). AMF contribute to nutrient
uptake by plants (Mosse and Phillips 1971, Parniske 2008,
Smith and Read 2008) and are typically more abundant
when plants are more limited by nutrient availability (Trese-
der 2004). Vice versa, when nutrient availability increases,
AMF abundance generally decreases since plants allocate
carbohydrates elsewhere and AMF become C-limited (Read
1991). The present study considered only the AMF-C
retrieved from their biomass, and thus ignores mycorrhizal
respiration. Hence, mycorrhizal C use was underestimated,
both in absolute amounts and as percentage of GPP. Studies
on mycorrhizal respiration are scarce due to the difficulties
in its quantification. The majority of existing studies is con-
ducted on annual crops and report a mycorrhizal respiration
of 1 to 5% of GPP (Jakobsen and Rosendahl 1990, Heine-
meyer et al. 2006, Moyano et al. 2007, Tom�e et al. 2016).

CONCLUSION

The results of our experimental study emphasize the mod-
ulating roles of nutrient availability and mycorrhizal fungi in
terrestrial C cycling and sequestration (Wieder et al. 2015,
Terrer et al. 2016, 2018). Specifically, our results confirm
that the BPE of plants increases with increasing nutrient
availability and to the best of our knowledge demonstrate
for the first time with experimental data that reduced carbon
partitioning to mycorrhizal fungi is the key underlying
mechanism. Furthermore, for well-fertilized conditions,
results of the NP treatments suggest that the benefit of nutri-
ent uptake via mycorrhizal symbionts allows for higher GPP
and BPE than via other mechanisms.
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