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The Cumulative Amount of Exuded
Citrate Controls Its Efficiency to
Mobilize Soil Phosphorus
Helmer Schack-Kirchner*, Caroline A. Loew and Friederike Lang

Department of Soil Ecology, Institute of Forest Sciences, Albert-Ludwigs- Universität, Freiburg, Germany

Root exudation of citrate is discussed as mechanism to mobilize P from the soils’ solid

phase. Microbial processes can mitigate the mobilization efficiency of citrate. Due to

higher microbial activity in topsoils compared to subsoils, we hypothesized a lower

mobilization efficiency of exuded citrate in topsoils than in the subsoils. As a model

system we used microdialysis (MD) probes and we followed diffusive fluxes of citrate

from the perfusate into the soil and of phosphate from the soil into the dialysate in three

soil horizons (Oa, Ah, Bw) of a Fagus sylvatica L. stand Cambisol. Three different MD

perfusates with a KCl background concentration have been used: control, 1, and 3

mmol L−1 citric acid. Fluxes have beenmeasured after 24, 48, and 144 h. The high-citrate

perfusate increased the cumulative 144 h P-influx by a factor of 8, 13, and 113 in the

Oa, Ah, and Bw horizon, respectively. With the high-citrate treatment, P mobilization

efficiency decreased over time, whereas for the low citrate, P mobilization efficiency had

a maximum at day 2. Minimum P mobilization efficiency of citrate was 1:25,000 mol

phosphate per mol citrate in the Oa horizon between days 2 and 6, and maximum was

1:286 in the Bw-horizon during day 2. An increasing citrate efflux over time indicated

an increasing sink term for citrate in the soil due to microbial decay or immobilization

processes. Cumulative phosphate influx could be fitted to cumulative citrate efflux and

soil horizon in a logarithmic model explaining 87% of the variability. For the first time, we

could follow the localized P-uptake with citrate exudation over several days. Cumulative

citrate efflux as the main control of P-mobilization has been barely discussed yet,

however, it could explain some gaps in the role of carboxylates in the rhizosphere.

Batch experiments are not capable to elucidate microscale dynamic competition for

phosphate and carboxylates. MD is a promising tool for spatially explicit investigation of

phosphate–citrate exchange, since such detailed insights in are not possible with batch

experiments. In combination with the analysis of microbial properties, this technique has

a huge potential to identify mobilization processes in soils as induced by citrate.

Keywords: forest soil, microdialysis, rhizosphere, carboxylates, microbial citrate attenuation

1. INTRODUCTION

Of all nutrients, phosphorus has the highest discrepancy between the concentrations in leaf dry
mass and soil solution. The relation of both, Degryse et al. (2009) calls it “concentration factor,”
easily exceeds 105 in which case the uptake of phosphorus in 1 kg of dry leaf mass based on
soil-water mass flow would require a water volume of 10 m3 that is difficult to imagine. Reasons are
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not only small P stocks in many forest soils (Lang et al., 2017)
but also the high affinity of P to the soil solid phase (Schachtman
et al., 1998; Hinsinger et al., 2011). Therefore, root systems
had to develop efficient strategies to sustain the required leaf-
P concentrations. First, they possess high-affinity carriers that
virtually deplete the soil solution against huge concentration
gradients between soil solution and root cells (Schachtman
et al., 1998; Scheerer et al., 2019). Second, they associate
with mycorrhizal fungi (Bucher, 2007; Zavišić et al., 2018) or
form specialist root systems, such as cluster roots (Lambers
et al., 2015). Third, they change the chemical environment
of the rhizosphere by emitting mobilizing substances either
themselves or in association with microorganisms (Hinsinger,
2001; Richardson et al., 2011).

One group of such substances intensely discussed in this
context are carboxylates, i.e., anions of organic acids, such as
oxalate, malate, and citrate (Jones, 1998; Richardson et al., 2011;
Gerke, 2015). Carboxylates can increase P-mobility by ligand
exchange on oxidic surfaces, and by dissolution of metal-P
complexes and subsequent chelating of the cationic species of
Ca, Fe, or Al. This helps keeping orthophosphates in solution.
By decreasing the pH the solubility of metal-P complexes
is increased (Barrow et al., 2018). Also, P bound in oxide-
organic surfaces is well-mobilized by carboxylates. Renella et al.
(2007) reported a strong increase of phosphatase activity by
stimulation of microbial activity due to carboxylate exudation. It
is well-documented that these effects can increase plant uptake.
However, the mechanisms of P mobilization in the root–soil
interface by carboxylates are still not fully clear (Richardson
et al., 2011; Gerke, 2015). In this context, it has to be considered
that microbial decay of carboxylates reduces their half life to
a few hours (van Hees et al., 2002; Oburger et al., 2009). By
this way microorganisms possibly hamper mobilization of P by
carboxylate exudation (Barrow et al., 2018).

Most experimental data of carboxylate-based P mobilization
was provided by batch experiments (e.g., Fox and Comerford,
1992; Gerke et al., 2000; Oburger et al., 2009), in some cases
including suppression of biotic activity (Henintsoa et al., 2017;
Barrow et al., 2018). The assessment of P mobilization in these
experiments is mainly based on equilibrium conditions and does
not consider depletion of soil solution by roots and dynamic
replenishment by the solid phase. To improve the shortcoming of
routine methods, Menezes-Blackburn et al. (2016) used diffusive
gradient in thin film extraction (DGT). However, citric and oxalic
acid had to be added in one single dose that was equilibrated
with the soil–water mixture. This method is still far from
typical rhizosphere processes. An experimental alternative to
DGT that allows the constant release of carboxylates from a
spatially discrete source like a root surface is microdialysis (MD).
MD is based on highly miniaturized flow-through membranes
that enrich soil solutes in the dialysate and release perfusate-
solutes by diffusion. Various MD applications in soil science
are listed in the comprehensive review of Buckley et al. (2020).
The applicability of this dynamic extraction technique for soil
phosphate including the effect of citric acid has been shown first
by Demand et al. (2017). McKay Fletcher et al. (2019) measured
the short-time dynamic of citrate release on P absorption

to parameterize a rhizosphere model. As mentioned above, a
comprehensive process description of the interaction between
carboxylate exudation and P absorption is challenging. However,
MD experiments simulate P mobilization by exudating fine root
better than other infinite-sink extraction methods (Brackin et al.,
2017; Demand et al., 2017; McKay Fletcher et al., 2019).

The aim of our study was to track for the first time absorption
of the phosphate by MD probes with and without exudation
of citric acid over several days. Citric acid turned out to be
one of the most efficient rhizosphere carboxylates to mobilize
phosphorus (Wang et al., 2008; Gerke, 2015). Furthermore, P-
concentration in citric acid batch extracts of soil samples is
regarded as a reasonable proxy for the foliar nutrition status of
central European forest trees (Fäth et al., 2019) and it is the base
of several P-mobilizing studies (e.g., Gerke, 2015; Barrow et al.,
2018).

In the soil environment, citric acid is subject to fast microbial
degradation and when it is supplied continuously it can stimulate
the microbial community (Renella et al., 2007). Therefore,
we hypothesized a decreasing P-mobilizing efficiency during
continuous citrate exudation. van Hees et al. (2002) reported
a strong decline in citrate mineralization with soil depth and
decreasing SOM. Based on their observations, we expected the
strongest decrease in citrate P-mobilizing efficiency over time
in the SOM-rich topsoil and the lowest decrease in the deeper
mineral soil.

Another aim of this study was to calculate an exudation
efficiency as the molar ratio between citrate efflux and net
gain of P from the MD flux data. This relation would be an
important aspect to assess the plant’s costs of P acquisition
(Raven et al., 2018).

2. MATERIALS AND METHODS

2.1. Study Site and Sample Treatment
Soil samples have been collected in a beech-forest (Fagus sylvatica
L.) in the Rhön mountains close to the town of Bad Brückenau,
northern Bavaria/Germany. The soil developed on periglacial
layers of basalt rock, and is classified as dystric sceletic Cambisol
(hyperhumic, loamic) (FAO, 2015). We sampled the Oa, Ah, and
Bw horizons. The site belongs to the core sites of the priority
research program “Ecosystem nutrition” on forest-P nutrition
and is the site with the highest phosphorus stocks (Lang et al.,
2017). Altitude is 809m a.s.l., mean annual temperature is 5.8◦C,
and precipitiation 1,031mm/year. Properties of the sampled soil
horizons are listed in Table 1.

Soil samples have been prevented from drying and have
been stored at 4◦C. Within 1 week after sampling field-fresh
soil material has been homogenized by passing through a
2mm sieve. Homogenization leveled the expected small-scale
heterogeneity of the samples without inducing strong effects
on P-mineralization processes (Bünemann et al., 2016). Round
plastic containers (200 cm3, diameter 9 cm, height 4 cm) for the
MD experiments have been used. The containers have been filled
to a predefined height with a soil mass involving field moisture
and organic matter to achieve a bulk density of 0.52, 0.9, and
1.0 g cm−3 for Oa, Ah, and Bw, respectively. The final water
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TABLE 1 | Characteristics of the sampled soil horizons (Lang et al., 2017).

Parameter Oa Ah Bw

Soil depth/cm +2 to 0 0 to −7 −33 to −51

Bulk density/g cm−3 0.01 0.73 1.2

Texture/mg g−1 sand/silt/clay −/−/− 90/540/370 370/480/150

Corg/mg g−1 482 125 11

N/mg g−1 20 9 0.9

Ptotal
a/mg kg−1 1,571 3,266 1,844

Pcitrate (ICP)
b/mg kg−1 390 121 174

Pcitrate (Molyb.)c/mg kg−1 326 39 141

C/N/g·g−1 22.3 15.3 12.7

C/P/g·g−1 307 44.2 6.1

pHH2O 5.3 4.0 5.2

CEC/mmolC kg−1 543 260 150

Base sat. 6(Ca,Mg,K)/CEC 78 15 45

exchangbl. Ca/mmolC kg−1 304 32 29

Feoxalate/g kg−1 − 32 13

Fedithionite/g kg−1 − 33 23

aHF-digestion.
bExtraction with 50mmol L−1 citric acid, total P by atomic emission spectroscopy.
cSame extraction, but “inorganic P” by molybdene-blue photometric.

FIGURE 1 | Overview of the microdialysis (MD) setup.

content has been adjusted to 85% water-filled pore space. This
is a compromise between ensuring a capillary continuum at the
membrane surface and leaving a sufficient air-filled porosity to
avoid P-mobilization caused by reduction of Fe and Mn-oxides.
Furthermore, the experimental setup limited the maximum
diffusion distance to the fully oxygenated air to 2 cm, which
makes reductive Fe-mobilizing unlikely.

2.2. Microdialysis Experiments
The microdialysis extractions of the soil samples followed
the proceeding described in Demand et al. (2017). We used
CMA20Elite concentric MD probes (CMA Microdialysis AB,
Kista, Sweden) equipped with a polyarylethersulfone (PAES)
membrane with 20 kDa molecular cutoff. The membrane
cylinder had 0.52mm diameter and 10mm vertical length. Fluid

transport through the probes was achieved by a 24 channel
peristaltic pump (Ismatec IPC-N 24, Cole Partner GmbH,
Wertheim, Germany) with aminimum rotor speed of 0.11min−1.
The recommended pump tubes for minimum flow rates turned
out to be not stable enough to produce a constant flow over more
than 12 h. The longlife tubing (PharMed Ismaprense SC0323,
Cole Partner GmbH,Wertheim, Germany) was not available with
a minimum diameter smaller than 0.64mm. Because this was
not adequate to achieve the targeted low flow rate of 3 µLmin−1

by constant rotation, we used the pumps in intermittent mode
with 2.6 s pumping and 17.4 s pause corresponding to a nominal
flow rate of 3.22 µLmin−1. The actual flow rates through the
MD-probes with these settings were around 3 µL min−1 but
varied slightly between pumps and probes. Furthermore, pump
rate increased when not all 24 rotors of a pump were used.
Therefore, we monitored the flux rates during the experiments
for calculation of efflux and influx data. To minimize losses
of perfusate when MD probes were in contact with the non-
saturated soil, a push-pull technique (Li et al., 2008) has been
used. This technique is based on forcing fluid flow of both,
perfusate and dialysate by mounting transport tubes on the
coupled rotors of the multi-channel peristaltic pump. Perfusate
loss has been monitored by comparing the soil mass before and
after the MD extractions. The setup is outlined in Figure 1.

Tubing and probes have been conditioned by pumping
deionized water through the system for 16 h. Setup and probes
have then been tested for P recovery with a perfusate of
15mmol−1 KCl at the flow rate setting of 3.22 µ Lmin−1 in
a stirred 0.84 µmol L−1 phosphate solution over 20 h. In this
experiment, P recovery varied between 5 and 15% with a median
of 10.8%. This was only half the recovery observed by Demand
et al. (2017) with a similar setup, but with a 10 times higher
phosphate concentration in the outer medium.

Three different perfusates have been applied. Demand et al.
(2017) demonstrated the strong effect of the ionic strength of the
perfusate on P recovery. Therefore, we used a 15mmol−1 KCl
solution as the control perfusate and as the base electrolyte for
the two citric acid treatments with 1 and 3mmol L−1 addition of
citrate anions as citric acid monohydrate (C6H8O7·H2O).

For the soil experiments 6MD probes have been inserted into
the soil within one plastic container. This left a 10 cm2 free space
around each probe to avoid interference during the extraction
time. Before sampling of dialysates, the probes have been flushed
for 3min with 23 µ Lmin−1 to remove air bubbles. Dialysates
have been sampled over 6 d separately for three subsequent
periods: 0–24, 24–48, and 48–144 h. Temperature was kept
constant at 15◦C. With the three horizons and three perfusates,
in total nine treatments have been tested. For each treatment,
six individual dialysates of MD probes have been sampled (plus
six extra replications for the control in Bw), yielding in total
180 dialysates. Actual flow rates were determined based on
the weight of the sampled dialysate divided by perfusion time.
Concentrations of phosphate, citrate, and chloride have been
analyzed to calculate rates of absorption from and release into the
soil. Average exchange between MDmembrane and soil has been
calculated from the change of concentration between dialysates
and perfusates multiplied by the respective flow rate. The loss of
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TABLE 2 | Cumulative phosphate influx (medians ±95%confidence limits) into

MD probes during 6 days (144 h).

P/nmol cm−2

Soil horizon

Citrate in perfusate Oa Ah Bw

No 6.1 ±1.33 2.4 ±0.56 0.8 ±0.22

1mmol L−1 23.8 ±1.86 13.2 ±0.93 48.0 ±6.28

3mmol L−1 50.0 ±11.84 32.2 ±31.55 87.1 ±16.75

Effect of p-values of the robust anova was 0.003 for horizon, 0.001 for perfusate, and

0.001 for interaction (perfusate × horizon).

perfusate into the soil samples was around 5%, but reached up
to 20% in the Bw horizon. Because the soil samples could only
be weighted at the end of the experiment and not together with
each dialysate vial, a quantitative consideration of this term is
not yet possible. For future experiments, we will foresee separate
perfusate vials allowing to track the perfusate loss.

2.3. Analytics
Phosphate in the dialysate has been analyzed with the
molybdenum-blue method by using a continuous flow
analyzer (SAN Plus, Skalar Analytical B.V., The Netherlands)
equipped with a 50 cm extended light-path cell (Zhang
and Chi, 2002). Limit of detection was around 7 nmol L−1,
limit of quantification around 20 nmol L−1 based on the
95% confidence limit of a 5-point calibration. Citrate
and chloride concentrations have been analyzed with
capillary-zone electrophoresis (Agilent Technologies,
Waldbronn, Germany) according to the procedure of
Göttlein and Blasek (1996).

2.4. Calculations and Statistics
From the molar relation of the citrate-increased P-influx and
the related citrate efflux, we calculated an efficiency term
(Equation 1):

Ecit =
QP,(+cit) − QP,(−cit)

Qcit
(1)

with Ecit the efficiency of citrate to mobilize P, QP the molar
influx of P with citrate in the perfusate (+cit) and without (−cit),
and Qcit the molar efflux of citrate. Qcit is the product of the
dialysate-flow rate and the difference between perfusate and
dialysate concentration of citrate. Statistics have been calculated
with R-statistics version 3.5.0 (R Core Team, 2018). The observed
fluxes (Table 2, Figure 2) and citrate P-mobilization efficiencies
(Figure 3) have been tested with robust 2-way analyses of
variance (anova) from the R-statistics package WRS (Mair and
Wilcox, 2020). We used the function t2way to reveal significant
effects of soil horizon and citrate treatment on the cumulative
fluxes (Table 2). For the fluxes over time (Figure 2) and for
the mobilization efficiency (Figure 3), we used the mixed-anova
function bwsplit to reveal significant effects of sampling time and
citrate treatment. In this anova, the differences between sampling
times have been regarded as within-subject effects (repeated

measurements on individual probes) and the citrate treatment as
between-subject (group) effect. Additionally, we reported in the
graphics the approximated 95% confidence limits of the median
(McGill et al., 1978) to facilitate the localization of significant
differences. We based the regression of P-influx over citrate
efflux on a log-log model of the medians as a robust approach.
With these transformations, we achieved a normal distribution
of the P-influx data (Shapiro-test). In the error estimation, this
aggregation is considered by the strong reduction of the number
of degrees of freedom. The model formula was:

log10

(

∑

QP

)

= (I0+ Ihor)+ (S0+Shor) · log10
(

∑

−Qcit

)

(2)

with6QP and6−QCit the cumulated molar fluxes of phosphate
and the opposite flux of citrate, I0, IHor , S0, and SHor the intercept
and the slope. Both are composed of a basic term (subscript “0”)
that covers the Oa horizon and a further additive term of slope
and intercept (subscript “hor”) that covers the modifications for
Ah and Bw horizon.

3. RESULTS

P-influx of MD depended on the citrate concentration of the
perfusate. Maximum cumulative 144 h influx (Table 2) without
citrate was in the Oa horizon and minimum in the Bw-
subsoil. With the high-citrate perfusate, the ranking changed and
maximum influx was in the Bw horizon. There was an interaction
between the effects of citrate concentration of perfusate and time
(Figures 2A,B, Table 3). With the control and the high-citrate
treatment P influx decreased continuously over time, while for
the low-citrate treatment P influx reached a maximum after
48 h. By trend, both citrate treatments produced highest P influx
for the samples of the Bw subsoil, whereas with the control P-
influx decreased with soil depth from Oa to the Bw. The highest
relative P-mobilization effect of citrate was observed for samples
of the Bw horizon between 48 and 144 h where the median of
P influx raised from 6.9E-7 (control) to 1.05E-4 nmol cm−2 s−1

(high citrate), i.e., by a factor of 157. The continuous decrease
of P influx over time with the control is in agreement with a
depletion of the probe environment by diffusion with or without
first-order desorptive replenishment.

Cumulative P-influx (Table 2) of both citrate treatments did
not reflect the gradation of the batch-citrate extractable P in
Table 1 neither for the molybdenum active part, nor the total P
in the citrate extract. Maximum concentration of batch-citrate
extractable P was found in the Oa horizon and minimum in
the Ah: On a volume base it was for total citrate-extractable
P [Pcit (ICP)] 195, 108, and 174 µg cm−3, and for inorganic
[Pcit (Molyb.)] 163, 35, and 141 µg cm−3 in Oa, Ah, and Bw,
respectively. This does not correlate to the clear maximum
of MD-P influx in the Bw horizon. The minimum of batch-
extractable P in the Ah horizon coincides only with theMD influx
of low citrate but not with the high citrate perfusate where MD-P
influx of the Ah horizon was close to that of the Oh horizon.

In all horizons and all perfusates efflux of chloride (Figure 2D)
decreased strongly from day 1 to 2 followed by a constant efflux
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FIGURE 2 | Fluxes of phosphate (A,B), citrate (C), and chloride (D) between soil and microdialysis probes. The boxes represent the approximated 95% confidence

limit of the median (anova statistics is presented in Table 3). The lines are connecting medians indicating the temporal pattern. For the phosphate influx, the plot is

repeated with logarithmic scaling in (B) to highlight the gradation of the P-absorption between control and citrate treatments. Vertical arrows in the upper graph

symbolize outliers beyond the maximum axis value.
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FIGURE 3 | The molar efficiency of citrate to release phosphate, calculated as the ratio of flux changes between the respective citrate perfusate and the control

(Equation 1). The lines are connecting medians indicating the temporal pattern. The error bars limit the approximated 95% confidence limits of the medians, the tabled

p-values come from a robust mixed 2-way anova (c.f. that was applied separately for each soil horizon. Significance of p-values is symbolized by: (*)< 0.1, * < 0.05,

** <0.01, *** < 0.001).

TABLE 3 | Comparison of fluxes reported in Figure 2: p-values of the robust 2-way mixed anova considering within-subject effects (repeated measurement of probes

over time) and between-subject effects (perfusates).

Horizon Oa Ah Bw

Flux P Citrate Chloride P Citrate Chloride P Citrate Chloride

EFFECT

Perfusate 0.0003 <0.0001 0.41 0.0001 <0.0001 0.0006 <0.0001 0.0006 0.0011

*** *** n.s. *** *** *** *** *** **

Time <0.0001 0.072 <0.0001 0.0021 0.034 <0.0001 0.0006 0.018 0.0002

*** (*) *** ** * *** *** * ***

Time × perf. <0.0001 0.45 0.53 0.0001 0.51 0.041 0.065 0.19 0.03

*** n.s. n.s. ** n.s. * (*) n.s. *

The anova was applied separately for each soil horizon, significance of p-values is symbolized with: (*)<0.1, *<0.05, **<0.01, ***<0.001.

or a further decrease to day 3–6. Final Cl− efflux was only 70–
90% of that of day 1. This pattern can easily be attributed to a
transient diffusion process of an ion that does not interact with
the solid phase and approaches a steady-state efflux. Citrate efflux
(Figure 2C), in contrast, increased over time with all treatments
and horizons (for the Oa horizon, the p-value is 0.072, Table 3; in
this case, we have to classify the increase as tendency). Horizon-
specific effects could not be revealed.

Figure 3 shows the calculated efficiencies of citrate efflux
to mobilize P according to Equation (1). Individual MD-probe
observations have been used for P-influx [QP,(+cit)] of the citrate
treatments and the respective citrate efflux (Qcit). The median
of the control P-influx of the respective horizon, perfusate,
and time has been used for the term QP,(−cit). The highest P
yield for a given citrate efflux was observed in the Bw horizon
with low citrate at day 2 with 0.0035mol·mol−1, i.e., 286 citrate
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FIGURE 4 | Phosphate influx over citrate efflux together with the logarithmic

model fitting (model parameters in Table 4). The numbers right of the symbols

are the time in hours. The ellipse highlights the overlapping results of both

perfusate-citrate concentrations where the values of the low citrate treatment

cover 144 h efflux and those of the high-citrate treatment only 24 h.

TABLE 4 | Coefficients of the regression model of cumulated P-influx over

cumulated citrate efflux (Equation 2 displayed in Figure 4), with p-values of

coefficients: **<0.01, ***<0.001.

Horizon Oa Ah Bw

I0 — 1.895 —

— p = 0.005** —

IHor 0 −1.077 0.768

p = 0.206 p = 0.379

S0 — 0.731 —

— p = 0.0001*** —

SHor 0 0.192 −0.125

p = 0.32 p = 0.53

Adj. r2 = 0.87.

molecules were needed to harvest one additional phosphate.
Lowest efficiency was observed in the Oa horizon with high-
citrate treatment between 48 and 144 h with 0.00004mol·mol−1

or 25.000 citrate molecules needed for one additional phosphate.
Efficiency of the high-citrate treatment decreased progressively
from day 1 to 3–6, whereas low-citrate treatment showed a
maximum efficiency during day 2.

The plot of the cumulated phosphate absorption over
cumulated citrate efflux (Figure 4) exhibits a logarithmic trend
and could be fitted by a regression model (Equation 2). The
coefficients of the model are listed in Table 4. In the plot three
sections along the x-axis can be distinguished: Points left of the
drawn ellipse stem only from the low citrate treatment, points
right of ellipse only from the high citrate treatment. Points
within the ellipse come from both treatments equally and form

a smooth transition between the citrate treatments. P-influx after
144 h of low-citrate efflux was virtually the same as P-influx
of 24 h of high-citrate efflux. This can also be expressed in
terms of citrate efficiency (Equation 1). The 24 h efficiency of
high-citrate treatment has been taken directly from Figure 3,
and the 144 h efficiency of the low-citrate treatment has been
calculated from the cumulative fluxes of phosphate and citrate.
In the Oa horizon, the 144 h low and the 24 h high efficiency were
0.001 and 0.00084, respectively, in the Ah 0.00055 and 0.00051,
and in the Bw 0.0021 and 0.0014 molmol−1. In neither of the
three horizons, the 144 h low and the 24 h high P-efficiencies
revealed significant differences (Wilcoxon rank test). The close
similarity of the efficiencies in the soil horizons are notable
insofar that the major control of P mobilization by citrate was
the cumulated efflux of citrate and that this was independent of
time or citrate concentration.

4. DISCUSSION

4.1. Citrate Efflux
Citrate efflux from the MD probes into the soil increased P
influx into theMD probes. Beyond that, the specific time patterns
of P-influx and citrate efflux during the 6-days experiment
merit specific analysis. The volume of soil that is influenced
by the activity of a living root is defined as rhizosphere with a
radius in the µm-range up to cm (Hinsinger et al., 2009). The
radius of an “MD-rhizosphere” is limited by the modification of
solute concentrations that can also trigger modifications of biotic
activity. The efflux from the perfusate increased concentrations
of K+, Cl−, and citrate in the solution surrounding the MD-
probe. For an ion that does not interact with the solid phase,
such as Cl−, a transient growth of the dispersal volume together
with flattened concentration gradients near the MD membrane
can be expected. In our results, this was reflected by the
decreasing diffusional loss of Cl− with time (Figure 2). The
efflux characteristics of Cl are crucial for our interpretations
since it is an ion that hardly interacts with microbes or the solid
phase. Chloride reveals the typical efflux pattern dominated by
diffusion. Though we can assume the same transport physics
for citrate and Cl anions, the development of citrate efflux
over time is completely different. We observed a decreasing
Cl efflux over time, but an increasing citrate efflux. Diffusion
of solutes revealing a stronger interaction to the solid phase
than Cl would slow down in a similar way. A solute depletion
by first-order kinetics (adsorption, precipitation) or Michaelis–
Menten kinetics would delay a saturation, but never lead to an
increase of diffusional loss over time. Precipitation of citrate
by polyvalent cations can neither explain increasing diffusional
loss since this process would follow zero-order kinetics, resulting
in constant citrate efflux, nor it can be explained by citrate
adsorption, since this would cause decreasing citrate efflux over
time. The most obvious explanation for increasing efflux is
microbial decay or metabolization of citrate with increasing rates
after begin of efflux. In the following, we summarize evidence
from literature supporting this assumption. In soils, citrate is
easily metabolized or degraded by microorganisms and reveals
short half life of only up to some hours (Jones, 1998; van Hees
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et al., 2002). This would not cause increasing efflux rates into
the MD environment as long as the microbial citrate sink is
controlled by constant concentration-dependent kinetics. Several
models of citrate concentration around exuding roots are based
on decay constants (Geelhoed et al., 1999; Schnepf et al., 2012;
McKay Fletcher et al., 2019). When parametrized with literature-
based decay constants these models yield a radius of 0.1 and
0.4 cm around the exuding surface where citrate concentrations
approach zero. In these models, citrate efflux decreases over
time. This type of citrate efflux characteristics was observed by
McKay Fletcher et al. (2019) in a 20 h MD experiment. However,
the assumption of constant rates of concentration-dependent
citrate decay in the rhizosphere is questionable. Fujii et al.
(2012) observed an increase of Michaelis–Menten parameters of
carboxylate decay in the rhizosphere vs. bulk soil.

Here it has to be emphasized that carboxylate exudation
by actual roots is a dynamic process insofar, that the efflux is
concentrated at the rather short-living root tip (Canarini et al.,
2019). This means a root grows toward a soil spot devoid
of an active root and often with higher availability of water
or nutrients. There, it begins to exude, e.g., citrate, an easily
available additional energy source for microorganisms that will
stimulate the microbial community. Root exuded low-molecular
organic acids exert a particularly strong rhizosphere priming
effect (Renella et al., 2007; Keiluweit et al., 2015; Shahzad et al.,
2015), which describes a microbial carbon mineralization in the
rhizosphere that releases more CO2 than could be expected from
the amount of exudates (Kuzyakov, 2002). Modification of the
microbial community is an important trait of the rhizosphere
(Hinsinger et al., 2011; Kaiser et al., 2011). Therefore, it is
unlikely that biotic activity in the rhizosphere as well as in
the vicinity of a MD probe in a living soil remains unchanged
during hours and days following the emergence of a local
citrate source. In contrast to first-order processes, a microbial
stimulation counteracts a saturation and can cause an increasing
diffusional efflux of citrate. In our experiments, diffusional efflux
of citrate increased by a factor up to 1.57 within 6 days. This
factor is also the minimum estimate of increased decay in the
direct vicinity of the MD membrane. This is evident from the
physics of diffusion: An increase of efflux needs a proportional
lowering of the citrate concentration directly at the membrane
surface. The actual increase of the rate of microbial decay was
nevertheless higher by an unknown factor, because a part of
the initial diffusion efflux was not used solely by microbes, but
contributed to a transient adsorption by the solid phase near the
membrane (Gerke et al., 2000).

We hypothesized a stronger effect of microbial citrate
consumption on P-mobilization in the topsoil horizons rich in
SOM. This would have been supported by a stronger increase
of citrate efflux with time in the Oa and Ah horizon than in the
Bw horizon, but for this effect there is no direct evidence in the
results. Overall, the data do not allow a detailed analysis of the
rising citrate efflux over time. Furthermore, without additional
data on soil respiration conclusions on time patterns of microbial
stimulation remain speculative. As shown by Stenström et al.
(1998), the delay and the further trend of soil respiration after
stimulation by added substrate depend on the composition of

the microbial community with members whose population grow
and others that only increase their metabolism in response to
an addition of easily available substrate. The authors found that
increase in soil respiration by growing microbial populations is
stronger, but begins later than increased substrate mineralization
by a non-growing population.

4.2. Phosphate Mobilization
Generally, it is assumed that microbial decay of citrate lowers
its efficiency to mobilize phosphate (Geelhoed et al., 1999;
Barrow et al., 2018) because microbial loss reduces citrate
concentrations responsible for P-mobilization processes, such
as ligand exchange, surface reactions, or chelating of Fe. We
hypothesized therefore an increasing efficiency of citrate to
mobilize phosphate with decreasing SOM as a proxy for
microbial activity and thereby citrate decay according to van
Hees et al. (2002). In accordance with our hypothesis, we
observed uniformly higher mobilizing efficiencies of citrate in
the Bw horizon than in the topsoil (Oa and Ah horizon).
Independently of a priming by citrate in the MD vicinity a
higher density of potentially citrate consuming microorganisms
would lower the citrate concentration in the soil solution
and additionally could compete with the MD membranes for
mobilized phosphate.

We parametrized a regression model that explains 87% of
the total variation of phosphate influx into the MD probes
solely based on the cumulative citrate efflux and the soil horizon
(Table 4). The model is thus independent of time and citrate
concentration in the perfusate. The logarithmic trend implies a
decreasing marginal benefit of citrate exudation for phosphate
mobilization. Until now, cumulative efflux has barely been
discussed as themain control of P-mobilization by citrate. Results
supporting the relevance of cumulative efflux of carboxylates
were obtained by Fox et al. (1990). The authors applied one
single dose of oxalate to a soil sample and extracted soil solution
after 12 h and compared the results to sequential extractions
after applying smaller doses over several days. They obtained
congruent curves of P yield plotted over the cumulative amount
of added oxalate. Though the authors did not discuss the
mechanisms that cause this phenomenon, they emphasized the
important ecological role of small, but continuous release of
carboxylates mobilizing strongly adsorbed solutes like Al or P.

Most existing studies of P mobilization by carboxylates
focus on equilibrium concentration as controlling factor
(Hinsinger, 2001), probably because batch extraction is a
common approach and equilibrium coefficients allow a
straightforward implementation of numeric models. In contrast,
McKay Fletcher et al. (2019) related the P mobilization potential
of citrate efflux in an MD experiment to the efflux rate of
citrate. However, their results do not contradict our findings
because the experiments were limited to 20 h. Low efflux rates
need to be observed with extended exposure times. Citrate
efficiencies plotted in Figure 3 indicate that there exists,
however, a threshold of cumulated citrate efflux to mobilize P.
With the high-citrate treatment we observed a strong decrease of
mobilization efficiency over time. The extremely low phosphate
extra yield in the Oa horizon after 48 h of citrate efflux implies
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high costs of phosphate mobilization. With low citrate efflux
initial mobilizing efficiency, however, was low and not until the
second day it reached a marked peak to decrease again during
the period between day 3 and 6. This is not in compliance with
the logarithmic model in Figure 4, which implies a continuous
decrease of the specific efficiency: The more citrate was released,
the lower its ability to mobilize additional P. In the logarithmic
fit, the reduced initial low-citrate efficiency is reflected by
the systematically negative residuals of the 24 h low-citrate
observations in Figure 4.

Gerke et al. (2000) described a threshold of citrate
concentration on the solid phase implying also a minimum
dissolved citrate concentration where the dissolved phosphate
concentration begins to increase. In the dynamic MD extraction,
such a sharp threshold cannot be expected, but with low
citrate concentrations in solution, a stronger competition
between phosphate mobilization and other processes of citrate
immobilization is probable (Jones and Brassington, 1998).
Filling up the most selective citrate adsorption positions in
the direct vicinity of the membrane can therefore explain the
delayed maximum efficiency in case of low citrate. A similar
effect could be hypothesized for selective microbial uptake of
phosphate around the membranes. In the high-citrate treatment,
this possible threshold is masked by the high amount of exuded
citrate in the first 24 h, which is close to the 144 citrate efflux
of the low-citrate treatment. With the experimental data of our
study, a quantitative limitation of the scope of the logarithmic
model is not yet possible. For the lower threshold, a high-citrate
efflux has to be tested with reduced time steps.

Adsorption/desorption characteristics of citrate and
phosphate are mostly non-linear (Gerke et al., 2000), i.e., at
low concentrations a higher fraction is bound to the solid phase.
When only desorption from the solid phase is considered,
phosphate mobilization independently of the applied citrate
concentration is therefore remarkable. Possibly, processes of
P mobilization are much more diverse than those included
in the established quantitative models. Kinetics of obviously
relevant rhizosphere processes, such as stepwise P release from
supramolecular SOM structures by citrate (Clarholm et al.,
2015) or the absorption of “leftover” P of SOM-mineralization
triggered by the priming effect of citrate (Renella et al., 2007;
Dijkstra et al., 2013) is difficult to quantify. A further validation of
cumulative carboxylate efflux as major control of P-mobilization
needs application of a wider variation of efflux rates and an
overlapping of resulting efflux over several points in time.
This should be amended by quantification of citrate-triggered
change of soil respiration. If cumulative efflux proved to be
a generalizable control of P mobilization, a discussion of the
underlying mechanisms would be needed.

Because MD-influx originates from an unknown volume, it
cannot be converted directly to batch extracted P. A distance-
weighted distribution of the P-influx can only be obtained by
parametrizing models with diffusion, adsorption, and decay data
(Schnepf et al., 2012; McKay Fletcher et al., 2019). Nevertheless,
MD P-influx data of our three soil horizons did not reflect the
differences and ranking of phosphate mobilized with citrate-
batch extraction (Table 1). Because our experiments yielded the

first quantitative data on P-absorption of a citric acid exuding
membrane in soil environment over several days, a direct
reference to existing studies is not available. One important
difference to batch experiments is the MD membrane acting as
an additional sink for dissolved P that competes with chelating
species, adsorbing surfaces (Barrow, 2017), and microbial uptake
(Schneider et al., 2017). In such a far-from equilibrium dynamic,
each single interacting citrate molecule can mobilize a phosphate
whose fate is determined by the spatial arrangement of sinks
and the diffusion speed (McKay Fletcher et al., 2020). The
probability of a dissolved P to reach the MD surface decreases
by both diffusion time and the number of opportunities to be re-
immobilized. Therefore, the competetiveness of the MD surfaces
strongly increases with decreasing distance between the place of
mobilization and the absorbing membrane. As Raynaud et al.
(2008) illustrated by modeling spatial interaction of rhizosphere
processes, it could be beneficial for a root when the concentration
of a mobilizing solute around a root drops in a narrow radius
because this decreases the share of the mobilized nutrients that
are lost for the exuding root.

MD assesses far-from equilibrium dynamics that cannot be
modeled with equilibrium constants involving instantaneous
exchange. By leveling desorption/adsorption kinetics and the
microscale-spatial distribution of both exchanging surfaces
and microorganisms, an equilibrium experiment can barely
reflect the specific low-distance competetiveness of an absorbing
membrane. Furthermore, the standard citrate extraction
procedure applied for the values in Table 1 is based on a
concentration of 50mmol L−1 of citrate, which is much higher
than we induced directly at the membrane surface.

A critical point of our study are the absolute concentrations
we applied. Carboxylate concentrations in the rhizosphere are
generally higher than in the bulk soil (Jones, 1998; Fujii et al.,
2012). There is an evidence of increased carboxylate exudation
when roots grow in soils with limited P availability (Hoffland
et al., 1989) including European beech (De Feudis et al., 2016).
However, citrate concentrations of 1mmol L−1 ormore are barely
observed in soil solution (Except in the vicinity of specialist
root structures, such as cluster roots; Lambers et al., 2015). In
topsoil solutions of beech stands, Shen et al. (1996) measured
citrate concentrations below 1 µmol L−1. In bulk soil solutions
citrate concentrations solution rarely exceed 50 µmol L−1 (Jones,
1998), in forest floor of coniferous stands they may approach
500 µmol L−1 (van Hees et al., 2005a).

Though soil-solution sampling in the rhizosphere is
challenging (Luster et al., 2009), it is assumed that natural
concentrations of citrate are lower than those applied in most
experiments (Hinsinger, 2001). From the existing data of low
rhizosphere concentrations and low exudation rates, Richardson
et al. (2011) recognize only a “modest” evidence that organic
anion release of non-cluster root plants can improve P nutrition.
Maximum concentrations in our experiment were directly at the
membrane–soil contact zone. They can be easily estimated due
to the low membrane thickness and its high porosity (Demand
et al., 2017), where the diffusional flux causes a marginal gradient.
Therefore, concentrations at the outer membrane surface were
close to the perfusate of 1, respectively 3mmol L−1.
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The point-like membrane-surface concentration is not equal
to a rhizosphere concentration that is always defined on a volume
base. Until now rhizosphere concentration measurements are
limited in the spatial resolution to 1–2mm (Fujii et al., 2012)
or in case of micro-suction cups to 1 cm (Dessureault-Rompré
et al., 2006). As mentioned above, the localized exudation of this
easily degradable organic carbon causes very steep concentration
gradients around the sources approaching zero within an mm
range. Reliable data of exudation rates of individual tree roots are
scarce (Preece and Peñuelas, 2016; Oburger and Jones, 2018). By
relating mineralization kinetics and the concentrations in bulk-
soil solution, van Hees et al. (2005b) calculated soil-mass related
production rates of citrate for podzolic forest soils between 0.4
and 600 nmol g−1day−1. Considering the fast mineralization, van
Hees et al. (2005a) assumed turnover rates up to 80 day−1 for the
dissolved part and 10 day−1 for total carboxylates including the
adsorbed part. These high turnover rates require a permanent
replenishment of the soil solution. Roots play an important
role in this replenishment (Nguyen, 2003). However, both time
and spot of exudation of carboxylates in root systems can
be highly localized (Hinsinger et al., 2011; Canarini et al.,
2019). This means until now we do not know the maximum
citrate concentrations directly at exuding root tips. There are
furthermore scaling challenges because potentially an important
part of phosphate is mobilized in pores with diameters below
10 µm, which are barely accessible to microscopic concentration
measurements. Though it would be desirable to extend the range
of citrate concentrations in the MD-experiments toward lower
values, existing information on efflux rates of root citrate does
not exclude the local occurrence of high concentrations directly
at the root surface or in individual pores in direct contact to the
membrane surface.

4.3. Conclusions
Following phosphate influx into MD probes and synchronous
efflux of citrate over several days yielded novel insights
into soil P-mobilization. A surprising result was the rather
complex patterns of P-influx modified by time, soil-horizon,
and perfusate concentration that could be aggregated in a
logarithmic model. This model predicts cumulated phosphate
influx by the cumulated citrate efflux independently of time
and efflux rate. We conclude therefore that processes other
than sorption/desorption or precipitation/solution control the
mobilization efficiency of exuded citrate in soil. Our data are
consistent with the assumption that in this context microbial
decomposition or immobilization processes are central. Our data

also show that in soils with high concentrations of adsorbed
phosphate, the exudation of citrate in the subsoil is more
beneficial for the plant roots’ P uptake than in the SOM-
rich topsoil. The logarithmic character of the model implies
a decreasing marginal benefit of citrate exudation, which can
probably be related to stimulation of microbial activity by citrate
and an increasing distance between mobilization of phosphate
and membrane uptake. Both effects lower the competitiveness of
the uptaking membrane to other processes. In order to deepen
our knowledge of P-mobilization by carboxylates, the presented
MD approach should be amended with (a) lower citrate efflux
rates but longer observation time, (b) analyses of soil microbial
activity with high time resolution, and (c) on-site use of spatial
MD grids. Our results confirm that the developed advancement
of MD application is promising for the identification of P
mobilization processes in soils mediated by plant roots but also
indicate still open questions regarding this issue. Nevertheless,
we agree with Brackin et al. (2017) who called the MD method
“Roots-eye view.”
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