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Methods We measured (1) root exudation from 
mature trees, (2) soil solution concentrations of 
organic acids and monosaccharides, and (3) miner-
alization kinetics of 14C-radiolabelled substrates in 
the rhizosphere and bulk soils of the Dipterocarp and 
Macaranga trees.
Results Malate was a dominant organic acid exuded 
from Dipterocarp roots, while monosaccharides 
were dominant exudates of pioneer Macaranga trees. 
Malate exudation rates by Dipterocarp roots were 
greater compared to Macaranga roots. Organic acid 
exudation increased with increasing root surface area 
and with decreasing soil pH. Microbial activities of 
malate mineralization were enhanced in the rhizos-
phere both under Dipterocarp and Macaranga trees, 
but the C fluxes of malate mineralization far exceeded 
root exudation of malate in the rhizosphere of Dip-
terocarp trees.
Conclusion Tree species develop different strategies 
to increase malate concentration in rhizosphere soil 
directly through root exudation or indirectly through 
rhizosphere microbial activities to increase malate 
production, which might be favorable for phosphorus 
solubilization, aluminum detoxification, and lignin 
degradation in acidic soils.

Keywords Decomposition · Organic acid · 
Phosphorus deficiency · Sorption · Tropical forest

Abstract 
Aims Root exudation of organic acids is one of 
strategies for tropical trees to facilitate nutrient uptake 
from the highly weathered soils. However, paradoxi-
cal relationship remains that root exudation also stim-
ulates microbial activities to consume organic acids 
in the rhizosphere (root-soil interface). Plant-specific 
root exudation might shape different rhizosphere 
carbon (C) cycles in soils under different tree spe-
cies. We test whether root exudation and rhizosphere 
C fluxes of organic acids and sugars differ between 
soils under dominant dipterocarp trees (Dipterocapus 
cornutus and Shorea laevis) and pioneer trees (Maca-
ranga spp.).
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Introduction

In the tropical forests, long-term weathering and 
acidification of soils generally result in a decrease in 
available phosphorus (P) (Walker and Syers, 1976). 
This is hypothesized to cause a decline in biomass 
productivity (Wardle et al. 2004), but high productiv-
ity could be maintained by plant species diversity and 
habitat differentiation (Fujii et al. 2018). There should 
occur a variety of belowground strategies of tropi-
cal tree species to acquire nutrients from the highly 
weathered soils (Fujii et al. 2018; Ma et al. 2018).

The soil in the vicinity of fine roots, termed as 
rhizosphere, is a hotspot for carbon (C) and nutrient 
cycles (Kuzyakov and Razavi, 2019). Root exudation 
of low molecular weight organic acids (LMWOAs) 
such as oxalic, citric, and malic acids, can increase in 
response to P deficiency to solubilize recalcitrant P 
bonded with aluminum or iron oxides (Jones, 1998). 
Although the concentrations of LMWOAs are gener-
ally low in soil solution (Strobel, 2001), they increase 
towards root surface due to the localized substrate 
inputs (Jones et  al. 2004). Root exudation of labile 
substrates increases the biomass and/or activity of 
rhizosphere microorganisms and promotes nutri-
ent cycles through priming effects (Dijkstra et  al. 
2013). However, there was a paradox that root exuda-
tion increases microbial activity to consume exuded 
LMWOAs in the rhizosphere (Fujii et  al. 2013). 
Organic acids can also be consumed through sorp-
tion onto the solid phase (Ström et al. 2001). Miner-
alization and sorption risk under/overestimating the 
efficacy of the exuded LMWOAs in rhizosphere pro-
cesses (Jones et al. 2003).

Diverse plant roots release different kinds and 
amounts of low molecular weight organic substances 
(LMWOSs; LMWOAs and sugars) in tropical forests 
(Grayston et al. 1996; Aoki et al. 2012). The decom-
posability of LMWOS and extent of sorption are 
compound-specific (Jones and Brassington, 1998; 
Ström et  al. 2001; Van Hees et  al. 2003). Microbial 
community grown in presence/absence of LMWOAs 
tends to increase/decrease transporter activity and 
dependency of LMWOAs for microbial respiration 
(Jones et al. 1996; Fujii et al. 2019). When a certain 
tree species releases specific root exudates, rhizos-
phere microbes might induce a shift towards special-
izer of root exudates and re-shape rhizosphere C and 

nutrient cycles. The importance of these direct and 
indirect effects in rhizosphere or whole soil C cycles 
has rarely been quantified.

Bornean primary forest accommodates dominant 
species (Dipterocapus cornutus and Shorea laevis) 
and pioneer species (Macaranga gigantea) that differ 
in terms of root morphology (finer roots vs. coarser 
roots) and ecology (ectomycorrhizal roots vs. arbus-
cular mycorrhizal roots) (Smits, 1994). The greater 
aboveground biomass and longer lifespan of dip-
terocarp trees, compared to Macaranga trees, should 
require greater amounts of organic acid exudation to 
solubilize P and detoxify  Al3+ and have mechanisms 
to maintain high levels of organic acids in the rhizo-
sphere. We hypothesized that root exudation and 
rhizosphere LMWOS-C fluxes could differ between 
contrasting tree species.

Here, we tested (1) whether composition and 
amounts of root exudation differ between dominant 
dipterocarp trees and pioneer trees, (2) whether dif-
ferent root exudates cause specialization of substrate 
mineralization by rhizosphere microbes, and (3) 
whether root exudation and rhizosphere C fluxes are 
quantitatively important relative to the bulk soil C 
cycles.

Materials and Methods

Site description

Experiments were carried out in tropical forests and 
agroecosystems in Bukit Soeharto (S0°51’, E117°06’; 
99  m a. s. l., average inclination 15°), East Kalim-
antan Province, Indonesia (Fig. 1). After the fires in 
1982–1983, we established five plots (20  m × 20  m) 
of undisturbed primary dipterocarp forest dominated 
by Dipterocapus cornutus and Shorea laevis and 
natural secondary forest with regeneration by pioneer 
species Macaranga gigantea, respectively. The stand 
age of Macaranga forests are ca. 20  years old after 
the 1998 fires (Slik et  al. 2003). The mean annual 
air temperature was 26.8ºC, and the mean annual 
precipitation was recorded as 2187  mm   yr–1. Soils 
were derived from sedimentary rocks and classified 
as Typic Paleudults (Soil Survey Staff, 2014). The 
detailed features of these sites and soil properties are 
described in Fujii et al. (2020a).
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Soil sampling

The composite soil samples were collected from 
three pits at each plot in August 2012. The distance 
between each pit was 10 m. The surface mineral soil 
horizons (A horizon; 0–10  cm), where roots and 
microbial activities are considered to be high, were 
collected and analyzed (Table 1). As previously out-
lined in Fujii et  al. (2013), the unsieved fresh soil 
samples were separated into rhizosphere and bulk 
fractions. Rhizosphere soil fractions were obtained 
by collecting the soil materials adhering closely 
to roots, after gently shaking the fine root systems 
(diameter < 2 mm) 10 times until the loosely adherent 
soil was removed. The bulk fractions were collected 
from the soil outside the rooting area. After remov-
ing rhizosphere soil, roots were washed and scanned 
in a flat screen scanner (GT-S600, EPSON, Tokyo, 
Japan), and the root surface area and root tip number 
were analyzed using Win-Rhizo (Regents Instruments 
Inc., Quebec, Canada). The thickness of the rhizos-
phere soil was calculated by dividing the volume of 
the adherent soil by the root surface area. The per-
centage of the rhizosphere soil relative to the total 
mass of soil was calculated from the thickness of the 
rhizosphere soil, root surface area, and bulk density.
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Physicochemical analysis of soils

A proportion of the fresh soil samples were air-dried 
and sieved (< 2 mm) to eliminate litter, roots and peb-
bles. Soil pH was measured using a soil to solution 
 (H2O or 1  M KCl) ratio of 1:5 (w/v) after shaking 
for 1  h. Total C and N concentrations were meas-
ured using a CN analyzer (Vario Max CN, Elemen-
tar Analysensysteme GmbH). Particle size distribu-
tion [clay (< 0.002 mm); silt (0.002–0.05 mm); sand 
(0.050–2  mm)] was determined using the standard 
sedimentation method. The available phosphorus 
(P) concentrations were estimated using the Bray 
2 extraction method (Blakemore et  al. 1987). The 
microbial biomasses C was determined using the 
chloroform fumigation-extraction method (Vance 
et al. 1987) with conversion factor of 0.45 (Wu et al. 
1990). The soluble C in the fumigated and non-fumi-
gated soil samples were extracted with 0.5 M  K2SO4 
(soil to solution ratio of 1:5) and measured using a 
total organic C analyzer (TOC-V CSH; Shimadzu, 
Japan).

Soil solution extraction and chemical analysis

The centrifugation-drainage technique was used to 
extract soil solution (Giesler and Lundström, 1993). 
Without addition of water, the rhizosphere and bulk 
soil fractions were centrifuged for 30 min at a speed 
of 8,800  rpm (10,560  g; ~ 1.5  MPa; Hitachi centri-
fuge) within 36 h of sampling, respectively. The soil 
solution extracts were filtered through a 0.6 µm filter 
(GF/C, Whatman) and frozen at -24ºC prior to analy-
sis. The monosaccharide concentrations were deter-
mined using periodate oxidation (Burney and Sie-
burth, 1977; Johnson and Sieburth, 1977) and glucose 
standards. The concentrations of LMWOAs were 
determined by high performance liquid chromatogra-
phy (HPLC, Shimadzu, Japan) using the method by 
Van Hees et al. (1999). Organic acids were separated 
on a Supelcogel C610-H ion exclusion column using 
0.1%  H3PO4 as the mobile phase at operating temper-
atures of 60ºC for citric acid and 30ºC for oxalic and 
malic acids with UV detection at 210 nm.

Organic acid and glucose mineralization kinetics

As previously outlined in our previous study (Fujii 
et  al. 2019), C fluxes of LMWOS in soils were 

estimated for the rhizosphere and bulk soil frac-
tions. 14C-radiolabelled glucose or organic acid 
solution (100 µL; specific activity: 0.17  kBq   mL−1; 
pH 4.5) was added to 1 ± 0.02  g of field-moist 
soil in 50-mL polypropylene vials. 14C-glucose 
(U-14C; American Radiolabeled Chemicals, Inc., 
0.4 GBq   mmol−1) and four organic acids, 14C-acetic 
acid (1,2-14C; 2.2  GBq   mmol−1), 14C-oxalic acid 
(1,2-14C; 0.2  GBq   mmol−1), 14C-malic acid (1,2-
14C; 0.2 GBq   mmol−1), and 14C-citric acid (1,5-14C; 
2.2  GBq   mmol−1), were used in the mineralization 
assays. The initial solution concentrations of each 
substrate were 50, 250, 500, and 1000  µM. Follow-
ing addition, the soil was gently shaken to ensure 
mixing and incubated at 25  °C in sealed vials. 14C-
CO2 produced by mineralization of the added sub-
strate was collected in a plastic scintillation vial con-
taining 1.0  mL of 1  M NaOH placed on top of the 
soil, separated by a spacer. The 14C-CO2 concentra-
tions trapped in NaOH were determined by liquid 
scintillation using alkali-compatible scintillation 
fluid (Hionic-Fluor; Perkin Elmer). 14C-CO2 produc-
tion was measured during the initial linear phase of 
decomposition (1  h), which was confirmed by the 
pilot experiment.

The data of mineralization kinetics were fitted to a 
single Michaelis–Menten equation:

where V is the mineralization rate (nmol  g−1  h−1), 
C is the substrate concentration (µM) in the soil solu-
tion, Vmax is the maximum mineralization rate (nmol 
 g−1   h−1), and KM is the concentration at which the 
half-maximal mineralization rate occurs 
(

1
/

2
Vmax;�M

)

 . Michaelis–Menten plots of organic 
acids were constructed using the equilibrium organic 
acid concentrations in soil solution, assuming com-
plete mixing of the organic acid with the intrinsic soil 
water and the sorption reaction (see the following 
section).

Sorption isotherms of organic acids

Glucose is not adsorbed onto the solid phase due to 
a lack of charge, whereas negatively charged car-
boxylic acids (acetic, oxalic, malic, and citric acids) 
are strongly adsorbed onto the solid phase (Jones 
and Brassington, 1998). To estimate the equilibrium 

(1)V =
(

Vmax × C
)

∕
(

KM + C
)
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concentrations of the organic acids in the soil solution 
after adding organic acid in the kinetic experiments, 
sorption isotherms were obtained by the method of 
Fujii et al. (2019). In each tube, 2.5 mL of 14C-radi-
olabelled organic acid solution (170  Bq   mL−1; pH 
4.5) was added to 0.50  g of chloroform-fumigated 
(48 h) field-moist soil in 6-mL plastic vials with a soil 
to solution ratio of 1:5 (w/v). The initial organic acid 
concentration ranged from 100 to 1000 µM. Follow-
ing addition, the samples were shaken for 10 min on 
a reciprocating shaker at 320 rpm. The samples were 
subsequently centrifuged (16,000 × g for 5  min) and 
the supernatant was recovered. The equilibrium 14C 
concentrations in solution were determined by liquid 
scintillation counting (Aloka Liquid Scintillation Sys-
tem, LSC-3050; Hitachi) using Optiphase HiSafe 2 
scintillation fluid (Perkin Elmer, Japan).

Then, the sorption isotherm data were fitted to the 
Freundlich equation:

where A is the quantity of organic acid adsorbed 
(nmol  g−1), C is the equilibrium solution concentra-
tion (µM), k is the Freundlich’s constant related to 
soil ability to sorb organic acid, and 1/n is the con-
stant related to sorption intensity. The quantity of 
anion adsorbed (A) can be calculated using the fol-
lowing equation:

where Ctot is the total quantity of organic acid 
added to the soil (nmol  cm−3), C is the equilibrium 
soil solution concentration (µM), � is the volumetric 
water content  (cm3  cm−3), and � is the soil bulk den-
sity (g  cm−3).

Rhizosphere effects of substrate mineralization rates

The mineralization rates of LMWOSs at their actual 
substrate availability were estimated using Eq.  1, 
assuming that LMWOSs in soil solutions are utilized 
by soil microbes as described by Michaelis–Menten 
kinetics. Using the bulk density, the volumes of the 
rhizosphere and bulk soil fractions, the mineraliza-
tion rates were scaled up to the C fluxes in the sur-
face soil horizon (0–10 cm). The rhizosphere effects 
(R) were assessed by dividing the rhizosphere C flux 
fraction [FRhizosphere, FBulk (mmol C  m−2  h−1)] relative 

(2)A = k × C1∕n

(3)Ctot = (C × �) + (A × �)

to rhizosphere soil mass fraction [MRhizosphere, MBulk 
(%)].

Quantification of root exudation rates

Root exudates were collected from alive roots of 
mature trees, according to Phillips et  al. (2008). We 
selected two dominant species (Dipterocapus cornu-
tus and Shorea laevis) in primary dipterocarp forest 
and one pioneer species (Macaranga gigantea) in 
Macaranga forest, respectively. The alive fine root 
systems (diameter < 2  mm) were carefully excavated 
from the soil at the boundary between the organic 
and mineral soil horizons. After the roots were care-
fully rinsed with distilled water to remove the adher-
ing soil, the alive root systems were placed in 50 mL 
syringes filled with sterile acid-washed glass beads 
and a C-free solution. After 48  h, the solution con-
taining exudates was collected using another syringe. 
The experiments were conducted with five replicates 
for each species. We selected one root system from 
a single tree and performed an exudation experi-
ment. The five trees were examined for each tree spe-
cies. The solutions were filtered through a 0.6  μm 
filter (GF/C, Whatman) and frozen at –24ºC prior to 
analysis. The concentrations of monosaccharides and 
acetic, oxalic, citric, and malic acids in the solutions 
were determined as with soil solution analyses. Rates 
of root exudation (nmol  g–1 root  h–1) were calculated 
using the organic acid concentrations (nmol  L–1), the 
quantity of solution in the syringe (30 mL), and the 
time between sample collections (48  h). Root exu-
dation measured in this method corresponds to net 
exudation from plant roots and mycrorrhizal hyphae, 
which underestimates the gross root exudation due to 
mycorrhizal C consumption but quantifies C inputs 
release into rhizosphere from plant roots and mycror-
rhizal hyphae.

Calculations and statistics

All results are expressed on an oven-dry (105 °C, 24 h 
for soil and 70 °C, 48 h for root) weight basis and are 
the mean ± standard error (SE) of five replicates. The 
statistical differences of mean values between groups 
(tree species, rhizosphere vs. bulk soil fraction) were 

(4)R = (FRhizosphere∕FBulk)∕(MRhizosphere∕MBulk)
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tested using analysis of variance (ANOVA) at a 
P < 0.05 significance level for soil solution concentra-
tions, sorption isotherm parameters, mineralization 
kinetics parameters, and root exudation rates. The 
statistical analyses were performed using SigmaPlot 
14.0 (SPSS Inc., 2020). The Michaelis–Menten equa-
tion and Freundlich equation were fitted to the miner-
alization kinetics data and the sorption isotherm data, 
respectively, using a least-squares optimization proce-
dure with SigmaPlot 14.0. The significant differences 
of the Michaelis–Menten and Langmuir parameters 
were tested with a modified t- test and the modified 
Tukey method (Zar, 1999).

Results

Soil and root properties of Dipterocarp and 
Macaranga forests

Under the Macaranga trees, soil pH and available P 
were higher than under the Dipterocarp trees due to 
the ash inputs in the past fires (Table 1). There was no 
difference in microbial biomass C between Diptero-
carp and Macaranga forest sites (Table 1). Although 
Dipterocarp tree roots had larger root surface areas 
and more root tips (Table 2), the rhizosphere soil was 
thinner in the Dipterocarp roots (avg. 1.3 mm) than in 
the Macaranga roots (avg. 3.5 mm). The rhizosphere 
soil fraction constituted 5.5% and 8.3% of the total 

soil masses in the Dipterocarp and Macaranga sites, 
respectively.

Low molecular weight organic substance 
concentration in rhizosphere and root exudation

Compared to the bulk soil, rhizosphere soil solu-
tion displayed significantly higher concentrations 
of malic and oxalic acids in the Dipterocarp soil 
(Fig. S1; Fig. 1). No enrichment effects of LMWOAs 
in the rhizosphere were observed in Macaranga soil 
(Fig. S1; Fig. 1). There was no significant difference 
in acetic acid and monosaccharide concentrations in 
rhizosphere and bulk soil solutions between Diptero-
carp and Macaranga sites (Fig. S1; Fig. 1).

Monosaccharides, acetic, malic, and citric acids 
were detected in root exudates, but the composition 
and rates differed between Dipterocarp trees (Dip-
terocapus cornutus and Shorea laevis) and Maca-
ranga trees. The organic acid exudation rates were 
positively correlated with root surface areas (Fig. 2a) 
and with root tips, respectively. Root exudation rates 
of malic and acetic acids by the Dipterocarp trees 
were greater than the Macaranga trees (Table 2). This 
contrasts with the higher monosaccharide exudation 
of the Macaranga trees (Table 2). There was no sig-
nificant difference between Dipterocapus cornutus 
and Shorea laevis, except for in oxalic acid exudation 
(Table 2).

Table 2  Root traits and exudation rates of Dipterocarp and Macaranga trees

Mean ± standard errors (N = 5). Within each column of each site, different letters (A, B) indicate that values are significantly 
(P < 0.05) different between tree species

Site Root tip 
number

Specific 
root sur-
face area

Root exudation rate Root exudation C flux

Tree spi-
cies

Mono sac-
charides

Acetate Oxalate Malate Citrate Total Ox + Mal + Cit

(g−1 root) (cm2  g−1 
root)

(nmol  h−1  g−1 root) (mol C  m−2  month−1)

Dipterocarp
Diptero-

carpus 
cornutus

21,641 ± 1200 
A

539 ± 157 
A

238 ± 54 B 387 ± 261 
A

0 ± 0 B 261 ± 33 A 320 ± 99 A 11.3 ± 1.6A 6.1 ± 0.9A

Shorea 
laevis

13,890 ± 3422 
A

318 ± 16 A 264 ± 60 B 576 ± 154 
A

1 ± 0 A 215 ± 117 A 267 ± 64 A 267 ± 64 A 4.8 ± 1.2 A

Macaranga
Macaranga 

gigantea
2049 ± 1373 B 155 ± 51 B 468 ± 41A 40 ± 10B O ± OB O ± OB 202 ± 60 A 7.3 ± 0.8 A 2.1 ± 0.5 B
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Using the exudation rates and the fine root biomass 
in the soil profile (0–10  cm; Tables 1 and 2), the C 
fluxes of root exudation rates were roughly estimated 
for Dipterocarp and Macaranga forests (Table  4). 
In the Dipterocarp and Macaranga forests, the C 
fluxes of multivalent organic acid (citric, malic, and 
oxalic acids) exudation corresponded to 4.8–6.1% 
and 2.1% of net primary production (NPP) [5.1 mol 
C  m−2   month−1 (Toma et  al. 2000) and 6.2  mol C 
 m−2   month−1 (Gamo, 2003), respectively] (Table 2). 
When the published data (Aoki et al. 2012) and those 
from the present study were included in correlation 
analysis, the proportions of organic acid exudation 
relative to NPP were negatively correlated with soil 
pH (KCl) (Fig. 2b).

Organic acid sorption reactions

To estimate organic acid sorption in the mineraliza-
tion kinetics experiment, the data of organic acids 
sorption and equilibrium concentration were fit-
ted well to a Freundlich equation (R2 > 0.95; Fig.  2; 
Table 3). Among the four organic acids, the degree of 
organic acid sorption followed the order: malate > cit-
rate > oxalate > acetate (Fig. 3). There were no differ-
ences in sorption of respective organic acids between 
the soils under Dipterocarp and Macaranga trees 
(Fig. 3).

Mineralization kinetics of low molecular weight 
organic substances in the rhizosphere

We compared mineralization kinetics to assess the 
specialization of substrate mineralization by rhizo-
sphere and bulk soil microbes. The mineralization 
rates of both soils varied between substrates and fol-
lowed the order: malate > citrate, oxalate > acetate, 
glucose (Fig.  4). The higher mineralization activi-
ties in the rhizosphere, compared to the bulk soil, 
were observed for malate and oxalate in the Diptero-
carp soil, but only for malate in the Macaranga soil 
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Table 3  Freundlich 
isotherm parameters, 
sorption capacity (k) and 
sorption intensity (1/n), 
to describe organic acid 
sorption in soil

Mean values (N = 5) were 
presented

Site Acetate Oxalate Malate Citrate

k 1/n k 1/n k 1/n k 1/n

µmol  g−1) µmol  g−1) µmol  g−1) µmol  g−1)

Dipterocarp 0.004 0.61 0.002 0.69 O.Dl5 0.71 0.005 0.82
Macaranga 0.001 0.94 0.002 0.73 0.012 0.73 0.003 0.90
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(Fig.  4). There were no significant differences in 
mineralization rates of glucose, acetate, and citrate 
between the rhizosphere and bulk soil fractions under 
the Dipterocarp and Macaranga trees, respectively 
(Fig. 4).

The data of LMWOS mineralization rates were fit-
ted well to the single Michaelis–Menten kinetic equa-
tion (R2 > 0.98; Fig.  4, Table  4). Michaelis–Menten 
kinetic parameters (Vmax and KM) describe micro-
bial capacity to mineralize substrate and microbial 
response to substrate availability, respectively. An 
increase in malate and oxalate mineralization activ-
ity in the Dipterocarp rhizosphere (Fig. 4) was caused 
by the higher Vmax values, compared to the bulk soil 
(Table 4). An increase in malate mineralization activ-
ity in the Macaranga rhizosphere (Fig. 4) was caused 
by the lower KM values, compared to the bulk soil 
(Table 4).

Carbon fluxes of low molecular weight organic 
substance mineralization in the rhizosphere

Using the bulk density, the volumes of the rhizo-
sphere and bulk soil fractions, the mineralization 
kinetics (Table  4), we quantified soil C fluxes of 
LMWOS mineralization to test whether root exu-
dation and rhizosphere C fluxes are quantitatively 
important relative to the bulk soil C cycles. Monosac-
charides, malate, and citrate were major substrates for 
microbial LMWOS mineralization in the bulk soil, 
while malate accounted for the majority of minerali-
zation C fluxes by in the rhizosphere (Fig. 5). When 
mean residence times (MRTs) of LMWOAs and mon-
osaccharides were calculated by dividing the amount 
of LMWOS-C in soil solution by mineralization C 

Fig. 3  Concentration-
dependent sorption of 
citrate, oxalate, malate, and 
acetate in soils. Symbols 
denote experimental points, 
while the curves represent 
Freundlich sorption iso-
therms fitted to the experi-
mental data. Bars indicate 
standard errors (N = 5)
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flux, MRTs were short ranging from 0.2  h to 5.8  h 
for LMWOAs and 10.9 h to 15.0 h for monosaccha-
rides, respectively (Table  5). Malate exhibited the 
shorter MRTs among LMWOSs (Table 5). When the 
mineralization C fluxes per soil mass in the rhizos-
phere were compared to the bulk soil, the rhizosphere 
effects differed between tree species and between 
LMWOSs (Table  5). The higher rhizosphere effects 
were observed for acetate, oxalate, and malate under 
the Dipterocarp trees, compared to the Macaranga 
trees (Table 5).

Discussion

Effects of tree species on root exudation rates

Judging from the fact that LMWOSs are rapidly con-
sumed by microbial uptake and sorption, LMWOS 
dynamics could be strongly regulated by soil types, 
substrate charges, and root and microbial activities 
(Van Hees et al. 2003). On the other hand, LMWOS-
C flow in the rhizosphere soil is dependent primar-
ily on composition and amounts of root exudation 
(Grayston et  al. 1996; Aoki et  al. 2012). The higher 
concentration of malate and oxalate in the Diptero-
carp rhizosphere relative to the bulk soil suggests that 
the pool size of organic acids could also vary between Ta
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tree species, depending on the supply of organic acids 
(Fig. 1). Consistent with the hypothesis, the composi-
tion and rates of root exudation differ between Dip-
terocarp and Macaranga trees (Table 2; Fig. 5a). The 
greater rates of organic acid exudation from Diptero-
carp trees (Table  2; Fig.  2a) are consistent with the 
finding that ectomycorrhizal fungi promote mineral 
weathering by releasing LMWOAs from the hyphae 
(Jongmans et al. 1997). The lower soil pH under Dip-
terocarp trees also increases allocation of photosyn-
thate to organic acid exudation (Fig. 2b). Soil pH is 
used as a proxy of P deficiency and Al toxicity in our 
study, because P solubility decreases and  Al3+ solu-
bility increases along with soil acidification (Jones, 
1998; Fujii et al. 2018). For plants’ survival on acidic 
soils, the high levels of divalent organic acids in the 
rhizosphere need to be maintained to solubilize recal-
citrant P from Al or Fe oxides or to detoxify  Al3+ (Van 
Hees et al. 2005). Consistent with this, both soil avail-
able P and foliar P of Dipterocarp (0.25  mg   g−1) is 
lower than soil available P and foliar P of Macaranga 
(0.69 mg  g−1) (Table 1; Fujii et al. 2021). The Al con-
centration in the bulk soil solution under Dipterocarp 
trees is higher than that under Macaranga trees (Fujii 
et  al. 2021). Soil acidification might lead to a shift 
of vegetation towards tree species with capacity to 
release divalent organic acids from roots, as seen by 
succession from pioneer tree species to dipterocarp 
tree species in our study (Fig. 2b). Recently Mn con-
centrations in the plant leaf is postulated as a proxy 
for organic acid exudation activities (Pang et al. 2018; 
Lambers, 2020), because organic acids increase Mn 
solubility and root Mn uptake. However, the pattern 
is not clear in our study, although Dipterocarp fresh 
leaf litter displays slightly higher Mn concentra-
tion range (0.37–0.65  mg   g−1) than Macaranga leaf 
(0.34 mg  g−1) (Fujii et al. 2020b).

Rhizosphere effects on organic acid mineralization

The rhizosphere is the hotspot of LMWOS cycles 
(Kuzyakov and Razavi, 2019). This is supported 
by the higher concentrations and C fluxes of malate 
mineralization, compared to the bulk soil in our 
study (Figs.  1 and 6). This is primarily due to the 
substrate inputs via root exudation (Jones et  al. 
1996; Butler et  al. 2003), but microbial potentials 
to mineralize exudates are also elevated (Fig.  4; 
Fujii et  al. 2013). This is evidenced by the higher 

Vmax values of malate mineralization in the Dip-
terocarp rhizosphere (Table  4). It has been shown 
that microbial mineralization potentials (transporter 
activity) could vary, depending on C sources that 
microbes have grown on (Jones et al. 1996). Micro-
bial community grown on malate could have the 
higher activity of malate transporter that takes the 
malate into the cell, compared to microbial com-
munity grown without malate (Jones et al. 1996). In 
our study, root exudation of malate might increase 
malate preference and mineralization activity of 
rhizosphere microbial community (Table  4). This 
contrasts with the low availability of organic acids 
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CO2
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Fig. 6  Malate-C pools and fluxes of root exudation and min-
eralization in the rhizosphere and bulk soil fractions. The data 
of root exudation rates (Fig. 5), mineralization C flux (Table 5) 
were used
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in the volcanic soils leading to the low microbial 
mineralization activities (Fujii et  al. 2019). Both 
higher substrate availability in the rhizosphere and 
the associated higher mineralization activities of 
microbes shape the hotspots of organic acids in the 
Dipterocarp rhizosphere (Fig. 5).

Compound-specific rhizosphere effects

Tropical trees require rhizosphere processes to 
acquire P and protect roots in the highly weathered 
and acidified soils (Fujii et  al. 2018). Due to the 
highest sorption of malate and its shortest MRTs 
among organic acids (Fig. 3; Table 5), the efficacy 
of exuded malate on P mobilization and  Al3+ detox-
ification in the rhizosphere could be reduced (Jones 
et  al. 1996). There should occur the mechanisms 
to maintain the pool size of malate in rhizosphere 
soil solution (Van Hees et al. 2005). This could be 
partly accounted for by the higher rates of malate 
exudation from the Dipterocarp roots (Table 2), but 
malate-C inputs by root exudation can not account 
for the whole C fluxes of malate mineralization in 
the rhizosphere (Figs. 5 and 6). This indicates that 
malate could be supplied by the other sources as 
well as root exudation. Malate could be produced 
as microbial metabolites in organic matter degra-
dation pathways such as tricarboxylic acid cycle 
(Van Hees et  al. 2005). Degradation of the native 
organic matters or root litters is also the malate 
source, because positive priming effects can be 
induced by root exudates in the rhizosphere, where 
the exuded organic acids could destabilize organic-
mineral associations or aggregates (Keiluweit et al. 
2015; Ding et  al. 2021). Malate as well as oxalate 
can also be released by fungi in lignin oxidation by 
manganese peroxidase, where malate chelates  Mn3+ 
and complex of  Mn3+-malate works as diffusible 
oxidant (Hatakka, 2001). The exuded glucose or cit-
rate might be transformed into malate and released 
by fungi to decompose lignin or recalcitrant organic 
matter (Plassard and Fransson, 2009). Organic acid 
exudation from roots increases at lower pH for P 
solubilization and  Al3+ detoxification (Fig. 2b) and 
for degradation of lignin-rich dipterocarp litters 
(Fujii et  al. 2020b). These rhizosphere microbial 
activities, as well as root exudation, could increase 

malate turnover and affect C fluxes at soil profile 
and ecosystem scales.

Conclusions

Root exudation rates differ between tree species. 
Malate was a dominant organic acid exuded from 
Dipterocarp roots, while monosaccharides were 
dominant exudates of Macaranga trees. Organic acid 
exudation increased with increasing root surface 
area and with decreasing soil pH. Root exudation of 
malate increases malate mineralization activities by 
rhizosphere microbes, but malate budgets suggest 
that malate rhizosphere microbes are another malate 
producer. Tree species affects both root exudation 
composition and rhizosphere microbes that increase 
malate production at lower soil pH, likely for phos-
phorus solubilization, aluminum detoxification, and 
lignin degradation.
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