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the additional P demand for fruit production (1.0 kg 
P ha−1) as well as the annual demand for litter produc-
tion (2.5 kg P ha−1 year−1). In addition to the accumu-
lation of nutrients for several non-fruiting years and 
their re-distribution in tree biomass, drought-induced 
microbial turnover can be nutrient subsidies for dip-
terocarp reproduction in highly-weathered soils.

Keywords  Dipterocarp · Drought · Microbial 
biomass · Stoichiometry · Tropical forests

Introduction

Soil microbes function as decomposers in forest eco-
systems, but the microbial biomass could be a poten-
tial sink/source of nutrients such as nitrogen (N) and 
phosphorus (P) in soil (Singh et al. 1989). The nutri-
ent concentrations vary between phylogenetic groups 
(bacteria and fungi) within soil microbial commu-
nity, but N and P could be released along with the 
release of microbial biomass carbon (C) at atomic 
C:N:P ratios of 60:7 (5 for fungi to 10 for bacteria):1 
(Cleveland and Liptzin 2007; Strickland and Rousk 
2010). The microbial biomass depends roughly on 
soil C concentration (Inubushi et  al. 2005; Xu et  al. 
2013). However, the size of microbial biomass could 
fluctuate seasonally depending on soil microclimate 
and substrate availability (Diaz-Ravina et  al. 1995; 
Wardle 1998). Tropical forests in humid tropics are 
characterized by narrow seasonal variations in soil 
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temperature, but drought (El Niño) or wet-dry cycles 
have potentially large impacts on soil microbial bio-
mass and plant productivity (Singh et al. 1989).

Supra-annual production of fruits at the commu-
nity level is characteristic of dipterocarp forests in 
Southeast Asia (Janzen 1974). The massive flowering 
and mass fruiting have been hypothesized to be trig-
gered by periodic climatic events such as low temper-
atures and droughts related to El Niño (Ashton et al. 
1988; Sakai et al. 2006). Reproduction can be limited 
by slow P accumulation in the tree biomass due to 
low P availability in highly-weathered tropical soils 
(Ichie et al. 2005; Ichie and Nakagawa 2013), where 
P availability can be reduced through incorporation 
of P into humus or sorption onto clays (Fujii 2014; 
Fujii et al. 2018). Trees need to acquire P as well as N 
on the highly-weathered soils to allocate nutrients for 
reproduction as well as annual litter cycles.

Drought generally reduces the microbial activity of 
organic matter decomposition (Fujii et al. 2010), but 
drought-induced changes in microbial biomass could 
be one of the potential sources of P in soils. Based on 
the stoichiometry of microbial biomass constituents, 
seasonal fluctuation in soil microbial biomass could 
release P and N through cell lysis or mineralization of 
microbial necromass (Cleveland and Liptzin 2007).

We hypothesized that the drought-induced changes 
in microbial biomass can increase soil P availability 
in a dipterocarp forest. We also assess the impact of 
the potential nutrient release associated with drought-
induced microbial turnover relative to nutrient 
demands of trees for reproduction quantitatively.

Materials and methods

Descriptions of experimental plots

The dipterocarp forest plots were located in the 9 ha 
plots (100 m × 100 m) of the Experimental Forest of 
the Tropical Rainforest Research Center, Mulawar-
man University, Bukit Soeharto, East Kalimantan 
Province, Indonesia (S0°51′, E117°06′; 99 m a. s. l.). 
The mean annual air temperature and annual precipi-
tation were recorded as 26.8 °C and 1977 mm year−1, 
respectively. The vegetation was dominated by Sho-
rea laevis and Dipterocarpus cornutus. Soils were 
derived from sedimentary rocks and classified as 
Typic Paleudults (Soil Survey Staff 2022). The 

detailed information was given in Fujii et al. (2021a, 
b).

Monitoring temperature and volumetric water content 
in soils

Volumetric water contents (L L−1) of soils at a depth 
of 5  cm were measured with amplitude domain 
reflectometry probes (Theta probe, ML2x, Delta T 
Devices), while air temperature and soil temperature 
at a depth of 5 cm were also measured using tempera-
ture loggers (Thermochron, SL type). Both soil tem-
perature and moisture were recorded at 1-h intervals 
during the study. In this study, we define drought as 
the period of soil volumetric water content less than 
0.17 L L−1, which corresponded to volumetric water 
content of wilting point (pF 4.5) of the studied soil.

Soil physicochemical properties

Soil samples were collected from three pits in each 
plot once per 3 months. The distance between each 
pit was 10 m. Three composite samples (surface min-
eral soil; 0–5 cm depth) were taken using a spoon (ca. 
200  mL) from each plot (3 samples per plot). The 
field-moist, unsieved soils were used for microbial 
biomass measurement without eliminating fine roots. 
For chemical analysis of soils, subsamples were air-
dried and sieved (<2  mm) to eliminate litter, roots, 
and pebbles.

Using the air-dried and sieved soil samples, soil 
pH was measured using a soil-to-solution (H2O) ratio 
of 1:5 (w/v) after shaking for 1 h. Total C and N con-
centrations were determined using a CN analyzer 
(Vario Max CN, Elementar Analysensystem GmbH). 
The amounts of total and available P were measured 
using hydrofluoric–sulfuric acid digestion (Jackson 
1958) and the Bray 2 extraction method (Bray and 
Kurtz 1945), respectively. Particle size distribution 
was determined by the pipette method. The microbial 
biomass C, N, and P were determined in triplicate by 
the chloroform fumigation-extraction method (Vance 
et  al. 1987). The soluble C and N of the fumigated 
and non-fumigated soil samples were extracted with 
0.5 M K2SO4 (soil-to-solution ratio of 1:5) and were 
determined using a total organic C analyzer (TOC-V 
CSH, Shimadzu, Japan). The soluble P of the fumi-
gated and non-fumigated soil samples were extracted 
with Bray-1 (0.03  M NH4F–0.025  M HCl) solution 
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(Wu et  al. 2000). To calculate microbial biomass-C, 
-N, and -P, the conversion factors used in this study 
were 0.45 for C (Wu et  al. 1990), 0.54 for N (Jen-
kinson 1988), and 0.4 for P (Jenkinson et  al. 2004), 
respectively. The turnover rate (year−1) of microbial 
biomass was estimated according to McGill et  al. 
(1986) by dividing the total measured losses in micro-
bial biomass at different sampling times by the aver-
age microbial biomass throughout the year.

Phosphorus and nitrogen concentration in litterfall 
and fruits

Circular litter traps of 1 m diameter were used to col-
lect litterfall, in five replications per plot. Plant sam-
ples were oven-dried at 70 °C for 48 h, weighed and 
milled. Biomass [leaves, fruits (seeds and wings)] was 
collected. The C and N concentrations were meas-
ured with a CN analyzer (Vario Max CN, Elementar 
Analysensystem GmbH). The P concentrations in 
plant materials were measured with an Autoanalyzer 
(SWAAT, BL-TEC Inc., Japan) after nitric-sulfuric 
acid digestion. Dry mass/N concentration and dry 
mass/P concentration in litterfall were used as indi-
cators of N and P use efficiency (NUE and PUE), 
respectively (Vitousek 1984).

Phosphorus concentration in soil solution

Soil solution samples were collected using a ten-
sion-free lysimeter in five replications beneath the 
O, A, and Bt horizons (0, 5, and 30 cm depths from 
the boundary between organic and mineral soil lay-
ers). The lysimeters were installed horizontally in the 
small soil pits by inserting the plates of 200  cm2 in 
area into the precut opening with a decline of approx-
imately 5% towards the pit and connected with tub-
ing to the collecting bottles. Samples were taken once 
per month from 2014 to 2015 May. Sample solutions 
were filtered through a 0.45  μm PTFE syringe filter 
(Advantec DISMIC-13HP, Toyo Roshi Kaisha, Ltd., 
Tokyo, Japan), and stored at 1  °C in the dark prior 
to analyses. The solution pH was determined with a 
glass electrode and the concentrations of DOC and 
TDN in the solution were determined using a total 
organic carbon analyzer (TOC-VCSH, Shimadzu, 
Japan). The concentrations of NH4

+ and NO3
− in 

solution were determined by high-performance liquid 
chromatography (HPLC; ion chromatograph HIC-6A, 

Shimadzu; shim-pack IC-C3 for NH4
+, shim-pack 

IC-A1 for NO3
−, conductivity detector CDD-6A). 

DON concentrations were calculated by subtract-
ing NH4

+ and NO3
− from TDN concentrations 

(DON = TDN − NH4
+ − NO3

−). The concentrations 
of inorganic P (H2PO4

− and HPO4
2−) in soil solution 

were measured with an auto-analyzer (SWAAT, BL-
TEC Inc., Japan).

Statistics

The data are expressed as the mean ± standard error 
(SE), using combined SEs in three replicates, unless 
otherwise stated. The significance of differences in 
MBC, MBN, and MBP between sampling periods 
was assessed using analysis of variance (ANOVA). 
Pearson’s correlation coefficients were calculated to 
examine the relationships between soil properties. All 
statistical analyses were performed using SigmaPlot 
14.5 software (Systat Software, San Jose, CA, USA), 
with the significance level set at P < 0.05 (unless oth-
erwise stated).

Results

Physicochemical properties and microbial biomass in 
soil

The average soil pH and C concentrations of the soil 
samples were presented (Table  1), as no significant 
differences were found between soil pH and C con-
centrations in the soil samples collected at four sam-
pling periods. There was a sharp decline in volumet-
ric water contents in September 2014, followed by 
an increase at the end of November 2014 (Fig.  1a). 
When we compared the average soil temperatures 
during drought (September 9th to November 21st, 
2014) and those before and after drought (June 18th 
to September 8th and November 22th to June 10th, 
2015, respectively), soil temperatures during drought 
and after drought (28.0 °C and 28.1 °C, respectively) 
were higher than soil temperature before drought 
(26.2 °C).

MBC varied from 0.7% to 1.2% of total soil C 
(Table  2). The MBC in the soil sample collected 
during the drought was significantly lower than 
MBC values during the other three periods (Table 2; 
Fig. 1b). MBN and MBP accounted for 1.4–2.2% of 
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total N and 4.0–6.9% of total P in the soil (Table 2). 
MBC:MBN ratio varied from 8.8 to 10.2, while 
MBN:MBP ratio varied from 7.4 to 9.1 (Table  2). 
The average C:N:P ratio of microbial biomass was 

76:7.4:1 in our study. The turnover rate of microbial 
biomass was estimated to be 0.50, 0.43, and 0.45 for 
C, N, and P, respectively. Using bulk density and soil 
depth (5  cm) and MBC, MBN, and MBP changes 

Table 1   Chemical properties of the dipterocarp forest soil

a Oven dried basis
b Clay (<0.002 mm); Silt (0.002–0.05 mm); Sand (0.050–2 mm)

Horizon Depth (cm) Bulk 
density 
(g cm–3)

Total Total Soil Pa pH Particle size distributionb

Ca (g kg–1) Na (g kg–1) Total 
(mg 
P kg–1)

Bray-2 
(mg P 
kg–1)

H2O KCl Clay (%) Silt (%) Sand (%)

A 0–5 1.1 22.9 1.6 132 10 4.0 3.9 23 25 52
BA 5–25 1.4 4.2 0.5 100 n.d 3.8 3.8 24 27 49
B1 25–40 1.5 3.5 0.5 95 n.d 4.0 3.8 27 30 43
Bt 40+ 1.5 2.5 0.4 96 n.d 4.3 3.8 31 35 34

0.00

0.05

0.10

0.15

0.20

0.25

May-14 Aug-14 Nov-14 Feb-15 May-15
0.0

1.0

2.0

3.0

4.0

May-14 Aug-14 Nov-14 Feb-15 May-15

0

10

20

30

40

0

100

200

300

400

May-14 Aug-14 Nov-14 Feb-15 May-15

NO3
–-N

NH4
+-N

DON

MBP

O hor.
A hor.
B hor.

Soil water

M
B

C
 (m

g
C

kg
–1

)
D

O
C

(m
g

C
L–

1 )

M
B

N
 (m

g
N

kg
–1)

So
il

so
lu

tio
n

N
(m

g 
N

L–
1 )

So
il

so
lu

tio
n

P
(m

g
P

L–
1 )

M
B

P
(m

g
P

kg
–1)Vo

lu
m

et
ric

w
at

er
co

nt
en

ti
n

so
il

(L
L–

1 )

(a) (b)

(c) (d)

MBC
MBN
DOC

0

2

4

6

8

10

12

0.0

0.1

0.2

0.3

0.4

0.5

0.6

May-14 Aug-14 Nov-14 Feb- 5 May-15

Drought Drought

Drought Drought

Fig. 1   Fluctuation in volumetric water content and microbial 
biomass P in the surface soil (0–5 cm) (a), dissolved organic 
carbon (DOC) in soil solution (5 cm depth) and microbial bio-
mass C (MBC) and N (MBN) (b), P concentration in soil solu-
tions percolating from the bottom of the organic horizon, the 

A horizon (5  cm), and the B horizon (30  cm depth) (c), and 
soil solution N concentration (5  cm depth) (d). Bars indicate 
standard errors (N = 3–5). The shaded period corresponded to 
drought
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between wet season and drought, the C, N, and P 
release from microbial turnover was estimated to be 
64.2  kg C ha−1, 6.8  kg N ha−1, and 2.0  kg P ha−1, 
respectively (Table 2).

Plant N and P demand for reproductive organs

Nutrient concentration and flux in reproductive 
organs, which consist of flowers and fruits (seed and 
wing), and litterfall from our study and those from 
the published sources were presented in Table 3. The 
measured N and P concentrations of the reproductive 
organs were higher than in litterfall (leaf and twig) in 
our study (Table 3). The N demand for reproductive 
organ production corresponded to 15% of litterfall N 
flux (Table  3), while the P demand for reproductive 
organ production corresponded to 40% of litterfall P 
flux (Table 3).

Soil solution N and P fluctuation

The seasonal variation of soil solution concentra-
tion in the surface mineral soil (5  cm depth) varied 
between N and P (Fig. 1c, d). When the CV was cal-
culated to compare seasonal variations of soil solu-
tion concentrations between P and N, the CV of soil 
solution P concentration was much higher (2.10) 
than the CV of soil solution N concentration (0.31) 
(Fig. 1c, d). Soil solution P at the depth of 5 cm (A 
horizon) exhibited the maximum concentration dur-
ing the drought (Fig. 1c). The peak of P concentration 
in the A horizon was followed by the O horizon due 

to the litterfall inputs of flowers and seeds into the O 
horizon (Fig. 1c). NH4

+ concentrations increased dur-
ing the drought, followed by an increase in NO3

− after 
rewetting (Fig. 1d).

Discussion

Effects of drought on microbial biomass and its 
turnover

Nutrients, especially P, can be primarily supplied 
from organic matter decomposition in the highly-
weathered tropical soils poor in weatherable minerals 
(Turner and Engelbrecht 2011; Fujii 2014). Based on 
our previous study on seasonal fluctuations of micro-
bial respiration rates, nutrient release from organic 
matter decomposition must be limited in dry seasons 
(Fujii et  al. 2009). This is the reason why nutrient 
supply from microbial biomass turnover can be rela-
tively important during drought in dipterocarp forests. 
MBC, MBN, and MBP accounted for 1.1% of total C, 
1.9% of total N, and 6.9% of total P in the soil studied 
(Table 2). This is close to the global average, where 
soil microbial biomass accounts for 1.2%, 2.6%, 
and 8.0% of soil C, N, and P, respectively (Xu et al. 
2013). This implies that microbial biomass plays a 
small role in soil C, N, and P pools in tropical forests 
(Table 2; Turner and Wright 2014). Further, based on 
the facts that soil microbial biomass depends primar-
ily on SOC concentrations (Xu et al. 2013) and that 
topsoil C concentrations in humid tropical forests 

Table 2   Soil microbial biomass carbon (MBC), nitrogen (MBN), and phosphorus (P) and their ratios

Mean ± standard errors (SE). Within each column, values denoted by the same capital or lower-case letters do not differ significantly 
between soil texture classes (P > 0.05)

Unit Sampling date

Wet season Drought Wet season Wet season Nutrient release in 
drought (kg ha−1)

2014/6/25 2014/9/20 2014/12/30 2015/4/30

MBC (mg C kg−1) 283.6 ± 9.1A 166.9 ± 10.9C 214.9 ± 4.2B 259.5 ± 12.9A 64.2
MBN (mg N kg−1) 34.4 ± 1.5a 22.1 ± 1.6b 28.2 ± 1.0a 29.5 ± 0.8a 6.8
MBP (mg P kg−1) 9.2 ± 0.3A 5.6 ± 0.5B 8.0 ± 0.6A 9.1 ± 0.1A 2.0
MBC (% in total C) 1.2 0.7 0.9 1.1 Av. 1.1
MBN (% in total N) 2.2 1.4 1.8 1.9 Av. 1.9
MBP (% in total P) 6.9 4.2 6.0 6.9 Av. 6.9
C:N (molar) 9.6 8.8 8.9 10.2 Av. 10.2
N:P (molar) 8.5 9.1 8.1 7.4 Av. 7.4
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are low (Table 1), pool size of nutrients in microbial 
biomass has been assumed to be smaller compared to 
the soils in temperate or tropical dry regions (McGill 
et  al. 1986; Singh et  al. 1989). These assumptions 
would underestimate the potential importance of 
microbes by overlooking fluctuations in microbial 
biomass. Severe drought related to El Niño causes 
a large fluctuation in microbial biomass and associ-
ated nutrient storage in the studied soil (Fig.  1a, b). 
This supports the roles of soil microbial biomass for 
potential nutrient sources even in humid tropical for-
est ecosystems.

Nutrient release from microbial turnover and 
potential impacts on reproduction

The massive flowering and mass fruiting, which are 
characterized by large flower and seed production 
once in several years, have been explained by shar-
ing pollinator hypothesis and the predator-satiation 
hypothesis (Sakai et al. 2005) and were also hypothe-
sized to be triggered by periodic climatic events such 
as low temperatures and droughts (Ashton et al. 1988; 
Sakai et  al. 2006). On the other hand, the resource 
budget model assumes that reproduction is limited by 
the accumulation rates of resources (photosynthate or 
soil nutrients) in the tree body and triggered by satu-
ration of the demand for the limited nutrients (Han 
et al. 2014). Climatic regulation and resource limita-
tion hypotheses are not inconsistent, because drought 
may stimulate nutrient transfer from soil to plants 
through soil microbes.

The higher P use efficiency than N use efficiency 
suggests that tropical forest in our study is limited 
by P, rather than N (Table  3), as also reported by 
Vitousek (1984). In addition, P demand for reproduc-
tive organs (40% of litterfall-P flux) is much higher 
than N demand (15% of litterfall-N flux) (Table  3). 
Severe P limitation for the production of reproduc-
tive organs has also been confirmed in the diptero-
carp forest in Sarawak (Malaysia) (Table  3). The 
potential P release from microbial turnover (2.0  kg 
P ha−1; Table 2) is comparable to the plant P demand 
for reproduction in our study (1.0 kg P ha−1; Table 3). 
Note that P released from microbial turnover is pri-
marily consumed by sorption onto clays (Turner and 
Engelbrecht 2011). Despite this, high P concentra-
tions were observed in soil solution collected during 
the drought (Fig.  1c). The background level of soil 

solution P is supplied from organic matter decom-
position, which is limited in dry season (Fujii et  al. 
2009). Annual P supply from organic matter decom-
position is assumed to be almost equal to annual P 
supply from litterfall (2.5 kg P ha−1; Table 3). How-
ever, El Niño-induced drought in 2014 lasted for 
longer period (73  days), compared to the drought 
(15 days) in 2005 (Fujii et al. 2009). According to the 
relationship between microbial respiration and rela-
tive water content (Yan et al. 2018), microbial activi-
ties drop to <40% of organic matter decomposition 
during drought with low relative soil water content 
[<30% water saturation of soil porosity (0.46 L L−1; 
from Fujii et  al. 2009)]. Using these data, the pro-
longed drought in 2014 was estimated to decrease P 
supply from organic matter decomposition by at least 
0.25 kg P ha−1, 10% of annual P supply in 2005.

In addition to the limited P supply from organic 
matter decomposition mentioned above, P release 
associated with microbial biomass turnover can be 
another important source of soil solution P (Fig. 1a, 
c). Soil solution P is considered to be temporar-
ily available to plants even in mass flow through P 
release from microbial biomass that exceeds sorption 
(Fig.  1c). The coexistence of high concentrations of 
DOC limits sorption by competition of sorption sites 
by organic acids and phosphate (Guppy et al. 2005). 
P mobility can be enhanced by low molecular weight 
organic acids (citric acid, oxalic acid, and malic acid) 
exuded from roots or rhizosphere microbes (Fujii 
et  al. 2021a, b; Turner et  al. 2007). However, the P 
flux from the A horizon, where root density is maxi-
mum (Fujii et al. 2009), is still minor (0.04 kg P ha−1 
dry period−1), considering the limited water flux 
(39  mm) during the drought. In addition, ectomyc-
orrhizal fungi and dipterocarp association develops 
stronger drought tolerance, compared to saprotrophic 
fungi, and facilitates nutrient uptake even under dry 
conditions (Condit et  al. 2013). These facts support 
the potential importance of microbial turnover in 
the supply of P for reproduction and survival during 
drought (drought tolerance) and the dominance of 
dipterocarp trees in tropical forests, which has been 
under debate (e.g., Corrales et al. 2016).
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