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Abstract 
Aims Termites function as “soil engineers” in tropi-
cal agroforestry ecosystems. However, of their role 
in phosphorus (P) cycling little is known. We aimed 
to investigate the impact of termite activity on soil 
aggregate stability and P fractions at the aggregate 
level in a tropical rubber plantation.
Methods Fungus-growing termite mounds (active and 
abandoned) involving both above- and belowground 
locations were studied in a 24-year-old rubber stand. 
The mass percentage and stability of aggregates, P frac-
tions contents and other major chemical properties of 

soil aggregates were measured. Aggregate-associated P 
preservation capacity was also calculated.
Results More aggregates < 1  mm in size were con-
centrated in active aboveground mounds than active 
belowground chambers, thus resulting in weaker stabil-
ity and erosion resistance, whereas the opposite trend 
occurred in abandoned mounds. The concentrations of 
labile P (in > 2 mm aggregate size), moderately labile P 
(0.25–1 mm), and non-labile P (0.053–1 mm) in active 
aboveground mounds were significantly higher than 
other types. The changes in specific P forms enriched 
 TPi in aggregates > 2 mm and  TPo in 0.053–1 mm size of 
active aboveground mounds relative to others, implying 
the importance of  Po storage in microaggregates induced 
by termite activity involved in long-term P transforma-
tion. Furthermore, middle-sized (0.25–2  mm) aggre-
gates stored more P and represented the highest P storing 
capacity, especially for active belowground chambers.
Conclusions These results suggest that in the pres-
ence of termite activity, P cycling is greatly enhanced 
in aboveground mounds despite the poor aggregate 
stability, whereas P forms are stable after mound 
abandonment, except for a higher  H2O-Pi concentra-
tion aboveground. Our study provides an important 
reason why mound soils can be considered as fertility 
amendments for agroforestry practices in P-deficient 
tropical soils.
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Introduction

Termites are social insects of the infraorder Isop-
tera and are widely distributed across tropical and 
subtropical ecosystems (Muvengwi and Witkowski 
2020). These insects are the most important soil bio-
turbators and have been called “soil engineers” (Jou-
quet et al. 2016b). To fully understand the impact of 
termites on soil properties, species are usually classi-
fied into two ecological groups (soil-feeding termites 
vs. fungus-growing termites) according to similarities 
in their food sources and nesting strategies as well as 
their effects on the surrounding environment (Jou-
quet et  al. 2005, 2011, 2023). Soil-feeding termites 
consume organic matter (e.g., humus, minerals, and 
litter) and build their nests with feces mixed with 
coarse inorganic soil particles (Tuma et al. 2022). In 
contrast, fungus-growing termites develop an obligate 
ectosymbiosis relationship with the soil-borne fungus 
Termitomyces sp., and enrich their nests construction 
with saliva rather than feces (Jouquet et  al. 2011). 
Termites can affect the physical, chemical, and bio-
logical properties of soils by creating a new micro-
environment through nesting and foraging behavior, 
thus altering the soil enzymatic activity and microbial 
community structure (Ackerman et al. 2007). This in 
turn affects the mineralization and decomposition of 
soil organic matter, and thus the concentration and 
composition of soil nutrients (Bera et al. 2020; Chen 
et al. 2021; Rückamp et al. 2010). Generally, termite 
mounds have a higher nutrient concentration (Apori 
et al. 2020; Lejoly et al. 2019), cation concentration, 
pH value, and mineral availability in bulk soils (Bera 
et  al. 2020; de Lima et  al. 2018) than the surround-
ing soils; but they show a lower microbial diversity 
(Aguero et al. 2021). However, these effects vary with 
termite taxa, ecological groups, and habitat change 
(Holt, and Lepage 2000; Jouquet et  al. 2022). For 
example, soil-feeding termites affect soil properties 
primarily through their feces regrowth in clay-organic 
complexes (Tuma et al. 2022), while fungus-growing 
termites often rely on symbiosis with the fungi to 
complete the degradation of the litter and thus alter 
soil environment (Menichetti et al. 2014). Meanwhile, 
their feeding strategies also have different functional 
consequences in terms of soil aggregate stability 
(Jouquet et al. 2023).

Soil aggregates, as the basic units of the soil struc-
ture, are generally divided into macroaggregates 

(> 0.25 mm) and microaggregates (< 0.25 mm). The 
former is mainly formed by fine roots and hyphae, 
and the latter are organized by microbial polysac-
charides and smaller soil particles (e.g., sand and 
clay). They can help to maintain soil stability and 
increase nutrient retention and availability to plants 
due to improved soil structure through mutual pro-
cesses of microaggregate formation and macroag-
gregate turnover (Lejoly et  al. 2019). Aggregate 
stability is influenced by many factors including 
anthropogenic land use change (Davies et  al. 2020; 
Liu et al. 2019a, b), changes in soil biological activ-
ity (Haydu-Houdeshell et  al. 2018), development of 
roots and hyphae, and organic matter content (Jou-
quet et al. 2016a). The outer walls of termite mounds 
have lower soil macro- and microaggregate stability 
than the surrounding soil (Harit et al. 2017; Jouquet 
et al. 2016a, b). It has reported that soil-feeding ter-
mites substantially increase the stability of soil aggre-
gates > 2 mm in size, while fungus-growing termites 
reduce it (Contour-Ansel et al. 2000; Garnier-Sillam 
and Harry 1995). Moreover, fungus-growing termites 
decrease the stability of all soil aggregates in the Fer-
ralsol but they only decrease that of > 0.25 mm mac-
roaggregates in the Vertisol (Jouquet et  al. 2016a). 
Deep cracks in the nests of fungus-growing termites 
are caused by soil compaction during the dry season, 
which allows the rapid infiltration of large amounts of 
rainwater into the nests during the rainy season, thus 
destroying the unstable aggregates and their nutrients 
(Bera et al. 2020; Chen et al. 2019). As a result of dis-
tinct dry and wet seasons, there is a greater likelihood 
of variation between the above- and belowground 
parts of termite nests in tropical forest ecosystems 
(Davies et  al. 2020; Muvengwi et  al. 2017; Traore 
et  al. 2019). However, the questions of how termite 
nesting affects soil aggregate stability under such 
climatic conditions and the underlying mechanisms 
behind this process are rarely addressed.

Phosphorus (P) occurs in soils in organic and inor-
ganic forms, ranging from ionic forms in solution to 
highly stable compounds combined with organic mat-
ter and clay minerals (Bera et al. 2020). Nevertheless, 
in most cases, P is found mainly in inorganic form 
(60–85%) (Liu et  al. 2018). However, P distribution 
as well as its recycling and availability in the soil is 
uneven, and its concentration can vary due to the 
influence of soil bioturbation (Rückamp et  al. 2012), 
the stability of soil aggregates or their size (Cui et al. 
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2019), the distribution of nutrients within the aggre-
gates (Li et al. 2016), the type of land use (Liu et al. 
2018), and degree of soil weathering (Aleixo et  al. 
2020). The mineralization and decomposition of litter 
and organic matter are the main sources of P. P con-
centrations are usually low in highly weathered tropi-
cal acidic soils, but termite nests form bioaggregates 
that serve as carriers for P protection and stabilization. 
However, the effects of termites on total P (TP) and 
available P in whole soil vary greatly depending on 
their feeding groups, nest sites, and initial soil proper-
ties (Apori et al. 2020; Chisanga et al. 2020; Jouquet 
et al. 2015; Seymour et al. 2014). For instance, avail-
able P concentration in the bulk soil of soil-feeding 
termite mounds was substantially higher than that in 
the surrounding soil, whereas the fungus-growing ter-
mites tended to increase the adsorption of P in the sur-
rounding soil (López‐Hernández et  al. 2006; Mamo 
and Wortmann 2009; Rückamp et al. 2010).

Rubber (Hevea brasiliensis) is a typical tropical cash 
crop, and most of the large-scale rubber plantations in 
Xishuangbanna have resulted in the destruction of trop-
ical forest. Deforestation in turn induces serious degra-
dation of soil quality and causes soil P depletion (Liu 
et  al. 2018, 2021b), organic matter reduction (Wang 
et  al. 2020), and decreased diversity of soil microbes 
and arthropods (Hidayat et  al. 2018; Liu et  al. 2019a, 
b; 2021a). Termites (mainly fungus-growing termites), 
important decomposers in the tropics, are very abun-
dant and extensively distributed in rubber plantations 
(Arifin et  al. 2016; Seetapong et  al. 2021). These ter-
mites can contribute 58–64% of global wood decay 
(Griffiths et  al. 2019), which will increase with tropi-
calization (Zanne et  al. 2022) and return the organic 
matter to the soil in the form of feces and saliva, thus 
altering the availability of P by affecting the formation 
and turnover of aggregates (Jouquet et al. 2018; Rück-
amp et  al. 2010). However, few studies have focused 
on the changes in the composition and availability of 
aggregate-associated P within termite mounds.

In this study, we investigated the influence of ter-
mite nesting on the soil aggregate stability and aggre-
gate-associated P cycle in different types of termite 
mounds in rubber monoculture. To achieve this, we 
measured the mass distribution and stability of aggre-
gates and the P fraction concentrations in soil aggre-
gates of termite mounds as well as their correlations 
with the main chemical properties. We hypothesized 
that: 1) abandoned termite mounds, particularly 

aboveground external walls, will improve build-up 
of soil structure due to prolonged leaching and bond-
ing relative to active mounds, and 2) active termite 
mounds, especially underground chambers, will 
increase P availability and soil aggregate-associated P 
cycle in the presence of frequent nesting and foraging 
behavior.

Materials and methods

Site description

The study was conducted in Mengla Township 
(101°05′ E, 21°09′ N), which lies on the northern mar-
gin of Southeast Asia and the East Lancang River, and 
is a hotspot of biodiversity in the world. The climate 
in this region is influenced by the southwest tropical 
monsoon. The average altitude is 890 m and the mean 
annual temperature, sunshine duration, and precipita-
tion are 21.5 °C, 1850 h, and 1480 mm, respectively. 
The region has a seasonal climate with three distinct 
seasons (dry-hot, wet, and fog-cool) alternating dur-
ing the year. The dry-hot season (March to May) has 
a higher temperature and less rainfall. The wet sea-
son (June to October) is hot and humid, and 85% of 
the annual precipitation is concentrated during this 
period. The fog-cool season (November to February) 
receives less precipitation but there is thick fog in the 
morning and evening and the air humidity is high. 
The region was mainly covered by rubber monocul-
ture plantation established in 1994 and arranged in a 
conventional spacing of 2.5 m × 8 m. All stands were 
managed under local agricultural practices, such as 
green manure, compost and biological pest manage-
ment, without the use of pesticides or other chemicals 
(Liu et al. 2021b). The soil type in this region is lat-
erite (Oxisol) according to the USDA soil taxonomy. 
The initial soil (0–30 cm) properties were as follows: 
total carbon (TC) of 10.92 g  kg−1, total nitrogen (TN) 
of 1.27  g   kg−1, TP of 0.26  g   kg−1, available P of 
0.57 mg   kg−1, bulk density of 1.35 kg   m−3, soil pH 
of 5.07, and exchangeable Al of 5.50 cmol  kg−1 (Liu 
et al. 2018).

Experimental design and soil sampling

Termite mounds constructed by fungus-grow-
ing termite (i.e., Macrotermes annandalei) in 
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a monoculture rubber plantation (24-year-old) 
were selected. Two types (active and abandoned 
mounds) were sampled in late April 2018 with 
four replicates for each type. This satisfies statisti-
cal duplication of sampling because the density of 
mounds is 6.0  ha–1 (Jouquet et al. 2016a). The ratio 
of active to abandoned mounds was 1.4   ha–1. The 
mean active mound height was 64  cm and diam-
eter 110  cm; mean height of abandoned mound 
was 30 cm and diameter 69 cm. Soil samples were 
collected from aboveground external walls (ca. 
25-cm from the base) and belowground chambers 
(ca. 50-cm depth to the center of the nest), using 
a 5-cm auger along with four corners (east, south, 
west, north) on the top of the mounds. This sam-
pling location allows us to better compare the 
changes in P fractions of active and abandoned 
termite mounds (Bera et  al. 2020; Jouquet et  al. 
2016a). Samples from the same nest and location 
were combined into a mixed sample, packed in a 
polyethylene bag, and returned immediately to the 
laboratory where visible stones, animals, roots, and 
plant material were removed manually. Totally, 16 
soil samples were collected from different mounds. 
The sample was separated into two subsamples: 
one was used for aggregate analysis and the other 
was ground for general soil analyses.

Aggregate separation scheme

The aggregate size distribution was measured by 
the wet-sieving method (Jouquet et  al. 2016a; Zhou 
et al. 2022), passing the air-dried soil through a 5-mm 
sieve. Air-dried soil samples (50.00  g) were placed 
on the top sieve of the aggregate analyzer (XY-100, 
Beijing Xiangyu Weiye Instrument Equipment Co., 
LTD., China) with mesh aperture sizes of 0.053, 
0.25, 1, and 2 mm. The samples were submerged in 
deionized water for 10  min at room temperature by 
adjusting the water level of the equipment so that it 
just flowed over the air-dried soil. The instrument was 
then set to vibrate for 10  min with an amplitude of 
4 cm and a frequency of 30 cycles/min. The sieve was 
carefully removed from the bucket and placed on the 
bench. The retained material was placed in the corre-
sponding aluminum box and oven-dried at 60 ℃ until 
a constant weight was achieved. The mass of each 
oven-dried aggregate was divided by the mass of the 

total soil to obtain the percent mass of the aggregate 
fraction. The equation Eq. (1) used is as follows:

where Mi is the mass percentage of the i aggregate 
size fraction (%), mi is the mass of the i aggregate size 
fraction (g), and Mt is the mass of the total soil (g).

Aggregate stability assessment

The parameters commonly used to describe aggre-
gate stability include mean weight diameter (MWD), 
geometric mean diameter (GMD), fractal dimension 
(D), water-stable aggregate percentage content larger 
than 0.25 mm (R0.25), and erodibility (K). The MWD 
and GMD of aggregates were calculated according to 
Eq. (2) and Eq. (3):

where n is the number of separated aggregate 
classes, Xi is the mean of the i particular size of 
aggregate (mm), and Mi is the mass percentage of the 
i aggregate size fraction (%).

The fractal dimension (D) of aggregates was calcu-
lated according to the fractal model Eq. (4) (Zhou et al. 
2022):

Taking the logarithm on both sides of Eq.  (4) to 
obtain Eq. (5):

where xi is the average diameter of two sieving 
diameters xi and xi+1 (mm), M(r < xi) is the mass 
of aggregates with a diameter shorter than average 
(g), M is the mass of all aggregates (g), and xmax is 
the largest average diameter of an aggregate (mm). 
Finally, the D value is calculated using Eq. (5).

(1)Mi =
∑ mi

Mt

× 100%

(2)MWD =

n
∑

i=1

XiMi

(3)GMD = ���

[

n
∑

i=1

Mi��Xi

]

(4)
M(r < xi)

M
=

(

xi

xmax

)3−D

(5)lg

[

M(r < xi)

M

]

= (3 − D)lg

(

xi

xmax

)
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The erodibility (K) was calculated using the GMD 
model Eq. (6) (Zhou et al. 2022).

P fractionation, relative contribution and preservation 
capacity

The sequential extraction procedure proposed by Hed-
ley et al. (1982) and modified by Liu et al. (2018) and 
Rückamp et al. (2012) was used to differentiate P frac-
tions in bulk soil and soil aggregate. Briefly, 3.0  g of 
soil aggregate sample was placed into a 50-mL centri-
fuge tube, and then sequentially extracted with deion-
ized water  (H2O-Pi), 0.5  M  NaHCO3  (NaHCO3-Pi 
and  NaHCO3-Po), 0.1  M NaOH (0.1  M NaOH-Pi and 
0.1  M NaOH-Po), 1  M HCl (HCl-Pi), 0.5  M NaOH 
(0.5 M NaOH-Pi and 0.5 M NaOH-Po), and a mixture 
of concentrated  H2SO4 (residual-Po). All extractions 
were carried out in a reciprocal shaker at 200  rpm for 
16 h. The soil extracts were centrifuged at 10,000 rpm 
for 10  min and filtered through a 0.45  µm membrane 
(Whatman No. 42) to collect clear supernatants for 
later analysis. The extracted inorganic P  (Pi) was deter-
mined with the molybdate colorimetric method using 
an inductively coupled plasma-mass spectrophotom-
eter (Agilent 7700 × ICP‒MS, Agilent Technologies 
Inc., USA). The TP was measured by the same method 
after digestion with  H2SO4 and  K2S2O8 in an autoclave 
at 121 °C, and organic P  (Po) was obtained by subtract-
ing  Pi from the TP. The residue in the centrifuge tube 
was moved to a crucible and burned for 1 h at 550 °C 
in a muffle furnace. The burned soil sample was trans-
ferred to a tube containing 1  M  H2SO4, centrifuged 
after shaking for 24 h, and then used to determine the 
P concentration in the supernatant. In this procedure, 
 Po was not measured in the water or HCl-extractable 
fraction because their concentrations were below the 
limit of detection. We classified P fractions into labile P 
 (H2O-Pi +  NaHCO3-Pi +  NaHCO3-Po), moderately labile 
P (0.1  M NaOH-Pi + 0.1  M NaOH-Po + HCl-Pi), and 
non-labile P (0.5 M NaOH-Pi + 0.5 M NaOH-Po + resid-
ual-Po) according to ecological significance (Liu et  al. 
2018).

The relative contributions of P fractions within 
aggregates to their corresponding concentrations in 
the soil were calculated by the Eq. (7):

(6)K = 7.954 ×

{

0.0017 + 0.0494 × exp

[

−0.5 ×

(

lgGMD + 1.675

0.6986

)2
]}

where CPfraction is the relative contribution of 
the P fraction within aggregates (%), Ma is the P 
fraction content in the aggregates of a particular 
size fraction (mg  kg–1), Mi is the mass percentage 
of a particular aggregate size fraction (%), and Mp 
presents the P fraction in the bulk soil (mg  kg–1).

The P preservation capacity (PPC) of soil aggre-
gates was calculated by Eq. (8):

where Ma is the P fraction concentration in the 
aggregates of a particular size fraction (mg  kg–1) and 
mi is the mass of the aggregates of a particular size 
fraction (g).

General soil chemical analyses

For soil aggregate and bulk soil, pH value was 
measured in a 1:2.5 soil‒water suspension with a 
pH meter (FE28-Standard, Mettler Toledo, Ger-
many). TC and TN were analyzed using an elemen-
tal analyzer (MAX CNS Elemental Analyzer, Ele-
mentar, Germany). The detailed results are shown 
in Table S1.

Statistical analysis

The single and interactive effects of termite mounds 
of different types (active vs. abandoned) and loca-
tions (aboveground vs. belowground) on the mass 
percentage and stability of aggregates and various 
P fractions were tested using two-way ANOVA. We 
then used one-way ANOVA to analyze differences 
in the mass percentage and stability of aggregates, 
P fractions and their related parameters, and chem-
ical properties among mounds for each aggregate 
size, followed by multiple comparison with Tuk-
ey’s post hoc test at the P < 0.05 level. Moreover, 
relationships between the P fractions and other soil 
properties were examined using Pearson’s correla-
tion analysis. Data processing was performed using 
the SPSS 21.0 software package.

(7)CP fraction =
Ma ×Mi

Mp

× 100%

(8)PPC =
Ma ∗ mi

100
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Results

Aggregate mass percentage and stability

The type of termite mound affected the mass per-
centage of > 2  mm and 0.053–0.25  mm aggregates, 
and the location mainly had a significant effect on 
microaggregates (< 0.25  mm) (P < 0.05; Table  S2). 
However, their interaction highly affected the mass 
percentage of each aggregate size (P < 0.001). Macro-
aggregates (> 0.25 mm) were plentiful in both active 
and abandoned mounds, and the 0.25–1 mm size was 
the most abundant (Fig. 1). In active mounds, aggre-
gates > 1 mm were more abundant belowground than 
aboveground, but < 1  mm aggregates were more 
abundant aboveground, which showed an opposite 
trend in abandoned mounds. At the same location, the 
mass percentages of > 1  mm and < 1  mm aggregates 
in active mounds were contrary to abandoned ones, 
respectively.

Aggregate stability indices were affected by mound 
type, location, and their interactions (P < 0.05), 
except for the effect of type on GMD (P = 0.30) and D 
(P = 0.91; Table S2). In active mounds, MWD, GMD, 
and R0.25 values of the belowground aggregates were 
higher than those of aboveground (Fig. 2a, b and c), 
whereas K and D values presented an opposite trend 
(Fig.  2d  and e), which was contrary to abandoned 
mounds. For aboveground, MWD, GMD, and R0.25 
values of active mounds were lower than those of 
abandoned ones, whereas the opposite pattern was 
observed for K and D values, which was in contrast to 
belowground chambers.

P fractions in aggregates and bulk soils

Labile P (7.3–10.4% of TP) in > 2 mm aggregates was 
affected by mound type and in 0.25–1 mm aggregates 
by location (P < 0.05; Table S3). Its concentration in 
aggregates > 2  mm was greater in active than aban-
doned mounds, especially aboveground (Fig.  3a). 
Specifically,  H2O-Pi,  NaHCO3-Pi, and  NaHCO3-Po 
in microaggregates were affected by the interac-
tion between mound type and location (P < 0.051; 
Table  S3).  H2O-Pi concentration in aggregates and 
bulk soils of active mounds was generally higher 
belowground than aboveground, whereas the opposite 
pattern was observed in abandoned mounds (Table 1). 
In active mounds,  NaHCO3-Pi concentration in 
aggregates (except those > 2 mm) was higher below-
ground than aboveground, but  NaHCO3-Po exhibited 
an opposite trend. There was no location effect on 
 NaHCO3-extracable P of abandoned mounds. Com-
pared with active belowground chambers,  NaHCO3-Pi 
in > 1 mm aggregates was lower, while  NaHCO3-Po in 
microaggregates was greater in abandoned ones.

Moderately labile P (3.9–8.9% of TP) in 
0.25–1 mm aggregates was affected by mound loca-
tion and in bulk soil by type (P < 0.05; Table S3), and 
its concentration in active mounds was higher above-
ground than belowground (Fig. 3b). However, 0.1 M 
NaOH-Pi, 0.1  M NaOH-Po, and HCl-Pi in aggre-
gates responded differently to mound type and loca-
tion (Table  S3). In active mounds, 0.1  M NaOH-Pi 
concentration in > 2  mm and 0.053–0.25  mm aggre-
gates were lower belowground than aboveground, 
whereas 0.1 M NaOH-Po presented an opposite trend 

Fig. 1  Aggregate mass 
percentage in relation to 
location from active and 
abandoned termite mounds. 
Histograms with the differ-
ent letters denote significant 
differences among mound 
types for each aggregate 
size (P < 0.05, Tukey’s test). 
Bars are standard errors, 
n = 4
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(Table 1). Moreover, HCl-Pi concentrations in aggre-
gates > 2  mm and bulk soils were higher in active 
aboveground mounds than belowground, but the 
contrary pattern was seen in aggregates < 0.053 mm. 
Location had no effect on moderately labile P of 
abandoned mounds. Compared with same location 
of active mounds, 0.1 M NaOH-Pi in aggregates was 
greater in abandoned belowground chambers, but 
HCl-Pi in > 1 mm aggregates was lower in abandoned 
aboveground.

Non-labile P (83.8–88.1% of TP) and residual-Po 
in 0.053–1  mm aggregates were affected by mound 
type, location, and their interactions, except for the 
type effect on residual-Po in 1–0.25  mm aggregates 
and in bulk soil by type (P < 0.05; Table  S3). Their 
concentrations in 0.053–1  mm aggregates and bulk 
soils were highest in active aboveground mounds than 
others (Fig. 3c and Table 1). In active mounds, 0.5 M 
NaOH-Pi concentration in 0.053–0.25  mm aggre-
gates was greater aboveground than belowground, 

which was also true for 0.5 M NaOH-Po in abandoned 
mounds (Table 1).

TPi (14.1–19.8% of TP) was affected by mound 
location in all aggregates (P < 0.01), except for 
0.053–1 mm (P = 0.25; Table S3). In active mounds, 
its concentration in aggregates > 2  mm was higher 
aboveground than belowground, whereas the oppo-
site pattern was found in 1–2 mm and < 0.053 mm 
aggregates (Fig.  3d).  TPo (80.2–85.9% of TP) and 
TP in 0.053  mm–1 aggregates were affected by 
mound type and location and in bulk soil by type 
(P < 0.01; Table S3), and their concentrations were 
highest in active aboveground mounds than others 
(Fig. 3e).

Aggregate-associated P contribution and preservation

The relative contributions of various P fractions 
showed the same changes as the mass percentage 
in each aggregate size, of which the contribution 
rate of 0.25–1  mm aggregate to P was the highest 

Fig. 2  Aggregate stability in relation to location from 
active and abandoned termite mounds. Mean weight diam-
eter (MWD), geometric mean diameter (GMD), > 0.25  mm 
water-stable aggregate content (R0.25), erodibility (K), and 

fractal dimension (D) are used to evaluate aggregate stability 
of mound soils. Histograms with the different letters denote 
significant differences among mound types (P < 0.05, Tukey’s 
test). Bars are standard errors, n = 4
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(19.9–32.1% from labile to stable P) (Fig. S1). The 
P preservation capacity of aggregates varied greatly 
in different termite mounds (Fig.  4). In active 
mounds, P storage capacity in macroaggregates was 
higher belowground than aboveground, whereas the 
opposite pattern was found in microaggregates. In 
abandoned mounds, P storage capacity in aggre-
gates > 2  mm was lower belowground than above-
ground, but microaggregates showed an opposite 
trend. For aboveground, P storing capacity in mac-
roaggregates was lower in active than abandoned 

mounds, whereas microaggregates showed an 
opposite trend, which was contrary to belowground 
chambers. Moreover, 0.25–2 mm aggregates stored 
more P and had the highest P preservation capacity.

Correlation between P fractions and other chemical 
properties

The specific P fractions were related to the other 
chemical properties in different termite mounds, 
especially underground, as indicated by significant 

Fig. 3  Soil P fractions within different aggregate sizes and 
bulk soils in relation to location from active and abandoned 
termite mounds.  TPi, total inorganic P;   TPo, total organic P. 
Labile P is the sum of  H2O-Pi +  NaHCO3-Pi +  NaHCO3-Po, 
moderately labile P is the sum of 0.1  M NaOH-Pi + 0.1  M 

NaOH-Po + HCl-Pi, non-labile P is the sum of 0.5  M NaOH-
Pi + 0.5 M NaOH-Po + residual-Po. Histograms with the differ-
ent letters denote significant differences among mound types 
for each aggregate size (P < 0.05, Tukey’s test). Bars are stand-
ard errors, n = 4
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Table 1  P fractions (mg  kg−1 soil) within different aggregate sizes and bulk soil of termite mounds. Values are means ± SE (n = 4). 
A, aboveground; B, belowground. Different letters denote significant differences among mound types (P < 0.05, Tukey’s test)

P fraction Mound type Location Aggregate size (mm) Bulk soil

 > 2 1–2 0.25–1 0.053–0.25  < 0.053

H2O-Pi Active A 0.39 ± 0.03 b 0.57 ± 0.09 ab 0.35 ± 0.10 a 0.23 ± 0.04 b 0.30 ± 0.02 a 1.00 ± 0.08 b
B 0.96 ± 0.12 ab 0.78 ± 0.05 a 0.50 ± 0.04 a 0.66 ± 0.11 a 0.97 ± 0.29 a 1.81 ± 0.10 a

Abandoned A 1.28 ± 0.37 a 0.49 ± 0.12 ab 0.86 ± 0.23 a 0.92 ± 0.11 a 0.57 ± 0.16 a 2.07 ± 0.08 a
B 0.16 ± 0.02 b 0.30 ± 0.06 b 0.54 ± 0.06 a 0.18 ± 0.02 b 0.47 ± 0.13 a 0.65 ± 0.02 c

NaHCO3-Pi Active A 14.35 ± 0.33 a 11.33 ± 0.74 c 10.97 ± 1.09 a 12.44 ± 0.64 b 11.63 ± 0.49 b 21.10 ± 1.18 a
B 13.93 ± 0.33 a 15.31 ± 0.16 a 13.09 ± 0.31 a 14.23 ± 0.29 a 13.71 ± 0.08 a 21.83 ± 0.91 a

Abandoned A 11.05 ± 0.24 b 11.55 ± 0.18 
bc

12.12 ± 0.19 a 12.58 ± 0.37 
ab

12.76 ± 0.45 
ab

20.49 ± 0.98 a

B 11.79 ± 0.52 b 13.11 ± 0.20 b 12.23 ± 0.30 a 11.41 ± 0.13 b 12.38 ± 0.20 
ab

20.66 ± 0.35 a

NaHCO3-Po Active A 15.34 ± 0.96 a 13.87 ± 0.90 a 16.14 ± 1.60 a 16.56 ± 1.55 a 15.46 ± 1.26 a 20.53 ± 1.54 a
B 12.92 ± 0.37 a 9.55 ± 0.68 b 11.82 ± 1.02 b 10.82 ± 0.62 b 9.86 ± 0.53 b 19.81 ± 1.95 a

Abandoned A 14.55 ± 0.39 a 14.37 ± 0.41 a 14.89 ± 0.29 ab 13.45 ± 0.52 
ab

13.58 ± 0.76 a 20.79 ± 1.56 a

B 15.34 ± 0.93 a 12.17 ± 0.58 
ab

13.19 ± 0.43 ab 14.89 ± 0.16 a 13.85 ± 0.10 a 18.62 ± 1.93 a

0.1 M 
NaOH-Pi

Active A 11.42 ± 0.97 a 7.68 ± 0.32 c 11.23 ± 0.89 a 10.03 ± 0.17 a 8.37 ± 0.46 bc 7.94 ± 0.15 a

B 7.69 ± 0.22 b 8.70 ± 0.16 b 9.58 ± 0.27 a 7.55 ± 0.19 b 8.22 ± 0.15 c 6.88 ± 0.28 a
Abandoned A 10.07 ± 0.15 a 9.97 ± 0.17 a 10.59 ± 0.31 a 9.56 ± 0.41 a 9.59 ± 0.30 ab 7.17 ± 0.49 a

B 9.23 ± 0.34 ab 10.05 ± 0.16 a 9.52 ± 0.13 a 10.08 ± 0.12 a 10.35 ± 0.24 a 7.16 ± 0.35 a
0.1 M 

NaOH-Po

Active A 1.33 ± 0.67 b 4.13 ± 1.01 a 3.20 ± 1.10 a 2.08 ± 0.67 b 4.00 ± 0.64 a 8.07 ± 0.52 a

B 4.74 ± 0.32 a 3.58 ± 0.27 a 2.52 ± 0.57 a 5.08 ± 0.27 a 3.90 ± 0.26 ab 8.01 ± 0.50 a
Abandoned A 2.91 ± 0.18 ab 4.16 ± 0.62 a 3.33 ± 0.38 a 3.35 ± 0.30 ab 2.80 ± 0.42 ab 6.65 ± 0.21 a

B 4.05 ± 0.69 a 2.61 ± 0.14 a 3.48 ± 0.61 a 1.82 ± 0.29 b 2.12 ± 0.30 b 7.01 ± 0.45 a
HCl-Pi Active A 3.78 ± 0.25 a 3.66 ± 0.38 a 3.51 ± 0.40 a 2.97 ± 0.23 a 2.83 ± 0.34 b 4.25 ± 0.22 a

B 3.01 ± 0.07 b 3.66 ± 0.12 a 3.67 ± 0.16 a 3.42 ± 0.27 a 3.83 ± 0.14 a 3.23 ± 0.21 b
Abandoned A 2.56 ± 0.16 b 2.73 ± 0.11 b 2.88 ± 0.09 a 3.16 ± 0.26 a 3.20 ± 0.23 ab 3.30 ± 0.29 ab

B 2.49 ± 0.11 b 2.49 ± 0.15 b 3.04 ± 0.06 a 2.80 ± 0.05 a 3.31 ± 0.08 ab 3.28 ± 0.20 ab
0.5 M 

NaOH-Pi

Active A 26.11 ± 1.74 a 26.08 ± 1.32 a 26.73 ± 1.31 a 28.96 ± 0.94 a 25.69 ± 1.68 a 35.83 ± 0.49 a

B 24.16 ± 0.68 a 25.98 ± 0.64 a 24.05 ± 0.19 a 25.67 ± 0.41 b 25.59 ± 0.34 a 35.72 ± 1.71 a
Abandoned A 27.60 ± 0.25 a 26.52 ± 0.63 a 25.70 ± 0.42 a 24.91 ± 0.85 b 24.72 ± 0.61 a 33.90 ± 1.03 a

B 26.12 ± 0.43 a 26.58 ± 0.11 a 25.44 ± 0.28 a 27.25 ± 0.15 
ab

26.38 ± 0.25 a 33.88 ± 1.12 a

0.5 M 
NaOH-Po

Active A 101.04 ± 2.80 
ab

99.76 ± 2.21 a 103.08 ± 3.17 a 99.53 ± 0.92 
ab

104.96 ± 1.10 
a

83.91 ± 1.42 a

B 106.66 ± 1.56 
a

99.47 ± 1.16 a 97.35 ± 0.92 a 100.53 ± 0.76 
ab

99.46 ± 0.65 b 83.17 ± 2.68 a

Abandoned A 98.34 ± 0.33 b 99.92 ± 0.63 a 97.97 ± 0.29 a 101.28 ± 0.52 
a

101.19 ± 0.97 
b

82.53 ± 1.94 a

B 100.07 ± 0.62 
ab

99.65 ± 0.29 a 100.65 ± 0.21 a 98.09 ± 0.47 b 100.31 ± 0.40 
b

84.17 ± 1.24 a

Residual-Po Active A 147.79 ± 5.40 
a

155.63 ± 8.32 
a

162.56 ± 4.38 a 169.08 ± 4.91 
a

145.55 ± 3.53 
b

161.87 ± 6.48 
a
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Table 1  (continued)

P fraction Mound type Location Aggregate size (mm) Bulk soil

 > 2 1–2 0.25–1 0.053–0.25  < 0.053

B 152.96 ± 2.88 
a

145.49 ± 0.90 
a

147.44 ± 1.40 b 153.56 ± 0.56 
b

153.94 ± 1.27 
a

158.73 ± 3.26 
a

Abandoned A 150.15 ± 0.83 
a

148.50 ± 0.36 
a

151.55 ± 0.81 b 152.60 ± 0.84 
b

151.27 ± 0.85 
ab

144.53 ± 1.96 
a

B 151.47 ± 1.06 
a

152.90 ± 0.11 
a

148.97 ± 0.22 b 150.77 ± 0.24 
b

148.21 ± 0.22 
ab

143.79 ± 4.24 
a

TP Active A 321.53 ± 4.42 
a

322.68 ± 9.20 
a

337.76 ± 4.55 a 341.87 ± 6.94 
a

318.78 ± 3.16 
a

344.48 ± 5.73 
a

B 327.03 ± 3.22 
a

312.52 ± 0.70 
a

310.00 ± 1.09 b 320.51 ± 1.49 
b

319.48 ± 2.04 
a

339.19 ± 4.89 
ab

Abandoned A 318.50 ± 0.45 
a

318.20 ± 0.70 
a

319.87 ± 0.57 b 321.81 ± 1.16 
b

319.65 ± 0.96 
a

321.41 ± 1.85 
bc

B 320.71 ± 0.47 
a

319.85 ± 0.51 
a

317.05 ± 0.37 b 317.28 ± 0.78 
b

317.37 ± 0.83 
a

319.21 ± 4.28 
c

Fig. 4  Soil P preservation 
capacity within different 
aggregate sizes in relation 
to location from active and 
abandoned termite mounds. 
IPPC, inorganic P pres-
ervation capacity; OPPC, 
organic P preservation 
capacity; TPPC, total P 
preservation capacity. His-
tograms with the different 
letters denote significant 
differences among mound 
types for each aggregate 
size (P < 0.05, Tukey’s test). 
Bars are standard errors, 
n = 4
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linear correlations for 34 (P < 0.001), 32 (P < 0.01) 
and 62 (P < 0.05) of the pairs studied (Fig.  5). In 
active aboveground mounds, labile P was negatively 
correlated with pH, TC, TN, and the ratios of C:P 
and N:P (Table  S4). Labile P, moderately labile P, 
and  TPi of active belowground mounds were nega-
tively correlated with chemical properties, except for 
moderately labile P with TN (r =  − 0.29, P = 0.17). 
In contrast, there was only a significant correlation 
between P fractions and C:N ratio of abandoned 
aboveground mounds, except for moderately labile 
P (r =  − 0.10, P = 0.66). In abandoned belowground 
mounds, labile P and  TPi were positively correlated 
with pH but negatively correlated with nutrient vari-
ables, which was contrary to non-labile P and  TPo. 
More specifically, P availability of both active and 
abandoned mounds was strongly related to pH, 
while it also had a negative correlation with C and N 
belowground chambers (Fig. 5).

Discussion

Effects of termite mounds on mass percentage and 
stability of aggregates

The fate of aggregates rearranged by termites var-
ies at different stages of mound construction (Fall 
et  al. 2001). We found that active belowground 
chambers of fungus-growing termites contained 
more > 1  mm aggregates than aboveground, but the 
opposite occurred in abandoned mounds (Fig.  1). 
These changes correspond to the two developments 
of mound formation: i) termites pile up many basic 
aggregates (average size is 0.61 mm) from the argic 
horizon before delivering them to the surface as com-
pound aggregates (average size is 1.00  mm), which 
is the preferential size for termites, and ii) once 
mounds are abandoned, colluvial aggregates (average 
size is 1.12 mm) are mainly produced by splash and 
runoff during rain at the external wall (Ayuke et  al. 

Fig. 5  Pearson’s correlations between specific P fractions in 
all aggregates and bulk soils and other soil variables for differ-
ent termite mounds. TC, total carbon; TN, total nitrogen; C:N, 

the ratio of C:N;  TPi, total inorganic P;  TPo, total organic P. *: 
0.01 < P < 0.05; **: 0.001 < P < 0.01; ***: P < 0.001
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2011; Jungerius et  al. 1999). The sequence is also 
the main reason for the difference in mass percentage 
between active and abandoned at the same location. 
The alternating drying and wetting cycles can also 
promote the formation of new water-stable structures 
(Bera et al. 2020; Chen et al. 2019), thereby leading 
to greater > 1  mm aggregates in abandoned above-
ground mounds. In addition, 0.25–1  mm aggregates 
were found to be the most abundant size, similar to 
50% of aggregates > 0.2  mm encountered in mound 
walls (Contour-Ansel et  al. 2000), but in contrast 
with soil-feeding termite mounds that are consti-
tuted by > 2  mm aggregates (Sarcinelli et  al. 2009), 
indicating that the basic aggregates are preserved in 
mound matrix throughout (Jungerius et  al. 1999). 
Soil organic C, as an important binding agent for soil 
aggregation, was positively correlated with the mass 
distribution of > 1 mm aggregates (r > 0.61, P < 0.05) 
and negatively correlated with those smaller than 
1  mm (r <  − 0.78, P < 0.001). Therefore, 1  mm is a 
key aggregate size criterion for evaluating the soil 
structure of fungus-growing termite mounds.

Weaker soil aggregate stability and hence less ero-
sion resistance were observed in active aboveground 
mounds than belowground, as revealed by decreased 
MWD, GMD, and R0.25 values and increased K and D 
values (Fig. 2). Similarly, most studies have reported 
that the low aggregate stability of termite-worked 
mounds compared to their surrounding soils (Harit 
et  al. 2017; Jouquet et  al. 2004, 2016a, b; Tilahun 
et al. 2021). While a few showed more stable aggre-
gates from aboveground mounds relative to the lower 
chambers and adjacent soils (Bera et  al. 2020; Con-
tour-Ansel et al. 2000; de Oliveira et al. 2012) or no 
further influence (Fall et  al. 2001; Paul et  al. 2015). 
Van Thuyne and Verrecchia (2021) reviewed that 
no definitive results can be proposed regarding the 
effects of termite activity on mound stability. The 
discrepancies highly depend on termite impacts on 
mound soil properties (e.g., nutrients, pH, oxides, and 
cations), among which high organic C (Table S1) or 
clay content are important agents contributing to nest 
structural stability (Jouquet et  al. 2007, 2018; Tuma 
et  al. 2022), rather than their feeding and mound-
building strategies (Jouquet et  al. 2022). Moreover, 
the reduced aggregate of aboveground mounds may 
be related to the absence of plant root fragments and 
mycorrhizal hyphae that are major binding agents 
for larger soil aggregates (personal observation as 

Fig.  6). As our first hypothesis, abandoned above-
ground mounds exhibited stronger stability and 
less erodibility than belowground chambers. This 
is because unstable aggregates have been intermit-
tently eroded and leached downwards by rainfall over 
time (Chen et  al. 2018; Menichetti et  al. 2014), as 
well as increased mound densification due to grav-
ity and repeated wetting and drying cycles (i.e., soil 
stress history) (Van Thuyne and Verrecchia 2021). 
It is also reflected by the morphological characteris-
tics of abandoned mounds with a hard outer wall but 
a cavity inside. The same reasoning can explain the 
location variations in aggregate stability and erosion 
resistance of the chronological development of ter-
mite mounds. These results suggest a specific role of 
termite activity and environmental change in the for-
mation and disintegration of soil particles at different 
mound stages.

Effects of termite mounds on P fractions

Labile P in > 2  mm aggregates was higher in active 
mounds than abandoned, especially aboveground, 
attributed to  NaHCO3-Po accumulation (Fig.  3a), 
which is similar to previous studies reporting a 
gross enrichment of labile P fractions in termite-
colonized mounds compared to the below chambers 
and adjacent soils of various tropical ecosystems 
(Erens et  al. 2015; López‐Hernández et  al. 1989, 
2001; Rückamp et  al. 2010, 2012). This result indi-
cates that large aggregates tend to store active nutri-
ents from plant residue translocation by termites. 
Specifically,  H2O-Pi and  NaHCO3-Pi in most aggre-
gates and bulk soils were greater in active below-
ground chambers than aboveground, with an inverse 
trend for  NaHCO3-Po (Table 1). This is attributed to 
rapid  NaHCO3-Po microbial mineralization induced 
by termite activity (Menichetti et  al. 2014) and its 
desorption with decreasing Fe/Al oxides under a 
weakly acidic (pH = 6.0) nest environment (López‐
Hernández et al. 2006; Mamo and Wortmann 2009), 
which is further confirmed by an obvious negative 
correlation between labile P forms and chemical 
properties (Fig.  5). Unexpectedly, more  H2O-Pi was 
found in abandoned aboveground mounds, although 
these mounds normally experienced runoff and ero-
sion, leading to low pH values. This is the cause of 
P deposition by scattered plant material growing on 
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outer wall after mound abandonment, where plants 
are hardly enriched in P (Seymour et  al. 2014). 
This finding contradicts that the pattern of resin-Pi 
is a pH-dependent behavior (Erens et  al. 2015; Van 
Thuyne and Verrecchia 2021). Moreover, labile  Pi 
from > 1 mm aggregates of active belowground cham-
bers was transformed into the  Po form and temporar-
ily stored in microaggregates after abandonment.

Moderately labile P, dominated by 0.1  M NaOH-
Pi form, was concentrated in 0.25–1  mm aggregates 
and bulk soils of active aboveground mounds than 
belowground (Fig. 2b), owing to a larger specific sur-
face area of this size. In active mounds, however, 
more 0.1  M NaOH-Pi was distributed in > 2  mm and 
0.053–0.25  mm aggregates aboveground than below-
ground, but the opposite trend was observed for 0.1 M 
NaOH-Po (Table  1), which is due to the higher P 
adsorption capacity (i.e., more exposed Fe/Al sorption 
sites) (Li et al. 2016). This fraction also represents par-
tially hydrolyzed monoester-P having a vigorous capac-
ity for complexing with soil particles which reduces 
microbial accessibility (Liu et al. 2018). Hence, incor-
poration of organic residues by termite nesting facili-
tates the formation of monoester P, resulting in 0.1 M 

NaOH-Pi accumulation at outer wall (López‐Hernán-
dez et  al. 2001). In most cases, 0.1  M NaOH-Pi was 
enriched in termite aboveground mounds relative 
to the surrounding soils, but was depleted in nests of 
some Nasutitermes and Cornitermes with a high pro-
portion of monoester-P (Rückamp et al. 2010). When 
mounds were abandoned, 0.1 M NaOH-Pi accumulated 
belowground relative to active mounds. Meanwhile, 
HCl-Pi was greater in > 2  mm aggregates and bulk 
soils of active aboveground mounds than belowground, 
whereas < 0.053  mm size showed a contrary pattern, 
primarily because of  Ca2+ enrichment (Seymour et al. 
2014) or depletion (Ackerman et al. 2007). This is also 
true for aboveground when comparing active and aban-
doned mounds. In the lower locations of active and 
abandoned mounds, the high pH could promote Ca-
bound P (HCl-Pi) precipitation with increasing depth 
(Erens et  al. 2015), despite no variations in HCl-Pi 
across the mound profile (Rückamp et al. 2010, 2012).

Non-labile P was accumulated in 0.053–1  mm 
aggregates and bulk soils of active aboveground 
mounds relative to others due to a considerable con-
tribution of residual-P (Fig.  2c), which is similar 
to the finding that a great proportion of residual-P 

Fig. 6  Schematic diagram of the P nutrient recycle pro-
cesses mediated by termites in active and abandoned termite 
mounds.  H2O-Pi and  NaHCO3-Po indicate deionized water- and 
 NaHCO3-extractable organic P form. Labile P is the sum of 
 H2O-Pi +  NaHCO3-Pi +  NaHCO3-Po. In active mounds (left), P 
nutrient inputs due to termite grazing belowground, transfers 

to the aboveground by termite nest building, and finally accu-
mulates in the mound walls, which may improve P cycling. In 
abandoned mounds (right), P nutrient losses from mound walls 
aboveground due to erosion and leaching as well as increased 
microbial mineralization
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accumulated in most nest walls (López‐Hernández 
et al. 2001; Rückamp et al. 2010). Residual-P is con-
sidered to comprise inositol phosphates and is highly 
stable against microbial and enzymatic attacks (Liu 
et al. 2018), therefore, its accumulation on the mound 
surface can compensate for labile  Pi leaching down-
wards and  Po mineralization loss. This is reinforced 
by the negative relationship between residual-P and 
C:N:P ratios (Fig. 5), indicating the potential function 
of SOM in maintaining P reserves. Thus, even if there 
is a greater P concentration in active aboveground 
mounds, it does not necessarily mean that P is more 
bioavailable (Edosomwan et al. 2012). There were no 
effects of type and location on 0.5 M NaOH-extracta-
ble P and this seems not to participate in P cycling of 
termite mounds.

Overall, the above changes in specific P forms lead 
to enrichment of  TPi in aggregates > 2  mm, as well 
as  TPo and TP in 0.053–1  mm aggregates and bulk 
soils of active aboveground mounds relative to others 
(Fig. 2d and e), rejecting our second hypothesis. This 
highlights the importance of  Po storage in microag-
gregates induced by termite foraging activity involved 
in long-term P transformation and cycling when  Pi is 
deficient.

Implications of termite management 
for agroforestry

Termites historically have a dual role of “soil engi-
neers” vs. “pests” in different agroforestry ecosys-
tems around the world (Paul et  al. 2015). However, 
their positive impacts on several key ecological func-
tions from the soil profile to landscape scale, such as 
C sequestration, nutrient cycling, aggregate modifi-
cation, and hydraulic regulation, are often overshad-
owed by their pest status threatening agroforestry in 
the tropics, especially for fungus-growing termite 
(Jouquet et  al. 2011; Seetapong et  al. 2021; Tuma 
et  al. 2022). Thus, two main agroforestry practices 
are proposed for improving soil quality and crop yield 
while reducing the negative effects of termite foraging 
activity: i) less intensive management providing lit-
ter, predators, and pathogens, and ii) considering the 
heterogeneity and complexity of mound landscapes 
(Jouquet et al. 2018). Intensive rubber monocultures 
can dramatically decrease termite populations, even 
far worse in mature plantations, resulting in their 

negative services and lower stand resistance (Arifin 
et  al. 2016; Hidayat et  al. 2018). The establishment 
of rubber-cover crop agroforestry can provide a palat-
able and abundant food resource (e.g., legume mulch 
and litter) for termites, while reduce the diversity and 
abundance of arthropods and pathogens (Liu et  al. 
2021a). However, this system will deplete more P 
to assure symbiotic  N2 fixation for productivity (Liu 
et al. 2018; 2021b). Termite mounds are “hot-spots” 
of P nutrient, as we observed, which is a feasible 
source of available P for cash crops if smallholders 
can effectively use abandoned mound soils and mean-
while conserve active mounds without destruction of 
termite habitats (Apori et al. 2020; Van Thuyne and 
Verrecchia 2021). The spatial arrangement of com-
plex agroforestry around termite mounds according to 
the soil fertility gradients is important for their nutri-
ent management (Tilahun et al. 2021). Exploring the 
microscale variability of P concentration is therefore 
useful in determining the potential of termite mounds 
as fertility amendments in highly weathered tropical 
soils.

Conclusion

The present study shows that the presence or absence 
of fungus-growing termite nesting exhibited contrast-
ing effects on soil aggregate stability and distribution 
of aggregate-associated P fractions in a mature rub-
ber plantation. Active belowground chambers exhib-
ited stronger stability and less erodibility due to more 
aggregates > 1  mm size than aboveground mounds. 
In active aboveground mounds, the concentrations 
of labile P (in > 2  mm aggregate size), moderately 
labile P (0.25–1 mm), and non-labile P (0.053–1 mm) 
were highest than other types. However,  H2O-Pi 
and  NaHCO3-Pi in most aggregates were enriched 
in active belowground chambers relative to above-
ground due to rapid  NaHCO3-Po transformation. The 
changes in various P fractions induced accumulation 
of  TPi in aggregates > 2 mm and  TPo in 0.053–1 mm 
size of active aboveground mounds relative to oth-
ers. This indicates the importance of  Po storage in 
microaggregates induced by termite activity involved 
in long-term P turnover. More P was sequestered 
in 0.25–2  mm aggregates, particularly in active 
belowground chambers. Our results suggest that 
although termite activity reduced aggregate stability 
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aboveground, the effect of promoting P availabil-
ity is beneficial. Further study should be conducted 
to explore the potential regulatory mechanisms of 
microbes involved in P cycling across the chronologi-
cal development of termite mounds.
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