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Abstract 
Background and aims Understanding how altered 
precipitation patterns affect the dynamics of phospho-
rus (P) fractions in both soil and foliage is crucial for 
predicting climate-induced changes in plant growth 
and community structure, especially within tropical 
forests with P-impoverished soils.
Methods We conducted a nine-year precipitation 
experiment in a secondary tropical forest, simulating 
delayed (DW) and wetter wet season (WW) to reflect 

potential precipitation changes. We analyzed P frac-
tions in soil (0–10 cm and 10–20 cm) and foliage of 
four dominant trees, and investigated the correlations 
among these P fractions and photosynthesis.
Results DW treatment reduced soil P bioavailability 
and induced foliar P redistribution, while WW treat-
ment increased soil pH and  NH4

+-N content but had 
little influence on soil P form. DW treatment gen-
erally reduced foliar total P levels and diminished 
various P fractions with notable species-specific dis-
parities. Moreover, DW treatment variably reduced 
area-based photosynthetic carbon assimilation rates 
 (Aarea), exhibiting species-specific effects, while WW 
treatment inconsistently elevated  Aarea across species. 
The structural equation model revealed that  Aarea was 
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directly influenced by foliar P fractions and photosyn-
thetic nutrient efficiency, and indirectly by precipita-
tion treatment on soil properties and P fractions.
Conclusion Altered seasonal precipitation patterns 
affect soil bioavailable P forms and/or soil chemical 
properties, and thereby influence foliar P fractions 
allocation and photosynthesis of dominant trees. 
Soil and foliar P fractions responses to precipitation 
treatments varied across different sampling months, 
underscoring the complexity of P cycle and suggest-
ing tree acclimation and resilience. These insights 
improve our understanding of climate effects on 
nutrient cycles and resilience.

Keywords Delayed wet season · Foliar phosphorus 
fractions · Photosynthesis · Soil phosphorus 
fractions · Tropical secondary forests · Wetter wet 
season

Introduction

Climate change is altering global precipitation pat-
terns, resulting in an overarching trend of increased 
precipitation variability (Dore 2005; IPPC 2023). This 
is evident in the dry tropics where there has been an 
increased uncertainty in the interannual seasonal rain-
fall. This unpredictability encompasses variations in 
rainfall duration, and intensity, and a shift in the sea-
sonal distribution (Feng et  al. 2013). In regions with 
subtropical and tropical monsoon climates, such as 
southeast China, there is a shift toward wetter condi-
tions with more instances of heavy rainfall during the 
rainy season, despite a decrease in the number of rainy 
days (Song et  al. 2011; Zhang and Zhao 2022; Zhou 
et al. 2011). Meanwhile, southern China has observed 
a delayed onset of the rainy season, even though there 
haven’t been significant changes in the annual total pre-
cipitation (Luo et  al. 2008; Zhou et  al. 2011). Conse-
quently, in southern China, where tropical forests are 
located, there is a discernible trend toward a delayed 
wet season. This shift is coupled with a higher fre-
quency of heavy rainfall events characterized by 
increased intensity, marking a transition to a wetter wet 
season.

Tropical forests, covering less than 10% of the 
Earth’s land surface, provide vital ecosystem services 
such as carbon storage, climate regulation, and sup-
port of nearly two-thirds of global biodiversity (Brad-
shaw et  al. 2009; Dirzo and Raven 2003; Spracklen 
et al. 2018). Additionally, these forests play a critical 
role in climate change mitigation and exert a sub-
stantial influence on local and regional precipitation 
through their role in the hydrological cycle (Smith 
et al. 2023). However, these ecosystems are increas-
ingly threatened by altered precipitation patterns, 
which can disrupt forest soil nutrient cycling and 
availability by affecting the wet-dry cycle of soils 
(Afreen et al. 2019). This disruption may profoundly 
affect plant growth and community composition, 
potentially exacerbating natural disturbances that 
damage functional diversity (Aguirre-Gutiérrez et al. 
2022; Deb et  al. 2018). Furthermore, such changes 
significantly reduce the carbon sequestration capacity 
of these forests on a larger scale (Hajek and Knapp 
2022; Wang et al. 2018). Thus, it is critical to under-
stand the influence of changing precipitation patterns 
on tropical forest ecosystems (Afreen et  al. 2019; 
Korell et al. 2021; Zhang et al. 2023).

Phosphorus (P) availability in soil restricts plant 
productivity in tropical forests with ancient and 
strongly weathered soils (Cheng et al. 2020; Dietrich 
et al. 2017). Although total P in soil is typically high 
compared to its bioavailable forms, much of it is 
immobile and inaccessible to plants (Lambers 2021; 
Shen et al. 2011). Soil P is present in various forms, 
including organic (Po) and inorganic (Pi) compounds. 
Notably, a substantial portion of soil total P, estimated 
at approximately 30% to 65%, existed in an organic 
form, which is not readily available for plant uptake 
(Hedley et al. 1982; Mwende Muindi 2019; Shen et al. 
2011). These soil P fractions are categorized into eas-
ily-available (resin Pi,  NaHCO3 Pi, and  NaHCO3 Po), 
moderately-available (NaOH Pi, NaOH Po, and DHCl 
Pi), and non-available (CHCl Pi, CHCl Po, and resid-
ual Pt) P, with varying availability and turnover times 
for plants (Helfenstein et  al. 2018; Maranguit et  al. 
2017; Tiessen et  al. 1984). Precipitation, as a criti-
cal climatic factor, directly or indirectly influences 
soil physicochemical properties, thereby impacting 
P availability through changes in soil P forms (Hou 
et al. 2018b; Zhu et al. 2021). For instance, increased 
rainfall in tropical forests of southern China can sup-
press soil organic P mineralization by enhancing 
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P adsorption and limiting soil P uptake by plants 
(Sun et  al. 2020). Conversely, long-term throughfall 
exclusion experiments showed a decrease in soil Po, 
correlating with reduced plant root and soil micro-
bial biomass in this tropical forest (Fan et al. 2021). 
Transformations in soil P fractions could significantly 
influence plant P nutrition (Hou et al. 2018a; Lambers 
2021; Niederberger et al. 2019). Although soil P has 
been traditionally categorized into several different 
chemical fractions, the practical relevance of these 
fractions for plant utilization remains unproven (Lam-
bers 2021). Hence, in the context of altered precipita-
tion patterns, it’s vital to investigate the impact of soil 
P fraction redistribution on tropical forest P nutrition 
and its potential to exacerbate P limitations.

Different plant species employ unique strategies 
for P acquisition from the soil, targeting not only 
readily available P fractions but also less accessi-
ble and recalcitrant forms (Niederberger et  al. 2017; 
Zhong et al. 2020). Accordingly, the evaluation of P 
availability to plants should encompass a comprehen-
sive consideration of both easily accessible and vari-
ably available fractions. Several studies have reported 
a negative correlation between foliar P and moder-
ately labile P concentration while demonstrating a 
positive relationship between foliar P and soil labile P 
concentration, which significantly contributes to plant 
P availability compared to other soil-P fractions (Gao 
et  al. 2022a; Niederberger et  al. 2019). Conversely, 
Yan et  al. (2019) indicated a stronger correlation 
between foliar P and soil total P concentration rather 
than soil resin P concentration. These inconsistent 
findings underscore the complexity of the relationship 
between foliar P and soil P fractions. Foliar P, com-
prising both inorganic phosphate and four organic 
fractions (metabolite P, nucleic acid P, lipid P, and 
residual P) (Suriyagoda et al. 2022; Yan et al. 2019), 
could dynamically reallocate in response to P defi-
ciency (Yan et al. 2021; Yu et al. 2022; Zhang et al. 
2021). In a recent study, Gao et  al. (2022a) empha-
sized that foliar-P fractions, rather than total foliar-
P concentration, offer a more effective approach for 
determining whether plants are experiencing P limita-
tion. Although there is a correlation between soil P 
and foliar P concentration, our understanding of soil 
P dynamics, particularly P fractions, and their rela-
tionship to foliar P fractions in the context of chang-
ing seasonal precipitation patterns in tropical for-
ests, remains limited. Therefore, gaining insight into 

the relationship between soil and foliage P fractions 
could enhance our understanding of the P supply and 
demand between soil and plants, thereby facilitating 
optimized forest management under climate change.

Furthermore, foliar P concentration closely corre-
lates with photosynthetic traits, particularly metabolic 
P (including small metabolites [e.g. RuBP, NADP, 
ATP, ADP] and inorganic phosphate), but this rela-
tionship is not always consistent across different stud-
ies. Foliar P may limit maximum photosynthetic rates 
due to its key role in the Calvin-Benson cycle, under-
scoring its importance for studying P limitation (Lam-
bers 2021; Mo et  al. 2019; Suriyagoda et  al. 2022). 
Several studies have demonstrated that photosynthe-
sis is generally diminished under the conditions of P 
deficiency. Specifically, Hidaka and Kitayama (2013) 
observed that in 10 tropical montane rainforest tree 
species, both mean mass-based photosynthetic carbon 
assimilation rate  (Amass) and various foliar P fractions 
are notably lower in nutrient-deprived ultrabasic ser-
pentine soils than in sedimentary soils. In contrast, 
Mo et al. (2019) found that a six-year P fertilization 
in a tropical forest failed to significantly boost area-
based photosynthetic carbon assimilation rate  (Aarea) 
and  Amass in five woody species, even with prominent 
enhancements in foliar P fractions. These findings 
suggest a complex interaction between P availability 
and photosynthetic performance, necessitating further 
research. Additionally, in response to low P avail-
ability, plants tend to increase their photosynthetic 
P-use efficiency (PPUE). Hayes et  al. (2022) found 
rice achieves high PPUE with low lipid-P investment, 
maintaining photosynthetic capacity. Similarly, Tsujii 
et  al. (2023) found that the Proteaceae species stud-
ied exhibited low P allocations to structural constitu-
ents (such as cell membrane lipid) and nucleic acids, 
presumably to enhance P allocation to photosynthe-
sis, thereby increasing PPUE. However, despite these 
insights, our knowledge of how plants allocate their 
leaf P fraction under soil P redistribution, its subse-
quent impact on photosynthetic capacity and PPUE, 
and their acclimation to changing precipitation pat-
terns remains limited.

In this study, we examined seasonal dynamics of 
soil and foliar P fractions and their interrelationships 
under two altered seasonal precipitation patterns (i.e., 
a two-month delay in the onset of the wet season, and 
a 25% increase of total annual rainfall by heavy events 
during the wet season) in a secondary tropical forest. 
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Four dominant canopy tree species (Carallia brachi-
ate, Symplocos poilanei, Schefflera heptaphylla, and 
Tetradium glabrifolium) were selected and foliar P 
fractions, nitrogen (N) and carbon (C) concentrations, 
and photosynthetic attributes were measured. Soil P 
fractions and other soil variables such as pH, total 
N, and total organic carbon (SOC) were also investi-
gated. This research aimed to elucidate the impacts of 
these altered precipitation patterns on soil and leaf P 
fractions and their interrelationships, as well as pho-
tosynthetic efficiency and nutrient use efficiency by 
hypothesized that: (1) a two-month delay in the onset 
of the wet season could impact the replenishment 
of Pi concentration by reducing soil Po, leading to 
lower bioavailable P levels. Increased rainfall would 
inhibit soil Po mineralization through enhanced P 
adsorption, thus limiting plant P uptake. (2) These 
altered precipitation patterns reduced P bioavailabil-
ity, resulting in reduced leaf P concentrations and the 
reallocation of leaf P fractions, thereby affecting plant 
photosynthesis and nutrient use efficiency. The find-
ings from this study could improve our understand-
ing of nutrient cycling and plant-soil interactions in 

tropical forests under altered seasonal precipitation 
patterns. Moreover, our insights can inform the devel-
opment of conservation strategies aimed at enhancing 
the resilience and sustainability of these critical eco-
systems in the face of global precipitation changes.

Materials and methods

Study site and experimental design

The study was conducted in a tropical secondary for-
est at Xiaoliang Tropical Coastal Ecosystem Research 
Station (21°27′N, 110°54′E) of the Chinese Acad-
emy of Sciences, located at Maoming City, Guang-
dong Province, China (Fig.  1a). Characterized by a 
humid tropical climate, the study area experiences 
distinct wet and dry seasons with an average temper-
ature of 23 ºC and annual precipitation of 1416 mm 
(Fig. 1b). The total precipitation in 2022 was notably 
high (1797 mm), and the rainy season from April to 
September contributed to 82.7% (1486 mm) of the 
total annual precipitation, exceeding the long-term 

Fig. 1  The geographical location and landscape of Xiaoliang 
Tropical Coastal Ecosystem Research Station, Guangdong, 
China (a); the average annual temperature and total annual pre-

cipitation during dry and wet seasons (b); the timing of plot 
treatments and sampling, and view within the plots (c) 
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average. The predominant soil type is latosol soil, 
which has developed through the weathering of gran-
ite. This area has suffered severe erosion primarily 
due to human disturbance (Ren et al. 2007). In 1959, 
reforestation efforts were initiated in this area, lead-
ing to the establishment of plantations. Presently, the 
region is home to a broad-leaved mixed forest, which 
includes tree species such as Symplocos poilanei, 
Schefflera heptaphylla, Tetradium glabrifolium, Car-
allia brachiate, and other life forms including shrubs 
(i.e., Clerodendrum cyrtophyllum, Clerodendrum for-
tunatum, and Mussaenda pubescens) and ferns (i.e., 
Dicranopteris dichotoma and Lygodium japonicum).

An altered precipitation platform was established 
in the broad-leaved mixed forest in 2013. It consisted 
of four blocks, each containing three plots (each of 
12 m × 12 m). These plots were separated at least 3 
m apart and were enclosed by PVC boards. Two pre-
cipitation treatments were implemented: a delay of 
two months in the onset of the wet season (delayed 
wet season, DW), and a 25% supplementation of total 
annual precipitation by intense incidents during the 
wet season (wetter wet season, WW), along with a 
control (CK) (Fig. 1c). The DW treatment was imple-
mented using a transparent rain-shelter positioned 
2 m above the ground, which intercepted 60% of 
throughfall during April–May. The intercepted water 
was subsequently added back to the plot in October 
and November using a sprinkler system. This process 
was conducted eight times, once per week. The WW 
treatment, on the other hand, involved the addition 
of groundwater equivalent to 25% of the annual total 
precipitation during July and August. The same sprin-
kler method used in the DW plots was also applied to 
the WW plots. The altered precipitation platform was 
established in 2013 and had been operating continu-
ously for nine years when we commenced this study 
in 2022. During 2022, leaf and soil samples were col-
lected in April, June, September, and November to 
investigate the effects of rainfall interception or water 
addition during the period of precipitation treatments.

Soil chemical properties and phosphorus fractions

For each sampling, soil cores from two depths (0–10 
cm and 10–20 cm) in each plot were gathered using 
the five-point method with a 3 cm diameter soil auger 
after removing surface litter. The collected soil was 
homogenized, sieved (2 mm mesh), and divided into 

fresh and air-dried portions. Fresh soil was refrigerated 
at 4°C for nitrate and ammonium nitrogen  (NO3

−-N 
and  NH4

+-N) analysis using dual-wavelength (Nor-
man et  al. 1985) and indophenol blue colorimetric 
(Dorich and Nelson 1983) methods after filtering 10 g 
fresh soil in 2 M KCl. The air-dried soil was examined 
for soil organic carbon (SOC), total nitrogen (TN), 
pH, and phosphorus (P) fractions. Dichromate oxida-
tion and titration with ferrous ammonium sulfate were 
used to assess SOC concentration, Kjeldahl methods 
were utilized to determine TN concentration, and pH 
was measured in a 1:2.5 soil:water solution (w/v) 
using a glass electrode (Liu et al. 1996).

For soil P fractionation, the modified Hedley et al. 
(1982) sequential fractionation method by Tiessen 
and Moir (2007) was applied. Briefly, 0.5 g air-dried 
soil is combined with two resin strips in a 50 mL 
centrifuge tube, shaken for 16 h with 30 mL deion-
ized water, and then the phosphate adsorbed on resin 
strips was extracted with 20 mL 0.5 M HCl, the soil 
remaining in the tubes was sequentially extracted by 
30 mL of 0.5 M  NaHCO3 (pH 8.5), 0.1 M NaOH, and 
1 M HCl. After each extraction step, tubes are cen-
trifuged, filtered (< 0.45 mm), and supernatants col-
lected for respective P fractions measurement. Total P 
(Pt) and inorganic P (Pi) were directly measured from 
extracts, and the difference between Pt and Pi identi-
fied the organic P (Po) concentration. Pi was deter-
mined using the molybdate blue colorimetric method 
(Murphy and Riley 1962), and Pt was analyzed simi-
larly after complete digestion with the addition of 
persulfate and sterilization at 120°C under autoclave 
pressure for 1 h (Wang et al. 2021). Seven P fractions, 
including resin Pi,  NaHCO3 Pi,  NaHCO3 Po, NaOH 
Pi, NaOH Po, DHCl Pi, and residual Pt, were exam-
ined. The soil total P concentration was determined 
by the summation of these seven P fractions.

Foliar phosphorus fractions, chemical, and 
photosynthetic properties

For leaf nutrient analysis, we selected four dominant 
tree species, including C. brachiate, S. poilanei, S. 
heptaphylla, and T. glabrifolium. Notably, T. glabri-
folium is a deciduous species, whereas the other 
three species are evergreen. For each precipitation 
treatment, we selected 4–5 healthy individuals per 
species as sample trees. A total of 58 sample trees 
were selected. During each sampling, approximately 
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five sun-facing mature leaves from the canopy of 
the sampling trees were collected using telescopic 
pruners, capable of reaching a maximum length of 
20 m. These leaves were then divided into two parts 
for chemical analysis. One part was stored at -80°C 
until freeze-dried by vacuum freeze drier at least for 
48 h, then ground to assess inorganic phosphate and 
various Po fractions (lipid P, metabolite P, nucleic 
acids P, and residual P). In brief, a 50 mg subsam-
ple was used for inorganic phosphate extraction 
through the acetic-acid extraction method (Yan et al. 
2019; Fig.  S1) and determined with the molybde-
num blue-based method (Ames 1966). Another 50 
mg subsample was employed to evaluate P fractions, 
including lipid P, nucleic acid P, metabolic P (includ-
ing inorganic phosphate and small metabolites [e.g. 
ATP, NADP]), and residual P, following an approach 
adapted from Hidaka and Kitayama (2013) and fur-
ther by Yan et  al. (2019) (Fig.  S2). In the presenta-
tion of results, inorganic phosphate was isolated from 
metabolic P and reported as one of five fractions (as 
metabolite P). The sum of these five P fractions was 
taken as the total foliar P concentration. The other 
part was oven-dried at 60°C for 72 h to determine 
total nitrogen (using the Kjeldahl method) and carbon 
(using the potassium dichromate-sulfuric acid oxida-
tion method) concentration.

During each field campaign, we selected healthy, 
sun-exposed mature leaves from the sample trees to 
investigate their foliar photosynthetic characteristics 
in  situ between 9:00–12:00 and 14:00–16:00. We 
measured the net photosynthesis rate  (Aarea, μmol 
 CO2  m−2  s−1) using a portable photosynthesis sys-
tem (Li-6800, Li-Cor, Lincoln, NE, USA). In the leaf 
chamber, we set photosynthetic photon flux density 
(PPFD) at 1500 µmol  m−2  s−1, ambient temperature 
(range of values between 25 and 30℃),  CO2 concen-
tration at 400 ppm for reference, and flow rate at 500 
µmol  s−1, and all measurements were made using a 
6  cm2 chamber (3 cm × 2 cm). Additionally, approxi-
mately 8–15 fresh, mature leaves were harvested from 
each sampled individual tree and leaf area (LA, in 
 cm2) was quantified using a leaf area meter (LI-3100, 
Li-Cor Biosciences, Lincoln, NE, USA). Subse-
quently, these leaves were desiccated at 65ºC for 48 h. 
The dry weight of the leaves (LDW, g) was assessed 
to ascertain the leaf mass per unit area (LMA, g  cm2), 
calculated as the quotient of LDW by LA. We calcu-
lated photosynthetic nitrogen use efficiency (PNUE) 

and photosynthetic P use efficiency (PPUE) by con-
verting area-based  (Aarea) photosynthetic carbon 
assimilation rates to mass-based  (Amass) using LMA.

Statistical analysis

Two-way ANOVAs were used to compare the soil 
and foliar chemical properties, foliar and soil P frac-
tions concentrations and proportion, and photosyn-
thetic characteristics among the CK, DW, and WW 
treatments. In this analysis, random factors included 
blocks for soil-related variables and repeated meas-
ures on individual trees for plant-related variables, 
while the precipitation treatments (CK, DW, WW) 
were designated as fixed factors. ANOVA was per-
formed using SPSS version 23 software (IBM Corp., 
Armonk, NY, USA). Pearson’s correlation coefficient 
was calculated using the corrplot package (Wei and 
Simko 2017) in R software (R 4.2.2) to estimate the 
relationship between soil and foliar P fractions and 
their respective properties among the precipitation 
treatments. Redundancy analysis (RDA) was con-
ducted using the vegan package (Oksanen et al. 2022) 
in R software (version 4.2.2) to explore the relation-
ship between the foliar P fractions (response variable) 
and the soil P fractions of two soil layers (explanatory 
variable). We employed the piecewiseSEM, nlme, 
and lme4 packages for the structural equation model 
(SEM) (Bates et  al. 2017; Lefcheck 2015). The ini-
tially observed variables were divided into compos-
ite variables before being incorporated into the SEM 
framework. To assess the links between pivotal soil 
elements and foliar traits influencing photosynthe-
sis, we utilized piecewiseSEM to account for random 
effects of species and month, providing both “mar-
ginal” and “conditional” predictor contributions. We 
assessed model adequacy using Fisher’s C test and 
iteratively refined the models based on pathway sig-
nificance (p < 0.05) as well as the goodness of the 
model (0 ≤ Fisher’s C/df ≤ 2 and 0.05 < p ≤ 1.00).

Results

Variations in soil chemical properties and phosphorus 
fractions

Altered precipitation patterns had a significant 
impact on various soil variables, with pH exhibiting 



Plant Soil 

1 3
Vol.: (0123456789)

pronounced sensitivity to these changes (Table  1). 
Specifically, the wetter wet seasons (WW) treatment 
caused a notable increase in soil pH (4.5–4.8) com-
pared to the CK (4.3–4.6). For instance, during April, 
June, and September, the pH in the 0–10 cm soil layer 
under the WW treatment (p = 0.018, 0.002, and 0.001, 
respectively), as well as in the 10–20 cm layer in Sep-
tember under the same condition (p = 0.020), were 
significantly higher than those in the CK. Conversely, 
the delayed wet seasons (DW) treatment had a min-
imal effect on soil pH. Additionally, the WW treat-
ment in September significantly elevated  NH4

+-N 
concentration in both the 0–10 cm (13.2 ± 2.7 mg 
 kg−1 vs 3.3 ± 0.6 mg  kg−1) and 10–20 cm (9.1 ± 1.1 
mg  kg−1 vs 4.8 ± 0.8 mg  kg−1) soil layers compared to 
the CK (p = 0.014 and 0.012, respectively).

Generally, the DW treatment decreased the con-
centrations of Pi fractions, whereas the WW treat-
ment had a minor impact on soil P fractions, and 
these effects varied with soil depth (Fig.  2). In 
April, the DW treatment led to lower DHCl Pi and 
NaOH Po concentrations in the 0–10 cm soil layer 
compared to the CK (p = 0.044) and WW treatments 
(p = 0.036), respectively. Under the WW treatment, 
the  NaHCO3 Po concentration in the 10–20 cm 
layer was significantly lower than under the CK and 
DW treatment (p = 0.010 and 0.036, respectively). 
In June, after two months of 60% rainfall intercep-
tion, the DW treatment showed a decreasing trend 
for nearly all Pi fractions in the 0–10 cm soil layer 
compared to the CK, while the Po and residual P 
fractions increased correspondingly. However, in 
the 10–20 cm soil layer,  NaHCO3 Pi concentration 

Table 1  Chemical properties in the 0–10 cm and 10–20 cm soil layers during the experiment (mean ± standard error, n = 4)

Different lowercase letters indicate significant differences (p < 0.05) among the natural control (CK), delayed wet season (DW), and 
wetter wet season (WW) treatments.  NO3

−-H nitrate nitrogen,  NH4
+-H ammonium nitrogen, TN total nitrogen, SOC soil organic car-

bon

Depths 
(cm)

Months Treatments pH NH4
+-N (mg 

 kg−1)
NO3

−-N (mg 
 kg−1)

TN (mg  g−1) SOC (%)

0–10 April CK 4.6 ± 0.07b 5.7 ± 1.2 8.8 ± 1.9 2.5 ± 0.09 3.5 ± 0.04
DW 4.6 ± 0.08b 7.8 ± 2.0 5.7 ± 0.9 2.7 ± 0.15 3.5 ± 0.12
WW 4.8 ± 0.05a 8.8 ± 1.7 6.1 ± 0.8 2.2 ± 0.15 3. 5 ± 0.07

June CK 4.5 ± 0.03b 8.0 ± 3.1 12.2 ± 1.0 3.2 ± 0.18 3.9 ± 0.28
DW 4.5 ± 0.06b 7.6 ± 2.7 8.9 ± 2.3 2.9 ± 0.25 3.7 ± 0.18
WW 4.7 ± 0.05a 8.0 ± 1.5 9.0 ± 1.2 3.1 ± 0.21 3.7 ± 0.10

September CK 4.6 ± 0.06b 3.3 ± 0.6b 14.0 ± 1.0 2.7 ± 0.19 3.3 ± 0.26
DW 4.5 ± 0.05b 3.8 ± 1.3b 12.7 ± 2.5 3.0 ± 0.14 3.8 ± 0.13
WW 4.8 ± 0.05a 13.2 ± 2.7a 10.9 ± 1.3 2.5 ± 0.20 3.2 ± 0.21

November CK 4.4 ± 0.14 7.1 ± 0.4 5.4 ± 0. 8 2.4 ± 0.16 3.3 ± 0.22
DW 4.4 ± 0.01 9.5 ± 0. 6 5.7 ± 1.1 2.5 ± 0.15 3.3 ± 0.20
WW 4.7 ± 0.10 10.4 ± 1.9 2.9 ± 0.5 2.1 ± 0.08 3.0 ± 0.11

10–20 April CK 4.6 ± 0.07ab 4.5 ± 0.2 3.2 ± 1.0 1.2 ± 0.07 1.6 ± 0.05
DW 4.5 ± 0.02b 4.1 ± 0.2 3.0 ± 0.2 1.2 ± 0.09 1.7 ± 0.12
WW 4.7 ± 0.08a 5.0 ± 0.5 2.0 ± 0.2 1.1 ± 0.08 1.5 ± 0.11

June CK 4.5 ± 0.05 5.3 ± 1.9 4.7 ± 1.2 1.8 ± 0.05 2.1 ± 0.11
DW 4.6 ± 0.08 5.6 ± 1.9 4.9 ± 2.8 1.8 ± 0.31 2.0 ± 0.25
WW 4.7 ± 0.07 4.0 ± 0.3 1.7 ± 0.5 1.4 ± 0.06 1.6 ± 0.11

September CK 4.6 ± 0.03b 4.8 ± 0. 8b 4.0 ± 0.6 1.3 ± 0.09 1.5 ± 0.06
DW 4.5 ± 0.02b 3.9 ± 0.4b 4.5 ± 0.7 1.4 ± 0.09 1.7 ± 0.12
WW 4.8 ± 0.07a 9.1 ± 1.1a 5.7 ± 0.9 1.3 ± 0.06 1.5 ± 0.13

November CK 4.3 ± 0.05 10.3 ± 2.2 2.0 ± 0.2 1.1 ± 0.09 1.5 ± 0.14
DW 4.3 ± 0.05 8.9 ± 0.7 2.8 ± 0. 7 1.4 ± 0.14 1.8 ± 0.15
WW 4.5 ± 0.11 7.7 ± 1.3 2.0 ± 0.4 1.1 ± 0.11 1.6 ± 0.16
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was higher in the DW plots (14.7 mg  kg−1) than the 
CK plots (7.8 mg  kg−1), but  NaHCO3 Po values in 
the DW plots (2.5 mg  kg−1) were less than that in 
the CK (6.9 mg  kg−1) and WW plots (7.1 mg  kg−1). 
In September and November, only the P fractions 
in the 0–10 cm soil layer varied with precipitation 
treatment. NaOH Pi concentrations in November 
were significantly lower in the DW plots than in the 
CK plots (p = 0.030). Moreover, resin Pi concen-
tration in September and DHCl Pi concentrations 
in November within the DW treatment were both 
marginally significantly lower than those in the CK, 
with p-values of 0.055 and 0.059, respectively.

Overall, resin Pi comprised the smallest soil P 
fraction (≤ 1.5%), whereas residual Pt consistently 
contributed the largest proportion, varying between 
30.1% and 68.5% (Fig.  3). In April, for the 0–10 

cm soil layer, compared to the CK treatment, the 
proportions of NaOH Po were significantly higher 
under the WW treatment (p = 0.027), and the 
DHCl Pi proportion was much lower under the DW 
(p = 0.033), respectively. For the 10–20 cm layer, 
both the proportions of DHCl Pi in the DW plots 
(1.6%) and  NaHCO3 Po in the WW plots (1.6%) 
were significantly lower than that in the CK plots 
(4.7% and 6.1%, respectively). But in June, precipi-
tation treatment didn’t significantly affect P frac-
tion proportions in the 0–10 cm soil layer. Yet, in 
the 10–20 cm layer,  NaHCO3 Po proportions were 
lower in the DW plots (1.1%) than both the CK and 
WW plots (3.4% and 3.8%, respectively). In Sep-
tember, precipitation treatment did not induce sig-
nificant shifts in P fraction proportions in either 
soil layer. In November, the NaOH Po proportions 

Fig. 2  Concentrations of distinct soil inorganic phosphorus 
(Pi) and organic phosphorus (Po) fractions at depth of 0–10 cm 
and 10–20 cm soil layers in the natural control (CK), delayed 
wet season (DW), and wetter wet season (WW) treatments 
from April to November. The number and error bars represent 

mean and standard error (n = 4), respectively. Different lower-
case letters indicate significant differences (p < 0.05) among 
the CK, DW, and WW treatments for the same fraction within 
the same depth
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in the 0–10 cm layer were higher under the DW 
treatment than the CK (p = 0.026).

Variations in foliar phosphorus fractions and 
associated chemical and photosynthetic traits

The concentration of foliar P fractions in response 
to altered precipitation treatments showed species-
specific patterns (Fig.  4). In April, precipitation 
changes significantly impacted only the concentra-
tion of foliar P fractions in C. brachiate. The concen-
tration of residual P increased, while that of nucleic 
acid P decreased under the WW treatment compared 
to the CK (p = 0.019 and 0.008, respectively). Like-
wise, the concentration of foliar metabolite P in C. 
brachiate was lower under the DW treatment than 
the CK (0.20 mg  kg−1 vs 0.34 mg  kg−1). In June, the 
metabolite P concentrations in T. glabrifolium leaves 
were reduced in the DW plots (p values were < 0.001 
and 0.002 for the CK and WW, respectively). In Sep-
tember, all of C. brachiate’s foliar P fractions except 
metabolite P concentration were lower under the DW 

treatment than the CK, while S. heptaphylla’s lipid 
P and T. glabrifolium’s metabolite P concentration 
increased under the DW treatment compared to the 
WW treatment. Simultaneously, lipid P, metabolite P, 
and nucleic acid P concentration in S. poilanei leaves 
were elevated under the WW treatment compared to 
the DW treatment. In November, S. poilanei and S. 
heptaphylla’s residual P concentrations were signifi-
cantly higher in the DW plots (p = 0.001 and 0.006, 
respectively), while T. glabrifolium’s residual P con-
centration was notably lower under the DW treatment 
(p = 0.002) than the CK. Overall, total foliar P con-
centration was decreased under the DW treatment. 
Two species, S. poilanei (June; 1.5 mg  g−1) and C. 
brachiate (September; 2.4 mg  g−1), both had sig-
nificantly lower foliar P concentration under the DW 
treatment than the CK (1.8 mg  g−1and 3.2 mg  g−1, 
respectively; Table 2). Only S. heptaphylla had higher 
total foliar P concentration under the WW treatment 
than the CK in November (p = 0.029).

In April, C. brachiate under the WW treatment 
increased the proportions of inorganic phosphate and 

Fig. 3  Relative proportion of different soil inorganic phospho-
rus (Pi) and organic phosphorus (Po) fractions to total soil P 
concentrations at 0–10 cm and 10–20 cm soil layers under the 

natural control (CK), delayed wet season (DW), and wetter wet 
season (WW) treatments from April to November (n = 4)
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residual P (16.9% and 9.3%, respectively), compared 
to the CK (10.3% and 5.9%, respectively; Fig.  5). 
Moreover, its metabolite P proportions were lower 
under the DW compared to the CK (11.6% vs 19.2%). 
In June, T. glabrifolium increased the proportions 
of inorganic phosphate (15.8%) but decreased 
metabolite P proportions (8.1%) under the DW 
treatment compared to the CK (12.5% and 14.7%, 
respectively). Meanwhile, the residual P proportion of 
T. glabrifolium significantly decreased under the WW 
treatment compared to the CK treatment (p = 0.026). 
In September, proportions of inorganic phosphate 
and residual P in C. brachiate were significantly 
reduced under the DW treatment compared to the 
CK (p = 0.006 and 0.033, respectively), whereas 
T. glabrifolium displayed elevated metabolic P 
proportions under the DW treatment (p = 0.001). 
The proportions of inorganic phosphate in C. 

brachiate and residual P in S. heptaphylla were 
also higher under the WW treatment than the DW 
treatment (p = 0.013 and 0.016, respectively), 
while T. glabrifolium’s metabolic P proportion was 
significantly lower under the WW treatment than 
the DW treatment (p = 0.002). In November, T. 
glabrifolium’s residual P proportion under the DW 
treatment (2.8%) decreased compared to the CK 
(6.1%), while both S. poilanei and S. heptaphylla 
showed an increased residual P proportion under the 
DW treatment (3.1% and 1.6% in DW, compared to 
1.5% and 0.8% in CK, respectively). Under the WW 
treatment, S. poilanei displayed a higher residual 
P proportion than the CK (3.1% vs 1.5%), and T. 
glabrifolium showed a higher residual P proportion 
than the DW treatment (6.8% vs 2.8%). S. heptaphylla 
exhibited a lower residual P proportion under the 
WW treatment than the DW treatment (p = 0.001).

Fig. 4  Concentrations of inorganic phosphate and four organic 
phosphorus fractions in leaves for C. brachiata (CB), S. poila-
nei (SP), S. heptaphylla (SH), and T. glabrifolium (TG) under 
the natural control (CK), delayed wet season (DW), and wet-
ter wet season (WW) treatments from April to November. The 

number and error bars represent mean and standard error (n = 4 
or 5), respectively. Different lowercase letters indicate signifi-
cant differences (p < 0.05) among the CK, DW, and WW treat-
ments for the same fraction within the same species
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Precipitation treatments induced significant 
changes in photosynthetic characteristics and nitro-
gen and P use efficiency (PNUE and PPUE) across 
the four species (Table  3). In April, T. glabrifoli-
um’s  Aarea was higher under the WW treatment than 
the DW treatment and CK (p = 0.009 and 0.010, 
respectively). S. poilanei showed higher  Amass and 
PNUE values under the WW treatment than the 
CK (p = 0.042 and 0.002, respectively). In June, S. 
poilanei’s  Aarea and  Amass were decreased by the 
DW treatment (p = 0.021 and 0.036, respectively), 
whereas C. brachiate’s  Aarea was lower under both 
the DW and WW treatment than the CK (p = 0.032 
and 0.002, respectively). But in September, the WW 
treatment led to higher values of  Aarea,  Amass, PNUE, 
and PPUE for S. poilanei’s, as well as elevated lev-
els of  Aarea,  Amass, and PPUE for S. heptaphylla’s, 
when compared to the CK. In November, both the 
DW and WW treatments increased  Aarea values of S. 
heptaphylla (p = 0.010 and 0.043, respectively), and 
its  Amass was also higher in the DW treatment com-
pared to the CK (p = 0.047). Moreover, S. poilanei’s 

PNUE and PPUE under the WW exceeded the DW 
treatment and CK (p-values for PNUE were 0.004 
and 0.002, and for PPUE 0.016 and 0.015, respec-
tively), as did S. heptaphylla’s PNUE under the 
WW treatment compared to the CK (p = 0.044).

Relationships between soil and foliar characteristics 
and phosphorus fractions

In the 0–10 cm soil layer,  NaHCO3 Pi concentra-
tion was negatively correlated with concentrations 
of  NaHCO3 Po, DHCl Pi, residual Pt, total P and N, 
and SOC (R = -0.7, 0.65, -0.68, -0.65, -0.62, and -0.8, 
respectively), while  NaHCO3 Po concentration was 
positively correlated with SOC and total N in the soil 
(R = 0.67 and 0.69, respectively; Fig.  6). DHCl Pi 
was strongly correlated with residual Pt and total P 
(R = 0.7 and 0.81, respectively), while concurrently, 
a positive correlation was found between residual Pt 
and soil pH (R = 0.6).  NaHCO3 Pi was positively cor-
related with all foliar P fractions except for residual 
P (R = 0.58, 0.86, 0.7, 0.88, and 0.89, for phosphate, 

Fig. 5  Relative proportion of inorganic phosphate and organic 
phosphorus fractions to total phosphorus concentration in 
leaves for C. brachiata (CB), S. poilanei (SP), S. heptaphylla 

(SH), and T. glabrifolium (TG) under the natural control (CK), 
delayed wet season (DW), and wetter wet season (WW) treat-
ments from April to November (n = 4 or 5)
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lipid P, metabolite P, nucleic acid P, and total P, 
respectively). Additionally,  NaHCO3 Po, DHCl Pi, 
residual Pt, and total P in the soil were negatively 
correlated with foliar lipid P, nucleic acid P, and total 
P, while soil residual Pt and total P had positive cor-
relations with foliar residual P. Furthermore, PPUE 
was negatively correlated with  NaHCO3 Pi, lipid 
P, metabolite P, and foliar total P (R = -0.66, -0.83, 
-0.68, -0.74, respectively), but was positively cor-
related with DHCl Pi, soil total P,  Aarea,  Amass and 
PNUE (R = 0.72, 0.59, 0.63, 0.68, 0.69, respectively).

In the 10–20 cm soil layer,  NaHCO3 Pi was 
negatively correlated with DHCl Pi, residual Pt, and 
total P (R = -0.65, -0.66, and -0.66, respectively), but 
positively correlated with  NH4

+-N (R = 0.71; Fig.  6). 
Resin Pi showed a similar pattern as  NaHCO3 Pi. It was 
negatively correlated with soil residual Pt (R = -0.63) 
and positively correlated with  NH4

+-N (R = 0.81). 
Soil total P was positively correlated with NaOH Po, 
DHCl Pi, and residual Pt (R = 0.61, 0.66, and 0.98, 
respectively). The relationship between  NaHCO3 Pi and 
foliar attributes largely paralleled the trend observed 
in the 0–10 cm soil layer. Resin Pi was positively 
correlated with foliar total C, metabolite P, nucleic 

acid P, and total P (R = 0.62, 0.64, 0.58, and 0.61, 
respectively). Conversely, DHCl Pi, residual Pt, and soil 
total P were negatively correlated with lipid P, nucleic 
acid P, and total foliar P. Foliar C, lipid P, nucleic acid 
P, and total foliar P exhibited positive correlations 
with  NH4

+-N, while soil pH was negatively correlated 
with foliar metabolite P but positively correlated with 
foliar residual P. Among the measured foliar variables, 
foliar total P had positive correlations with all foliar P 
fractions except residual P. Specifically, foliar inorganic 
phosphate was positively correlated with lipid P and 
nucleic acid P, and lipid P was positively correlated 
with metabolite P and nucleic acid P. In addition, 
PPUE showed positive correlations with NaOH Po, 
DHCl Pi, soil total P and total N,  Aarea,  Amass, and 
PNUE (R = 0.64, 0.79, 0.71, 0.63, 0.63, 0.68, and 0.69, 
respectively), while exhibited negative correlations with 
lipid P, metabolite P and foliar total P (R = -0.83, -0.68, 
and -0.74, respectively).

Piecewise SEM was performed to further 
reveal the direct and indirect pathway factors in 
photosynthesis affected by precipitation treatment 
(Fig.  7). Considering the random effects of “species 
and months”, precipitation treatment, soil properties, 

Fig. 6  Pearson correlations between soil and foliar proper-
ties under the natural control (CK), delayed wet season (DW), 
and wetter wet season (WW) treatments. Note: The data were 
collected from soil P fractions and soil properties in both soil 
layers (n = 4), foliar P fractions, as well as photosynthetic and 
chemical characteristics of four species (n = 4 or 5) under the 
CK, DW, and WW treatments from April to November. Each 

repetition represents the average of every soil layer per treat-
ment per month for soil in 0–10  cm or 10–20  cm, and the 
mean of four species in each treatment per month for foliar. 
Colors correspond to the strength of the correlations (decrease/
increase of color intensity = loss of or gain of correlation). ***, 
**, and * indicate significance at 0.001, 0.01, and 0.05 levels, 
respectively
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and P fractions at both 0–10 cm and 10–20 cm depths, 
along with foliar P fractions and photosynthetic 
nutrient use efficiency, uniformly explained 69% of the 
photosynthesis variation. Besides foliar P fractions and 
nutrient use efficiency, precipitation treatment mainly 
influenced photosynthesis indirectly through changes 
in soil  NH4

+-N,  NO3
−-N, pH, and soil P fractions. 

Furthermore, to concisely summarize the key findings 
in this study, we depicted the primary responses of the 
observed indicators (Fig. 8).

Discussion

This study unraveled the intricate connections between 
changes in seasonal precipitation patterns and nutrient 
cycling in tropical forests, focusing on soil P forms 
and bioavailability, and their interactions with foliar 
traits. We discovered that soil P fractions, more than 
soil total P, strongly reacted to changes in precipitation 
in a tropical secondary forest. Notably, delaying the 
wet season by two months significantly decreased 

Fig. 7  Structural equation 
model (SEM) showing 
how altered precipita-
tion patterns affect foliar 
photosynthetic properties. 
piecewiseSEM evaluates 
direct and indirect effects 
of precipitation patterns, 
soil traits, and soil P frac-
tions ((a) is data from the 
0–10 cm soil layer, and (b) 
from the 10–20 cm layer), 
photosynthetic nutrient effi-
ciency, and leaf P fractions 
on photosynthesis (n = 232). 
Numbers by arrows denote 
path coefficients (partial 
regression), indicating 
standardized effect size. 
Solid arrows signify paths 
significant at p < 0.05, while 
dashed lines represent non-
significant ones (p ≥ 0.05). 
The conditional (C) and 
marginal (M)  R2 show vari-
ance explained by predic-
tors, excluding or including 
random effects of ‘species 
and months’. Significance: 
*p < 0.05, **p < 0.01, 
***p < 0.001
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soil P availability, altering the concentrations and 
proportions of various soil P forms. Conversely, a 25% 
wet season rainfall increase only slightly affected soil 
P forms but raised soil pH and  NH4

+-N concentration. 
These precipitation changes had variable effects on 
soil P forms over time, mirroring the diverse responses 
within the irregular foliar P fractions of the four 
target tree species. Amid these, a significant drop in 
foliar total P was observed for DW treatment, leading 
to diverse foliar P fractions changes within species. 
Concurrently, the DW treatment also led to a reduction 
in  Amass and/or  Aarea, while the WW treatment variably 
elevated  Amass and/or  Aarea, with these effects showing 
species-specific patterns. Precipitation changes also 
indirectly affected photosynthesis by altering soil 
properties and P fractions. Both Pearson’s correlation 
coefficient and redundancy analysis underscored a 
strong link between plant-available soil P fractions and 
foliar P fractions.

Effects of altered seasonal precipitation on soil P 
fractions

Previous studies have extensively documented 
the substantial impact of variances in soil water 
conditions on the alteration of soil P forms 
(Helfenstein et  al. 2018; Sun et  al. 2020; Wood 
et  al. 2016). Nevertheless, contradictory evidence 
suggested that a reduction of approximately 20.6% 

in soil water availability does not necessarily 
induce significant changes in the levels of soil 
available P in Mediterranean shrubland (Sardans 
et  al. 2006). In our study, we found that altered 
precipitation treatments did not significantly affect 
total P concentration in the soil. However, they did 
lead to noticeable changes in P forms, and these 
changes varied across sampling times throughout 
the experiment (Fig.  2). For instance, after 
intercepting 60% of the precipitation for two months 
(April–May) within the DW treatment, a significant 
decrease in  NaHCO3 Po concentration was 
observed within the 10–20 cm soil layers in June. 
Interestingly, the DW treatment simultaneously 
led to a significant increase in  NaHCO3 Pi 
concentration for the 10–20 cm soil layer. Fan et al. 
(2021) likewise confirmed that long-term rainfall 
exclusion significantly reduced the concentration 
of total extractable Po, which was associated 
with reductions in plant roots and soil microbial 
biomass. Similarly, four-year field drought 
experiments reported a notable elevation in NaOH 
Pi concentration (Zhang et al. 2020a). Additionally, 
our study also observed that in November, after 
the DW plots were reirrigated with 60% of the 
intercepted total precipitation, the NaOH Pi levels 
in the top 10 cm soil were significantly lower under 
the DW treatment than the CK. Furthermore, in 
April, the DW treatment led to a significant decrease 

Fig. 8  Conceptual framework of the impacts of altered precip-
itation patterns (the natural control: CK, delayed wet season: 
DW, and wetter wet season: WW) on the dynamics of soil and 
foliar P fractions and their respective characteristics. Upward 

arrows and downward arrows denote indicators significantly 
increased and decreased relative to CK, respectively. Indicators 
with a significance greater than 0.05 compared with CK are 
not shown in the figure
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in DHCl Pi concentration in the 0–10 cm soil layer. 
Previous research revealed that the stability of HCl-
extractable P, influenced by its long residence time 
and low turnover, varies with soil pH. It tends to 
be stable in high-pH soils but less so in acidic ones 
(Helfenstein et  al. 2020; Hou et  al. 2018b; Zhang 
et  al. 2020a). This could partially elucidate the 
significant alterations in DHCl Pi observed within 
the DW treatment. Moreover, similar to the findings 
by Fan et al. (2021), our study observed a pervasive 
decline tendency in resin Pi across almost every 
sampling and soil layer in the DW plots relative 
to the CK plots, with a marginally significant 
(p = 0.055) difference evidenced in September.

Several studies reported that increased rainfall 
intensity directly affects the runoff of P, leading 
to a substantial rise in total P loss (Shigaki et  al. 
2007; Zhang et  al. 2019). An experimental study 
in temperate forests found that a 30% increase in 
annual precipitation negatively affects primary 
mineral P but enhances secondary minerals (Zhang 
et  al. 2020b). This increase notably elevated 
 NaHCO3 Pi, NaOH Pi, and total P concentration, 
while notably decreasing DHCl Pi. Furthermore, 
based on the precipitation platform of our study, Sun 
et al. (2020) found that the concentrations of NaOH 
Po, residual Pt, and total Po sampled in August in 
the WW plots are significantly elevated compared 
to those in the CK plots. Yet, in this study, we found 
that the WW treatment did not significantly modify 
the concentration of soil P fractions, except for a 
notable decrease in  NaHCO3 Po within the 10–20 
cm soil layer in April. These findings highlight the 
intricate interplay between the P cycle and shifts in 
precipitation patterns, a dynamic that can be further 
complicated by the timing of sample collection, 
potentially leading to variations in observations. 
Therefore, conducting additional long-term 
observational studies is imperative for achieving a 
comprehensive understanding of these dynamics. 
Moreover, we observed that the WW treatment 
led to a higher soil pH value. This elevation in pH 
was likely attributed to the dilution and leaching 
of topsoil salts, where deep percolation facilitated 
salt removal, simultaneously decreased the 
concentration of exchangeable  H+ ions in the soil 
solution, leading to an increase in pH level (Rengel 
2002, 2011).

Effect of altered seasonal precipitation on the foliar P 
allocation and photosynthesis

In synchronization with the soil P fraction concen-
tration, the DW treatment variably reduced foliar 
total P concentration across different samples, with 
these reductions reflected in varying P fraction con-
centrations of certain plant species (Figs.  4 and 8). 
This aligns with observations by Gao et  al. (2022a) 
and Hidaka and Kitayama (2011), indicating a gen-
eral decline in plant foliar P concentration as soil P 
availability decreases. However, it is important to 
note that these changes exhibit significant variability, 
depending on both the species and the season. This 
was confirmed by Liu et  al. (2023) who reported 
species-specific and seasonal differences in foliar P 
allocation across 18 species from three families dur-
ing wet and dry seasons in Western Australia. Addi-
tionally, Yan et  al. (2019) reported a strong positive 
correlation between soil pH and leaf P concentrations 
in two dune plant species from Western Australia. 
In our study, soil pH values were much higher in the 
WW plots than in the DW and CK plots in June and 
September, yet there was no observed enhancement 
in the corresponding leaf P concentration for all stud-
ied species. Conversely, in November, a higher total 
leaf P concentration in S. heptaphyla under the WW 
treatment was observed. Moreover, Mo et  al. (2015, 
2019) documented that the understory species within 
the same study area exhibited relatively high leaf N:P 
ratios (ranging from 10 to 40). In contrast, the N:P 
ratios of the investigated four canopy species in this 
study were relatively low with the values not exceed-
ing 15.

Different P fractions serve distinct roles in leaves 
and are closely related to life history strategies includ-
ing growth, reproduction, and stress resilience (Hidaka 
and Kitayama 2011). For example, lipid, integral to 
the structure of cell membranes, may undergo hydroly-
sis or be replaced by non-phosphorylated counterparts 
under P scarcity (Lambers et al. 2012; Shimojima et al. 
2013). Nevertheless, exceptions have been documented, 
as demonstrated by Liang et  al. (2023), where certain 
Myrtaceae species displayed low lipid P without a cor-
responding increase in P-free lipids. In our study, across 
most sampling times and species, lipid P constituted 
the majority of all P fractions (ranging from 32.4% to 
56.7%), followed by nucleic acid P (Fig. 5). These find-
ings indicated that the primary expenditure of P inputs 
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lies in essential ’infrastructure’ within leaves of the tar-
get species, such as membranes and other cellular struc-
tures. Previous research suggests that nucleic acid P is 
the predominant fraction (Chapin III and Kedrowski 
1983; Veneklaas et al. 2012), especially at low foliar P 
levels (P < 1 mg  g−1) (Crous and Ellsworth 2020). Yet, 
the proportions of specific P fractions in leaves and soil 
vary by species and soil conditions (Yan et al. 2019; Mo 
et al. 2019). Gao et al. (2022b) further corroborated that 
interspecies differences yield divergent foliar P fractions. 
Moreover, metabolomics data show that optimized 
lipid P and nucleic acid P reserves enhance P utiliza-
tion efficiency in maize leaves (Han et  al. 2022). This 
could potentially explain our consistent observations 
of high levels of lipid P and nucleic acid P. Chapin III 
and Kedrowski (1983) did not identify significant sea-
sonal variations in leaf P fractions between deciduous 
and evergreen trees. In our study, we observed a simi-
lar distribution of P fraction in the deciduous T. glabri-
folium and the three evergreen species. Previous studies 
indicated higher total P and foliar P fractions in annu-
als than perennials, potentially due to enhanced meta-
bolic activity or luxury consumption (Suriyagoda et al. 
2022). Similarly, T. glabrifolium showed higher P levels 
compared to evergreen species and displayed consist-
ent P fraction distribution patterns across species. Con-
sequently, in our observation, the foliar P concentration 
and distribution of foliar P fractions were influenced 
by soil P fraction levels and treatment conditions. This 
influence pattern varied depending on the plant species 
and sampling times. The plasticity of P allocation to its 
fractions plays a crucial role in adapting to limited soil P 
availability, while species-specific P allocation is essen-
tial for coexisting with other species (Suriyagoda et al. 
2022). Therefore, our findings suggested that such stra-
tegic acclimations in P allocation might represent sur-
vival mechanisms employed by these tropical tree spe-
cies under conditions of varying soil P availability.

Although there are frequent reports of a strong corre-
lation between foliar P concentration and photosynthetic 
traits (Hidaka and Kitayama 2009, 2013), this associa-
tion is not consistently observed across different stud-
ies (Mo et al. 2019). Here, we found that the DW treat-
ment not only reduced foliar P concentration but also 
decreased photosynthetic rates, particularly the  Aarea and 
 Amass for S. poilanei and  Aarea for C. brachiata in June, 
compared to the CK (Table 3). However, we did not find 
that any specific foliar P fractions were associated with 
these decreased  Aarea or  Amass. There were also some 

exceptions to this trend. In the case of the DW treatment, 
it led to significant elevations in  Amass for S. poilanei in 
September and both  Amass and  Aarea for S. heptaphyla 
in November relative to the CK. Conversely, although 
the WW treatment didn’t significantly boost plant P 
availability, it variably enhanced photosynthetic traits. 
Specifically, under the WW treatment, the  Aarea for T. 
glabrifolium in April, both  Aarea and  Amass for S. hepta-
phyla and S. poilanei in September, as well as  Aarea for 
S. heptaphyla in November, were significantly elevated 
compared to those of CK. Previous studies have shown 
that increasing PPUE is an effective acclimation strat-
egy for trees, especially for tropical tree species grow-
ing in P-poor soil (Hidaka and Kitayama 2009). Thus, 
these increases in photosynthetic traits may be linked 
to rises in PPUE, particularly for S. poilanei species, as 
the WW treatment in September significantly increased 
PPUE while increasing  Aarea and  Amass. This is further 
confirmed by the results of our structural equation model 
(Fig. 7). Furthermore, the SEM results indicate that these 
photosynthetic traits are influenced not only directly by 
photosynthetic nutrient use efficiency and foliar P frac-
tions but also indirectly by soil properties and soil P frac-
tions modulated by precipitation treatments.

Correlations among foliar and soil phosphorus 
fractions and their respective characteristics

While numerous studies have validated the correla-
tion between plant P concentration and soil P frac-
tions, results vary for specific P forms (Galván-Tejada 
et al. 2014; Niederberger et al. 2019). For instance, Gao 
et al. (2022a) found that labile P forms like resin Pi and 
 NaHCO3 Pi are positively correlated with foliar P frac-
tions, whereas Yan et  al. (2019) reported resin P and 
foliar total P are unrelated. Additionally, the influence 
of various soil P forms on foliar P fractions is species-
dependent, notably affecting Alhagi sparsifolia through 
active Pi and Po, and Karelinia caspia through active Pi 
coupled with enzyme activity (Gao et al. 2022b). Gen-
erally, our study revealed positive relationships of soil 
resin Pi and  NaHCO3 Pi concentrations with most foliar 
P fractions (except for residual P, which exhibits a nega-
tive correlation) and total foliar P (Fig.  6). However, 
soil DHCl Pi and residual Pt concentration display an 
inverse trend. These findings underscore the importance 
of soil resin Pi and  NaHCO3 P as vital plant accessi-
ble P sources. While our investigation explored the 
general correlations between soil and foliar P fractions 
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in tropical forests, it did not differentiate these rela-
tionships on a species-specific basis (see Fig.  S2 for 
detailed species correlations). Interestingly, partly sup-
porting the findings of Yan et  al. (2019), the correla-
tion between soil resin Pi and foliar total P concentra-
tion, as well as various foliar P fractions in our study, 
was indistinct in the 0–10 cm soil layer but significantly 
apparent in the 10–20 cm soil layer. Thus, it is neces-
sary to consider soil layer variations when evaluating 
soil nutrient properties in association with plant nutrient 
characteristics.

Available soil nitrogen such as  NH4
+-N and  NO3

−-N 
could exert substantial influences on soil P availability 
(Zhang et al. 2004). In contrast to the findings of Zhang 
et al. (2004) who reported a decline in inorganic P frac-
tions within the root zone following  NH4

+-N fertilizer 
application, our study revealed more complex relation-
ships between soil P fractions and available N. Specifi-
cally, we observed that the WW treatment significantly 
and linearly increased pH and  NH4

+-N concentration 
in both soil layers, and the elevated  NH4

+-N concen-
tration was positively correlated with both resin Pi and 
 NaHCO3 Pi concentration, although this correlation was 
exclusive to the 10–20 cm soil layer. This suggests that 
their interrelation may not follow a purely linear pattern, 
warranting further comprehensive exploration. Soil pH is 
crucial for plant available P, yet its effects are mediated 
by both plant traits and soil factors (Lambers 2021). Hou 
et al. (2018b) emphasized the substantial impact of pH 
on soil Po forms, while other studies noted that decreas-
ing pH increases both root P uptake and soil P sorption, 
creating a counterbalance that limits root P acquisition 
(Lambers 2021; Smyth and Sanchez 1980). Our findings 
provided further insight into this complexity, revealing a 
significant positive correlation between pH and residual 
P concentration in the foliage and top 0–10 cm soil layer. 
Concurrently, pH value in the 10–20 cm layer was posi-
tively correlated with foliar residual P but inversely cor-
related with foliar metabolite P concentration. Hidaka 
and Kitayama (2013) reported a positive correlation 
between  Amass and both total foliar P and metabolic P 
concentrations. Contrary to their findings, our study did 
not detect significant correlations between  Amass and any 
foliar P fractions. Previous studies have indicated that 
under low-P conditions, plants can maintain their pho-
tosynthetic capacity by reducing the lipid P allocation to 
enhance the PPUE (Hayes et al. 2022). In this study, we 
observed a negative correlation between the PPUE and 
both lipid P and metabolite P, along with foliar total P. 

Contrary to expectations of stable photosynthetic capac-
ity, we observed variations in photosynthesis.

Conclusions

In this study, we investigated how simulated changes 
in seasonal precipitation affected soil and leaf phos-
phorus (P) fractions in a tropical secondary forest. 
Unexpectedly, soil total P remained unaffected by 
precipitation treatments, whereas P forms and bio-
availability were highly sensitive, particularly under 
delayed wet season (DW) treatment that reduced 
soil P bioavailability. Yet, wetter wet season (WW) 
treatment insignificantly altered soil P form but 
increased soil pH and  NH4

+-N. We observed that the 
effects of precipitation treatments on soil and foliar 
P fractions, as well as photosynthetic traits  (Amass 
and  Aarea), varied by species and sampling time. The 
structural equation model (SEM) indicated that pho-
tosynthetic attributes were modulated by nutrient 
use efficiency and foliar P fractions, with an indirect 
influence from soil parameters affected by precipi-
tation. Significant correlations were noted between 
plant-accessible soil P and foliar P fractions. Over-
all, our study underscored the intricate linkage 
between changing precipitation patterns and nutri-
ent cycling in tropical forest ecosystems. In conclu-
sion, this study contributes to the advancement of 
our knowledge to guide forest conservation and res-
toration strategies under climate change scenarios, 
ensuring the sustained provision of ecosystem ser-
vices in tropical regions.
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