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ABSTRACT

Anthropogenic phosphorus (P) inputs are rapidly altering terrestrial P cycling through plant — soil - microbial interactions; how-
ever, global patterns and underlying mechanisms driving these changes remain poorly understood. By performing a global meta-
analysis of 1315 observations from 176 studies across diverse natural terrestrial ecosystems, we found that P addition increased P
concentrations in foliage, stems, roots, and litter by 62%, 114%, 100% and 63%, respectively. Soil total P, plant-available P, and mi-
crobial P concentrations rose by 43%, 221%, and 70%, while leaf P-resorption efficiency and soil phosphatase activity declined by
23% and 15%, respectively. Stem P and soil phosphatase activity exhibited consistent trends across tropical, temperate, and boreal
zones, suggesting climate-specific P acquisition strategies. In addition, foliar P responses diverged among ecosystem and plant
functional types. These responses were primarily regulated by background soil total P concentration, precipitation, soil pH, and
P addition duration and rate. Our findings provide critical insights into the potential consequences of increasing anthropogenic
P inputs in natural terrestrial ecosystems, improving our understanding of nutrient cycling and informing future ecosystem
management under ongoing global change.

© 2026 John Wiley & Sons Ltd.
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1 | Introduction

Phosphorus (P) is an essential nutrient underpinning terres-
trial ecosystem functioning, often limiting plant growth and
terrestrial ecosystem productivity (Vitousek et al. 2010; Turner
et al. 2018). Over recent decades, anthropogenic P inputs via at-
mospheric deposition, mineral P fertilizers, and livestock slurry
or manure applications have pervasively altered P availabil-
ity across and within terrestrial ecosystems (Smil 2000). Such
changes substantially alter nutrient stoichiometry, disrupt nutri-
ent balance, and shift limitation patterns, ultimately impacting
biogeochemical processes that regulate ecosystem productivity
and functioning (Linger and Long 2025). Given the tight cou-
pling of carbon (C), nitrogen (N), and P cycles, enhanced an-
thropogenic P inputs reflect a major driver of environmental
change, influencing not only P cycling but also terrestrial C and
N dynamics (Treseder and Vitousek 2001; Wang et al. 2010).
Indeed, terrestrial C storage is widely recognized as being con-
strained by both N and P availability (Wieder et al. 2015; Du
et al. 2020). However, while many studies have focused on how
P addition affects terrestrial C and N cycles (Deng et al. 2017;
Feng et al. 2023), uncertainties persist regarding the specific
pathways through which external P addition alters the ecosys-
tem P cycling itself, hindering accurate projection of nutrient
limitation and C dynamics under ongoing anthropogenic P
enrichment.

Ecosystem P cycling comprises a complex network of interlinked
pools and processes along the plant — soil — microbial contin-
uum that collectively regulate nutrient uptake and productiv-
ity (Helfenstein et al. 2024; Jiang et al. 2024). Numerous field
studies have examined the effects of P addition or deposition on
individual components of this cycling. For example, external P
inputs have been shown to affect plant P concentrations (Firn
et al. 2019), P resorption efficiency (PRE) (Zhang et al. 2020),
soil P fractions (Li et al. 2016), soil microbial biomass P (Tripathi
et al. 2008), and soil phosphatase activity (Mori 2022). However,
experimental results are often inconsistent depending on envi-
ronmental context. Plant P concentrations have been reported to
either increase (Aerts et al. 2003) or show no significant change
(Alvarez-Clare and Mack 2015) following P inputs. Similarly,
responses of plant-available soil P, soil microbial P, and phos-
phatase activity vary widely among studies, ranging from
substantial increases (Xiao et al. 2020) to negligible or even
negative changes (Jaerd and Daryl 2020). More importantly,
most existing studies have examined only isolated components
of P cycling, focusing either on plant or soil processes, with-
out integrating the broader plant - soil — microbial perspective
(Marklein and Houlton 2012; Margalef et al. 2021; Mori 2022;
Zhang et al. 2022; Wu et al. 2022; Yu et al. 2024). Furthermore,
different plant organs, soil P fractions, microbe communities,
and enzymes are likely to respond differently to P addition due
to their distinct roles in P acquisition, utilization, and storage
(Zhang et al. 2018). These complex and interacting responses
remain insufficiently understood, such that a generalizable un-
derstanding of how the ecosystem P cycle responds to P fertiliza-
tion and atmospheric deposition, especially across the full plant
- soil — microbial system, is still lacking. Addressing this gap
requires a comprehensive synthesis of findings from numerous
individual studies that together capture the complexity of P cy-
cling processes.

Ecosystem-specific factors such as vegetation structure, physi-
ology, lifespan, management practices, and P acquisition strat-
egies can lead to divergent P cycling responses across different
ecosystems or experimental setups (Peng et al. 2023). For exam-
ple, P addition has been shown to reduce phosphatase activity
in tropical forests but had negligible effects in temperate forests
and grasslands (Mori 2022), possibly due to the particularly
strong P limitation experienced by plants in tropical forests
(Camenzind et al. 2018). Plants can acquire P through C re-
sources exchange via mycorrhizal fungi associations (Lambers
et al. 2022). However, fungal dominance and P acquisition
strategies vary significantly between ectomycorrhizal (EcM)
and arbuscular mycorrhizal (AM) associations (Plassard and
Dell 2010; Carteron et al. 2022), which may result in their con-
trasting responses to P addition. Likewise, symbiotic N,-fixing
plants generally have a higher P demand due to their high en-
ergy (ATP) demand required to produce nitrogenase, making
them more sensitive to P availability compared with non-N,-
fixing plants (Toro et al. 2023).

Climate factors, soil properties, and experimental regimes also
play key roles in shaping P cycling processes. Plant and soil P
cycling processes are sensitive to changes in water availabil-
ity given its importance for plant P uptake capacity (Reichert
et al. 2022; Jiang et al. 2024), soil P leaching dynamics (Liu
et al. 2014), soil organic P mineralization (Sun et al. 2020), and
the thermodynamic balance of soil P sorption and desorption
processes (Barrow 2015), and thus climate can influence the ef-
fects of P addition on terrestrial ecosystem P cycling. Variations
in soil pH and nutrient availability might also alter P responses
in soils and microbial biomass to P addition because soil pH can
change redox states (Husson 2013), and regulate soil P availabil-
ity by affecting the reactivity of soil minerals and microbial ac-
tivity (Blinemann et al. 2008; Duan et al. 2025). Similarly, soil
nutrient availability can shape nutrient balance, microbial com-
munity structures, and enzyme activity (Fanin et al. 2015). P
addition effects on the ecosystem P cycling may intensify with
longer experimental durations and higher P application rates,
as plant-soil-microbe systems often require years and suffi-
cient P input to fully adjust to changes in soil P availability (Sun
et al. 2022). However, current understanding of these ecologi-
cal and environmental factors regulating ecosystem P cycling
responses to P addition remains fragmented and largely based
on limited sites and analyses of isolated factors. Therefore, a
comprehensive and quantitative assessment of the relative im-
portance of these drivers at a global scale is urgently needed to
improve predictions of ecosystem P dynamics under continued
anthropogenic P enrichment.

Here, we compiled a global database comprising 1315 observa-
tions from 176 publications that assessed ecosystem P cycling
responses to P addition across 159 natural terrestrial ecosystems
worldwide (Figure 1). The database includes measurements re-
lated to plant, soil, and microbe P cycles, such as concentrations
of foliar P, stem P, root P, and litter P, and plant P-resorption effi-
ciency (PRE), as well as soil total P, plant-available P, microbial
biomass P, and soil phosphatase activity. Using this database,
we tested three hypotheses: (1) P addition would alter ecosystem
P strategies and lead to a shift from P recycling to P acquiring
strategy, with the effect size and relative sensitivity differing
among different ecosystem P cycling variables as added P plays
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FIGURE1 | Globalsite distribution of field phosphorus addition experiments included in this meta-analysis. (a) Location of each sampling site on
the background of a world map. Points of different colors and sizes indicate sites with different numbers of samples. This study included a total of 159
sites, with 68 sites for forest, 85 sites for grassland, 19 sites for wetland, and 12 sites for others. (b) Location of each sampling site superimposed upon

classic Whittaker biome classification by climate.

different roles in plant, soil, and microbe P cycling processes;
(2) ecosystem responses to P addition would also differ across
climatic zones, ecosystem types, and plant functional groups
because various species growing at different environmental
conditions may adopt distinct P acquisition and use strategies;
and (3) climatic factors, soil properties, and fertilization regimes
would together modulate P responses as they are key regulators
of P mineralization, mobilization, adsorption, and desorption
in soil, and root uptake and allocation within plant organs. In
doing so, our study aims to advance mechanistic understanding
of global ecosystem P dynamics and nutrient limitation into ter-
restrial biosphere models, thereby improving predictions of eco-
system productivity and C dynamics under future global change
scenarios.

2 | Materials and Methods
2.1 | Data Collection

We systematically searched for peer-reviewed publications re-
lated to the effects of P addition on ecosystem P cycling vari-
ables using the Web of Science and China National Knowledge
Infrastructure (https://www.cnki.net) databases until March
24, 2023. The searching terms and Boolean combinations used
are detailed in Table S1. To expand our dataset, we also screened
the reference lists of five prior meta-analysis studies focusing
on P addition experiments (Hou et al. 2020; Mori 2022; Zhang
et al. 2022; Sun et al. 2022; Feng et al. 2023) and added their
relevant data to our newly compiled database.

To minimize selection bias and enhance data comparability,
studies were selected based on the following criteria: (i) P addi-
tion experiments were conducted under field environments ex-
cluding confined environments (e.g., greenhouses, mesocosms
or growth chamber), and reported at least one relevant P cycling
variables (e.g., foliar, stem, root, or litter P concentration; P re-
sorption efficiency; PRE, calculated using Equation (1); soil total

P, plant-available P, microbial P concentrations; or soil phospha-
tase activity); (ii) Control and P fertilization treatments were
conducted under comparable experimental settings, excluding
factorial experiments involving additional treatments; (iii) Studies
using P fertilizers that also contained N (e.g., diammonium phos-
phate) were excluded to avoid confounding effects; (iv) Means,
standard deviation (SD) or standard error (SE) and sample sizes of
ecosystem P cycling variables for both control and P fertilization
treatments could be directly extracted or reliably calculated. The
study selection process followed the Preferred Reporting Items
for Systematic Reviews (PRISMA) guidelines as is illustrated in
Figure S1. P resorption efficiency (PRE) was calculated as:

P
PRE:MLCFx(l—M>x100%, )

mature
where P, . and P, . are the mass-based P concentrations
in mature green leaves and senesced leaves, respectively. MLCF
(Mass Loss Correction Factor) refers to the mass loss correction
factor, defined as the ratio of the dry mass of senesced leaves to
that of green leaves (Vergutz et al. 2012).

To comprehensively assess the responses of P cycling under het-
erogeneous P addition regimes, for each selected publication, we
defined one experiment as a multi-level structure of conditions
characterized by soil depth, P addition rates, fertilization dura-
tion, and experimental sites. In one experiment, we extracted
one mean value, sample size and corresponding standard devi-
ation (SD) or standard error (SE) data for different phosphorus
(P) variables (e.g., soil total P, foliar P etc.) and named this as
one sample When values were presented graphically, data were
extracted using WebPlotDigitizer (https://automeris.io). After
extraction and compilation, our dataset consisted of 1315 ob-
servations from 176 publications (1987-2023), encompassing
159 unique field sites (Figure 1; full data source provided in
Appendix S1). Distinct samples were defined as different P vari-
ables measured at varying sites, soil depths, P addition rates or
experimental duration within a single study. We also recorded
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environmental variables, geographic coordinates (latitude and
longitude) and fertilization regimes from each publication.
Environmental data included mean annual temperature (MAT),
mean annual precipitation (MAP), background soil pH, back-
ground soil organic carbon concentration (SOC), background
soil total N concentration (TN), background soil total P concen-
tration (TP) and background plant-available soil P concentra-
tion (AP). When not reported, these data were retrieved based
on site coordinates from the WorldClim database (http://www.
worldclim.org/) and SoilGrids (https://soilgrids.org) databases.
Fertilization regime variables included treatment duration (time
intervals between the beginning of nutrient addition and sam-
pling date), P fertilization rates, and P fertilizer types. Fertilizer
types were categorized as Ca-P (e.g., Ca(H,PO,),), Na-P (e.g.,
NaH,PO,), and K-P (e.g., KH,PO,). Fertilizer with unknown
composition, listed only as P,O, or mixtures of multiple types
were grouped into an “Others” category.

To explore the response variation under different ecological
and environmental conditions, we also extracted the infor-
mation on ecosystem type, climatic zones, plant N, fixing
status, and mycorrhizal association. Ecosystem types mainly
included forests (478 samples), grasslands (651 samples), and
wetlands (167 samples); tundra (12 samples) and savanna (14
samples), shrublands (7 samples), and ecotone (2 samples)
were grouped as “others” due to limited site numbers. Climatic
zones were classified into tropical (23.5°S~23.5°N), temperate
(23.5°~46.0°S/N) and boreal (46.0°N~66.0°N) zones following
Gwynn et al. (2002) and Yuan et al. (2011). Plant N, fixing taxa
were classified into N,-fixing and non-N,-fixing species using
the NodDB database (Kou and Menge 2021; Feng et al. 2023).
Mycorrhizal colonizations were categorized into arbuscular
mycorrhiza (AM), ectomycorrhiza (EcM), and “Other” based
on species-level information from two previous studies (Wang
and Qiu 2006; Soudzilovskala et al. 2020). The “Other” cate-
gory (279 samples) included species with unknown mycorrhi-
zal status, non-mycorrhizal species, and those associated with
ericoid mycorrhiza (ErM; 10 samples). Species associated with
both AM and EcM associations were classified under EcM, fol-
lowing the approach of Terrer et al. (2021). All species names
were verified using The Plant List (http://www.theplantlist.
org) prior to classification.

2.2 | Data Analysis

To quantify the effect of P addition on ecosystem P cycling
variables, we used the natural logarithmic response ratio
(InRR) as the effect size metric (Hedges et al. 1999). For
each sample, the effect size (InRR) was calculated following
Equations (2-4):

X, — —
InRR = ln(=t> =In(X,) - In(X,) )
XC
SD =SEv/n ©)
SD,? SD.?
V=— + — @
nX; nX,

where InRR, X, and X, are the logarithm-transformed response
ratio, mean value in treatment and control plots of different P
cycling variables for each sample, respectively. SD, SE and n de-
note the standard deviation, standard error and sample size of
each sample. v denotes the variance of each InRR, which is cal-
culated using both SD (SD, and SD, stand for standard deviation
of variables in treatment and control plots) and n. To evaluate
the robustness of our results, we examined publication bias for
each P variables using the Egger's test (Egger et al. 1997) and cal-
culated the corrected effect sizes using the trim and fill method
(Duval and Tweedie 2000) if publication bias exist. The results
showed that correct effect sizes reflected the same trend as their
original values (Table S2). We also conducted a Jackknife sensi-
tivity analysis using leaveout() function in metafor R package to
investigate whether individual studies are strong drivers of the
results (Basche and Delonge 2019). These analyses confirmed
the robustness and stability of our meta-analysis (Figure S2).

To accommodate the dependence arising from the multi-level
structure of samples, we employed multi-level random-effects
models to consider this hierarchical structure (Harrer et al. 2021;
https://bookdown.org/MathiasHarrer/Doing_Meta_Analysis_
in_R/). All models were fitted using the rma.mv() function in
the metafor R package, with the sampling variance of each effect
size supplied as the known level-1 weight.

INRRyj = INRR + Ugy; + Uiy + Upyyje + Eijic )

where InRR;; refers to the logarithmic response ratio for one sin-
gle sample; InRR refers to the mean logarithmic response ratio
across all samples; €;; denotes the level-1 heterogeneity caused
by sample errors; U, denotes the level-2 heterogeneity deriving
from variation in different soil depths, and thus is only adopted in
microbial and soil P variables; Uy level-3 denotes the between-
experiment heterogeneity from the different designs of the fertil-
ization experiments (i.e., different combinations of P addition rate
and duration); u); denotes the level-4 between-site heterogene-
ity. Residue normality was checked using the “check_normality”
function in the “performance” package. If residuals violated the
normality assumption, 95% confidence intervals (CI) of InRR
were computed using a bootstrapping method with 999 iterations
in the “boot” package. An effect was considered significant at
p<0.05if95% CI did not include zero. To facilitate interpretation,
we converted [nRR to the percentage change as follows:

Percentage change (%) = (em - 1) %X 100% 6)

To explore the variation in response patterns, we examined the
scaling relationships among ecosystem P variables using stan-
dardized major axis regression (SMA) with smatr packages
(Rosell et al. 2023).

log,,Y = a X (log;oX) + B (7)

where X and Y represents each of the ecosystem P cycling vari-
ables, @ and f are the regression slope and intercept, respectively.
A slope with 95% CI a overlapping 1 indicates isometry; values
significantly above or below 1 indicate faster or slower responses
of Yrelative to X under P addition (Figure S3).
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To investigate the potential roles of biotic and abiotic drivers
in conditioning P-addition responses, we implemented mixed-
effects models based on Equation (5):

lnRRijk =10 +uyy + Uy + Uy T Eijk ®)

where for classified groups (i.e., climatic zones, ecosystem types,
mycorrhizal types and N,-fixation taxa), X is a fixed factor set as
a multi-level factorial variable. For example, if X indicates the cli-
matic zones, then X is a three-level factorial variable containing
tropical, temperate and boreal zones; for environmental and exper-
imental factors (i.e., P addition rate, fertilization duration, mean
annual precipitation, soil pH, background soil organic C, back-
ground soil total N, background soil total P and background plant-
available soil P), X is a fixed factor set as a continuous variable.

The random-effects and mixed-effects models described above are
listed in Tables S3 and S4. All models are fitted using maximum-
likelihood estimation via the rma.mv() function in the metafor R
package (Harrer et al. 2021), and the potential influence of each
fixed factor was assessed via comparison of likelihood ratio tests
(LRTs). In this study, the likelihoods of two candidate models,
L(Mjy;) and L(Megyceq ) Were calculated using Equation R4 and
the LRT statistic were calculated through Equation R5 as below:

where L denotes the likelihood of the observed data (D) under the
model (M) with parameters 6; My, represents the mixed models
with more fixed factors while M, .4,..q fepresents the random mod-
els with only random effects. The LRT follows a chi-squared dis-
tribution, and a significant value (p <0.05) identifies whether the
added fixed factor significantly improves model fit; for example,
the effect of climatic zones on stem P concentration.

For the categorical variables (i.e., climatic zones, ecosystem
types, mycorrhizal types and N,-fixation taxa), we compared
the mixed-effects models against the random-effects model
and list the results in Table S3. For the continuous factors (P
addition rate, duration, mean annual precipitation, soil pH,
background soil organic C, background soil total N, back-
ground soil total P and background plant-available soil P), we
list the comparison results in Table S4.

3 | Results

3.1 | Overall Effect of P Addition on Ecosystem P
Cycling Variables

Across global terrestrial ecosystems, P addition markedly altered
ecosystem P-cycling variables, with positive effects on plant organ

L=P(D|0,M) Q) P, soil and microbial P and a suppressive effect on PRE and soil
phosphatase activity (Figure 2). Among plant organs, P addition
LRT = 2x In L(Mgy) 10) increased P concentrations of leaves, stems, and roots, with mean
B L(Mjeduced) effect sizes of 0.48 (95% confidence interval CI: 0.39-0.57), 0.76
(0.54-0.98), and 0.69 (0.40-0.99), respectively, corresponding to
(@@ I (b)
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FIGURE 2 | Overall effects of phosphorus (P) addition on ecosystem P cycle. (a) The responses of ecosystem P cycling variables to P addition.
Each white point and blue error bar represent the bootstrapped mean and 95% confidence intervals for different variables, respectively. The numbers
outside and inside parentheses indicate the numbers of samples and publications, respectively. (b) A conceptual diagram illustrating how phosphorus
(P) addition influences the holistic phosphorus (P) cycling in terrestrial ecosystems. The numbers in boxes represent the average percentage changes
of the response variable in the P addition treatment compared with the corresponding values in the control treatment. The asterisk (*) indicates sig-
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relative increases of 61% (48%-77%), 114% (72%-167%), and 100%
(48%-169%). For variables associated with internal P recycling
processes, litter P concentration also showed a positive response
to P addition, with a mean effect size of 0.49 (0.27-0.72), a relative
increase of 63% (30%-105%). In contrast, PRE showed a signifi-
cant decline with a mean effect size of —0.26 (—0.47 to —0.04),
dropping by 22% (4%-37%). In soils, P addition significantly el-
evated soil total P, plant-available soil P, microbial P and sup-
pressed soil phosphatase activity. The mean effect sizes were 0.35
(0.28-0.43) for total soil P, 1.17 (0.95-1.38) for plant-available soil
P, 0.53 (0.29-0.77) for microbial P, and —0.16 (—0.29 to —0.03) for
phosphatase activity. These correspond to relative changes of 43%
(33%-53%), 221% (159%~-297%), 70% (34%~-115%), and —15% (—25%
to —3%), respectively.

To assess relative sensitivities, we examined pairwise relation-
ships among variables using their original values (Figure S3).
Among plant organs, stem P concentration was the most sensi-
tive to P addition, followed by litter, foliar, and root P concen-
trations (Figure S3). Among soil variables, plant-available P was
the most responsive, followed by microbial P, total P, and phos-
phatase activity. The pronounced responsiveness of stem P and
plant-available soil P concentrations highlights their potential as
sensitive indicators of ecosystem responses to P enrichment.

3.2 | Variations in P Addition Effects Across
Climatic Zones, Ecosystem Types and Plant
Functional Groups

Ecosystem responses to P addition varied significantly by cli-
matic zones, ecosystem types, and plant functional groups

(Figures 3 and 4). Compared with temperate and boreal
zones, tropical zones exhibited significantly more sensitivity
in stem P (p<0.01) and soil phosphatase activity (p <0.001)
(Figure 3a). The mean effect size for stem P was 1.19 in trop-
ical zones, 0.75 in temperate zones, and 0.34 in boreal zones,
equivalent to increases of 228%, 112%, and 41%, respectively.
For soil phosphatase activity, the mean effect size was —0.60
in tropical zones, —0.02 in temperate zones, and —0.08 in bo-
real zones, equivalent to decreases of 45%, 2%, and 7%, respec-
tively (Figure 3a). Most ecosystem P cycling variables showed
no significant differences among ecosystems and plant func-
tional groups, except foliar P (Figures 3b and 4). Foliar P re-
sponses were highest in wetlands (effect size=0.68, 0.44 to
0.93; 98% increase), followed by grasslands (0.59, 0.46 to 0.71;
80% increase) and forests (0.35, 0.20 to 0.49; 41% increase)
(Figure 3b). Similarly, communities dominated by AM plants
showed a greater response in foliar P (effect size =0.56, 0.45
to 0.66; 74% increase) than those dominated by EcM plants
(0.31, 0.11 to 0.52; 37% increase) (Figure 4a). Likewise, com-
munities dominated by non N,-fixers also showed a greater re-
sponse in foliar P (0.51, 0.42 to 0.61; 68% increase) than those
dominated by N,-fixers (effect size=0.32, 0.19 to 0.46; 38%
increase) (Figure 4b).

3.3 | Environmental and Ecological Drivers of P
Addition Effects

We identified key environmental and ecological drivers for the P-
addition effect sizes by comparing likelihood ratio tests (LRTS),
focusing on variables with sufficient sample size: foliar P, soil total
P, plant-available soil P, soil microbial P, and soil phosphatase
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FIGURE 3 | Responses of ecosystem phosphorus (P) cycling variables to P addition among different (a) climatic zones and (b) ecosystem types.

The asterisk indicates significant level between different ecosystem types or climatic zones (*p <0.05, **p<0.01, ***p <0.001). See the caption of

Figure R1 for details about the other relevant annotations.
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FIGURE 4 | Responses of ecosystem phosphorus (P) cycling variables to P addition among different (a) mycorrhizal types and (b) N,-fixing taxa.

The asterisk indicates significant level among different ecosystem types or climatic zones (*p <0.05, **p <0.01, ***p <0.001). AM, arbuscular mycor-

rhiza; ECM, ectomycorrhiza; Yes, symbiotic fixation of atmospheric nitrogen; No, no symbiotic fixation of atmospheric nitrogen. See the caption of

Figure R1 for details about the other relevant annotations.

activity. Foliar P concentration was influenced by P fertilizer rate
and background soil total N (Figure 5a). Effect sizes increased
with P fertilizer rate, but decreased with background soil total N.
Plant-available soil P concentration was influenced by P addition
rate and duration; the responses increased with P rate and dura-
tion (Figure 5b). Soil total P concentration and soil microbial P
were both significantly positively associated with P addition rates,
increasing as fertilization rates increased (Figure 5c,d). Soil phos-
phatase activity was shaped by P fertilizer duration, MAP, soil pH,
and background soil total P. The negative impacts increased with
P fertilization duration and mean annual precipitation but shifted
from negative to positive with increasing soil pH and background
soil total P (Figure 5e). Collectively, these results reveal that P-
addition effects on ecosystem P cycling are modulated by distinct
combinations of environmental and ecological drivers for each
component, underscoring the complexity of nutrient cycling re-
sponses under P enrichment.

4 | Discussion
4.1 | Shift From P Recycling to P Acquiring

Previous studies have outlined that under P poor conditions
ecosystems display more P recycling strategies, while under
P rich conditions biological P cycle becomes more open, also
called P acquiring strategy (Lang et al. 2016; Helfenstein
et al. 2024). Our synthesis reveals that plant-soil-microbial P
cycling variables exhibited remarkable divergent responses to

P addition across global terrestrial ecosystems (Figure 2). In
general, P addition increased plant and soil P concentrations
but decreased PRE and soil phosphatase activity. These find-
ings are consistent with previous meta-analyses (Li et al. 2016;
Sardans et al. 2017; Margalef et al. 2021; Zhang et al. 2022;
Mori 2022), and support the hypothesis that P additions lead
to a shift from more P recycling to P acquiring nutrition
(Figure 2b). The increases in plant and soil P concentrations
are primarily attributed to the direct enhancement of soil P
availability by fertilization, which facilitates P uptake by plants
(Riskin et al. 2013; Luo et al. 2024). In turn, the alleviation of P
limitation reduces the reliance on internal P recycling, leading
to lower P resorption efficiency (Feller et al. 2003; Yuan and
Chen 2015). Additionally, increased inorganic P availability
likely suppresses microbial P limitation, leading to a decline in
soil phosphatase activity (Olander and Vitosek 2000; Marklein
and Houlton 2012).

Interestingly, non-leaf organs (i.e., stem and root) responded more
strongly to P addition than foliar tissue (Figure S3). This may re-
flect their role as nutrient storage and buffering organs under dy-
namic environments, and the closer proximity of stem and roots to
nutrient resources compared with leaves, which require stable nu-
trient supplies to support photosynthesis and respiration (Lambers
et al. 2008; Schreeg et al. 2014; Sardans et al. 2017). Similarly,
plant-available soil P exhibited a higher sensitivity to P addition
compared with total soil P, microbial P, and phosphatase activity,
consistent with previous findings (Li et al. 2016; Yu et al. 2024).
Since P fertilizers typically supply P in inorganic forms, they
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FIGURE 5 | Key predictors in explaining the responses of ecosystem phosphorus (P) cycling variables to P addition. (a) Plant P concentration;
(b) Plant-available soil P concentration; (c) Soil total P concentration; (d) Soil microbial P concentration; () Soil phosphatase activity. Blue lines and
shaded areas represent the mean and 95% confidence intervals of the regression line, respectively. *p <0.05, **p <0.01, ***p <0.001.

directly increase the plant-available P pool (Hou et al. 2020, 2021; the varying sensitivities of P cycling components, with non-leaf P
Yu et al. 2024), while the majority of total soil P remains bound in and plant-available soil P serving as the utmost responsive indica-
forms inaccessible to plants. Collectively, these findings highlight tors of nutrient balance under P enrichment.
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4.2 | Ecosystem, Climatic, and Plant Functional
Group Variation in P Cycling Responses

The magnitude and direction of plant-soil-microbial P cycling
responses varied significantly among climatic zones and ecosys-
tem types (Figure 3). In particular, tropical zones showed stron-
ger responses in stem P concentrations and soil phosphatase
activity compared to temperate and boreal zones (Figure 3a).
These contrasting patterns likely reflect divergent P acquisition
strategies prevalent in ecosystems in different climatic zones.
Tropical ecosystems with highly weathered and more severe P-
limited soils tend to have a very closed P nutrient cycle. With a
relatively large fraction of ecosystem P in the biomass relative to
the soil, this P is recycled tightly and thus shows more response
in plant organ P increase once external P enters (Helfenstein
et al. 2024). Similarly, in temperate and boreal zones, P limita-
tion is much less dominant (Vitousek et al. 2010), meaning that
these systems often already display less P acquisition strategies
and therefore have a smaller decrease in soil phosphatase activ-
ity when P is added to the ecosystems. In contrast with climatic
zones, ecosystem types and dominant plant functional groups,
classified by mycorrhizal associations and N,-fixing status, exert
relatively minor influence on the effect sizes of P addition across
most plant - soil — microbial P cycling variables, except for fo-
liar P concentration (Figures 3b and 4). This finding suggests
that climate conditions may play a more dominant role than
ecosystem types and species traits in governing ecosystem-level
responses to P addition. Wetlands exhibited a greater effect size
in foliar P than grasslands and forests (Figure 3b). This pattern
may stem from the strong P accumulation capacity of wetland
plants (Tanner 1996; Vymzal 2007) and reduced P limitation in
anaerobic wetland soils (Miller et al. 2001; Vepraskas et al. 2023;
Jiang et al. 2024). However, due to limited wetland observations
in our datasets, further research is needed to generalize these
trends. Grasslands exhibited a greater effect size in foliar P; this
may indicate the tendency of trees to show higher resilience and
resistance to change under P limitation, owing to the more effi-
cient inorganic P acquisition strategies they have developed to
cope with soil inorganic P depletion (thereby expressing smaller
responses of foliar P under P enrichment) (Yu et al. 2025).

Communities dominated by AM plants exhibited a greater fo-
liar P response to P addition compared to those dominated by
EcM plants (Figure 4a), likely due to higher enzyme investment
and C allocation toward P and N acquisition in EcM-dominated
ecosystems, thereby experiencing weaker P limitation and con-
sequently showing more attenuated response under P addition
(Cheeke et al. 2017). Similarly, communities dominated by
non-N, fixing species exhibited a greater foliar P response to P
addition compared with those dominated by N,-fixing species
(Figure 4b), potentially because N -fixing species generally ex-
hibit a larger growth response to P addition, leading to dilution
of foliar P concentrations as opposed to reductions in P content
per se (Jarrell et al. 1981; Toro et al. 2023).

4.3 | Ecological Factors Regulate the Responses
of Ecosystem P Cycling to P Addition

Despite clear global trends, considerable variations existed
in the responsiveness of ecosystem P cycling variables to P

addition. Our analysis revealed that fertilization regimes,
soil background nutrients, MAP, and soil pH were key ecolog-
ical and environmental drivers of these effect sizes, although
their relative contributions differed across specific ecological
P cycling components (Figure 5). We suggested that these
factors primarily regulated the availability, mobility, and
transformation of P in soils, thereby modulating ecosystem
responses.

Fertilization regimes, including P application rate and treat-
ment duration, appear to play the most influential roles in
regulating ecosystem P addition impacts, as they consistently
exhibit significant relationships with P cycling variables re-
sponses across plant, soil, and microbial P cycling processes
(Figure 5). The positive effects of P addition on foliar P, soil
total P, soil plant-available P, and soil microbial P intensified
with increasing P application rates. Moreover, longer P fertil-
ization duration further amplified the positive effects on plant-
available soil P (Figure 5b) and the negative effects on soil
phosphatase activity (Figure 5e). These results align with the
previous global syntheses showing that higher-rate and pro-
longed nutrient additions stimulate plant biomass, soil C accu-
mulation, and shifts in ecosystem C:N:P stoichiometry across
global terrestrial ecosystems (Hou et al. 2021; Wu et al. 2022;
Sun et al. 2022; Feng et al. 2023). Cumulative P inputs over
time may promote plant growth and organic matter inputs (Sun
and Chen 2024), which in turn improve soil P retention, water-
holding capacity, and cation exchange capacity (Hobbie 2015).
These feedbacks can reinforce the increases in plant, soil, and
microbial P retention while concurrently suppressing phospha-
tase activity under sustained P enrichment.

Additionally, P addition effects on foliar P and soil phospha-
tase activity were also altered by background soil nutrients,
MAP and soil pH. P addition impacts on foliar P increased
as background soil total N increased (Figure 5a). This trend
is consistent with the plant-soil nutrient model described by
Perring et al. (2008) that ecosystems experiencing sustained
N enrichment tend to shift toward tighter P cycling when (i)
the loss rate of available P exceeds that of organic P and (ii)
the reactive-P buffering capacity is lower than the minimal
critical threshold. Under such conditions, soils conserve P by
retaining added P in non-plant-available pools, resulting in
reduced translocation of added P to foliage. Thus, in high-N
soils where plant and microbial P demand is elevated but soil
buffering capacity remains constrained, external P additions
would lead to smaller increments in foliar P concentration. The
negative effects of P addition on soil phosphatase activity be-
came more pronounced with increasing MAP (Figure 5e). This
trend likely reflects intensified P limitation in wetter climates
due highly weathered soils, intensified P leaching, and mineral
depletion, particularly in humid tropical and subtropical eco-
systems (Hou et al. 2018; Helfenstein et al. 2018). Supporting
this interpretation, we observed the effects of P addition on
soil phosphatase activity shifted from negative to positive
along a gradient of rising background soil total P (Figure 5e).
Increasing soil pH also shifted the effect of P addition on soil
phosphatase activity from negative to positive. This pattern
may be due to a shift from organic P mineralization to acid
exudation to dissolve calcium-phosphates at higher pH (Eivazi
and Tabatabai 1977).

Global Change Biology, 2026

90f13

85U01 SUOWWIOD AITeID) 8|qet(dde 8y} Ag peusenob aJe so oIl O ‘8sN JO S8|nJ o} AkeidT8uljUO A8|IA UO (SUOTIPUOD-PUB-SWLB) W00 A8 1M Ale.q 1 |Buluoy/:SAny) SUONIPUOD pue swie | ay1 8es *[920z/y0/8z] uo Ariqiauliuo Ae|im ‘oo JO AiseAun Aq 22802 GoB/TTTT OT/I0p/W0d Ao im Areiqijeul|uoy/sdny woiy pepeojumod ‘v ‘920z ‘98vZS9ET



4.4 | Limitations and Future Directions

Although this study provided global-scale analysis for re-
sponses of ecosystem P cycling variables to P addition and
the associated drivers, some limitations still need to be ad-
dressed in future studies. First, our meta-analysis isolates the
effects of P addition and does not account for its interactions
with other global change drivers (e.g., nitrogen enrichment,
warming, altered precipitation, or elevated CO,), which may
jointly regulate P dynamics in natural systems. Second, al-
though our dataset represents the most comprehensive global
compilation of plant-soil-microbial P responses to date, the
spatial distribution of available field studies remains uneven.
This geographic bias may influence the inference of global
patterns and the associated drivers. Therefore, expanded field
experiments across underrepresented regions are urgently
needed to refine predictions of how global P enrichment will
alter terrestrial nutrient cycles and ecosystem functioning.
Third, our study only investigates the impact of P addition on
key P-related variables largely consist of concentrations and
phosphatase activity. A more comprehensive mechanistic
understanding of the P cycle within the plant-soil-microbial
continuum requires integrating detailed indicators that cap-
ture P uptake, recycling, and transformation pathways, such
as P fluxes and P-related genes abundance. Therefore, further
studies focusing on these aspects are needed to fill the current
knowledge gaps and provide a more complete picture of eco-
system P dynamics.

5 | Conclusions

This meta-analysis synthesizes the global impacts of P addition
on terrestrial ecosystem P cycling and identifies key environ-
mental and ecological drivers shaping plant-soil-microbial re-
sponses. P addition consistently increased P concentrations in
plant tissues and soils, while reducing P resorption efficiency
and soil phosphatase activity, with contrasting sensitivities
across P cycling components. Response magnitudes differed
among climate zones, ecosystem types, mycorrhizal associa-
tions, and N,-fixing taxa, reflecting context-specific P acquisi-
tion strategies. Background nutrient availability, precipitation,
and fertilization regimes were dominant modulators of P re-
sponses. These findings reveal global patterns and drivers of P
cycling under elevated P inputs, providing critical insights into
ecosystem P dynamics, limitation, and biogeochemical cou-
pling. The results enhance our ability to predict nutrient cycling,
ecosystem productivity, and terrestrial carbon storage under in-
creasing anthropogenic P inputs, particularly for terrestrial bio-
sphere models incorporating P cycling processes.
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effects models for Figure 5. Figure S1: Preferred Reporting Items for
Systematic Reviews (PRISMA) Flow Diagram showing the process of
study selection in this meta-analysis. Figure S2: Jackknife sensitivity
of the estimated P addition response effect size (LnRR). Figure S3:
Heatmap showing the standard major axis correlations between differ-
ent ecosystem phosphorus (P)-cycling variables under both the control
conditions and P-addition treatments. Figure S4: Violin Plot showing
the differential effects of phosphorus (P) addition on the concentrations
of plant P, soil total P and plant-available soil P under various P-fertilizer
conditions. Figure S5: Heatmap showing the Pearson correlations for
environmental predictors. Data S2: Appendix references.
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