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Abstract Tropical forests, renowned for their exceptional
biodiversity, often thrive despite inherently low soil phos-
phorus (P) availability. However, a comprehensive synthesis
of the mechanisms that facilitate the coexistence of diverse
species, and how these mechanisms respond to P addi-
tion, remains poorly understood. This review consolidates
research findings on how tropical forest biodiversity is sus-
tained under low P conditions, how P addition influences
the overall biodiversity system, identifies research gaps,
and suggests future directions. The relationship between P
and biodiversity is complex: while P-limited forests support
high diversity, P addition may lead to species disappearance,
raising the question of why some forests that maintain high
species diversity under P limitation continue to do so, while
others experience a decline in diversity following P addition.
Despite P limitation, forests can support high species diver-
sity through adaptive strategies such as resource partitioning

Project funding: This study was supported by the Natural
National Science Foundations of China (32171772) and National
Key R&D Program of China (Grant No.2021YFD220040304).

The online version is available at https://link.springer.com/

Corresponding editor: Shuxuan Li.

P< Wenxing Long
oklong @hainanu.edu.cn

College of Ecology, Hainan University, Haikou 570228,
People’s Republic of China

College of Tropical Agriculture and Forestry, Hainan
University, Haikou 570228, People’s Republic of China

Center for Integrative Conservation and Yunnan Key
Laboratory for the Conservation of Tropical Rainforests
and Asian Elephants, Xishuangbanna Tropical
Botanical Garden, Chinese Academy of Sciences,
Xishuangbanna 666303, People’s Republic of China

Published online: 25 February 2026

and P-use efficiency, which enable diverse communities to
flourish. In low-P environments, species conserve P through
resorption from older tissues and allocation to leaves, pro-
moting photosynthesis and growth. These species exhibit
lower specific leaf area and higher leaf dry matter content.
While functional diversity is constrained, species diversity
remains high as species adopt similar strategies. Specialized
root traits, including finer roots and mycorrhizal symbioses,
facilitate P uptake in low-P soils. However, P addition may
lead to competitive exclusion, with species adapted to P-rich
conditions outcompeting low-P specialists. Some species
may dominate early successional stages by rapidly utilizing
available P, suppressing other species, and reducing biodi-
versity over time. Anthropogenic P additions, such as agri-
cultural fertilization and erosion, can intensify this effect,
further decreasing species diversity and altering community
composition, including fauna and microbial components of
the forest. Due to the complexity and variability of tropical
environments, critical knowledge gaps remain in understand-
ing how diverse forest components, soil organisms, and envi-
ronmental conditions interact with P addition, particularly
at local and regional scales. Long-term studies, especially in
less accessible or underfunded tropical regions, are essential
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to improve understanding of species interactions, resource
partitioning, and biodiversity functioning under P-limitation.

Keywords Adaptive strategies - Biodiversity trade-offs -
Functional diversity - Nutrient cycling - Nutrient limitation

Introduction

Tropical forests, recognized globally as the most biodiverse
terrestrial ecosystems (Harvey et al. 2020; Raven et al.
2020), play a crucial role in global climate regulation, water
cycling, soil protection and in preventing extreme droughts
and floods (Bonan 2008; Pan et al. 2011; Ellison et al. 2017).
Covering approximately 10% of the Earth’s land surface,
tropical forests harbor over half of the planet’s terrestrial

forests thrive under phosphorus 3
limitation (-P)?

Fig. 1 Conceptual representation of tropical forest ecosystems in
relation to P availability. a Depicts the current state of tropical for-
ests functioning under natural P limitation (—P), where biodiversity
thrives through long-term adaptations to nutrient-poor conditions. b

@ Springer

species, making them one of the most biologically diverse
ecosystems on Earth (Lewis 2006; Gibson et al. 2011; Lewis
et al. 2015). These forests are primarily distributed across
the Amazon Basin in South America, the Congo Basin in
Central Africa, in Southeast Asia, and on tropical islands
such as Madagascar and Papua New Guinea (Malhi et al.
2008). Despite their vast extent and ecological importance,
many of these forests, particularly those in highly weathered
regions like the Amazon, face significant challenges due to
inherent phosphorus (P) limitation (Sun et al. 2020; Basak
et al. 2022; Cunha et al. 2022), which in turn constrains
nutrient-use strategies of species (Turner et al. 2018), biodi-
versity, and ecosystem productivity. Although P is scarce in
these forests, they support a remarkable diversity of plants,
animals, microbes, and fungi (Fig. 1), illustrating their eco-
logical resilience through intricate nutrient adaptations,

&

With P addition (+P), how do strategies for thriving shift, and what
are the effects on each component (flora, fauna, microorganisms and
fungi) of biodiversity? (source: Pixabay and Wenxing Long)
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which remain an important subject of exploration (Roberts
et al. 2021; Pillay et al. 2022).

Understanding the role of P addition in shaping forest
biodiversity is essential for predicting ecosystem responses
to environmental change and informing conservation
strategies. Throughout this paper, P addition refers to the
natural and human-induced input of P into the forest eco-
system from sources such as direct P fertilization, agricul-
tural runoff from Diammonium Phosphate (DAP), a widely
used fertilizer, atmospheric deposition of phosphorus-rich
dust, and hydrological pathways like rainwater, rivers and
groundwater transport. P is a crucial macronutrient for plant
growth and development, involved in energy transfer, pho-
tosynthesis and nucleic acid formation (de Bang et al. 2021;

Decreases

activity

, Plant lignin
centration

VVVVYVVVVVVVYYVYYVYY

Fig. 2 Tropical forests and their adaptive strategies for P limitation.
This diagram illustrates the low soil P nature and adaptive strategies
of tropical forest trees, along with the overall implication on forest
biodiversity components. It shows how low P levels in soil lead to
P limitation, which drives trees to adjust to various adaptive strate-
gies. These strategies encompass physiological mechanisms (Wood-
row and Berry 1988; Lum and Hirsch 2002; Cope et al. 2021; Lam-
bers 2022), production of defensive compounds (Coley et al. 1985;
Mahmoud and Croteau 2002; Igbal et al. 2021), and morphological
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Freire 2023). In tropical regions, P limitation impacts plant
productivity (Cunha et al. 2022; Manu et al. 2022), foliar
stoichiometry (Massmann et al. 2022), community composi-
tion (Zhang et al. 2021) and competitive dynamics (Liu et al.
2021; Umaiia et al. 2021), affecting the entire foodweb of the
forest ecosystem (Vitousek et al. 2010; Menge et al. 2012),
including its micro and mega-fauna components (Hu et al.
2021; Teste et al. 2021; Cunha et al. 2022; Coleman et al.
2024; Kang et al. 2024). To cope with P deficiency, plants
in tropical forests have evolved various adaptive strategies
(Fig. 2).

These adaptive strategies include developing specialized
root systems for better P absorption, forming symbiotic
relationships with mycorrhizal fungi to enhance P uptake,

changes (Sarmiento et al. 1985; Baraloto et al. 2006; Lgvdal et al.
2008; Yetgin 2024). While these adaptive strategies support overall
ecosystem biodiversity by benefiting flora, microorganisms and fauna,
the production of defensive compounds introduces a trade-off. The
trade-off arises due to reduced herbivory, which in turn diminishes
faunal diversity but maintains high plant diversity. The diagram also
raises questions about how P addition might alter these dynamics and
influence adaptive strategies and biodiversity in tropical forests in the
future

@ Springer



77 Page 4 of 15

E. Linger et al.

recycling P within their tissues, and minimizing reliance
on external P sources (Aoyagi et al. 2022; Pan et al. 2022).
This interplay between nutrient limitation and biodiversity
highlights the complex nutrient balance that sustains tropical
forests. As environments change due to increasing atmos-
pheric CO, and nutrient deposition, the resilience of tropical
forests under P limitation becomes increasingly critical to
understand. Long-term precipitation change and droughts
may drive drier tropical forests (Lewis et al. 2004) towards
increased functional, taxonomic and phylogenetic homoge-
neity (Aguirre-Gutiérrez et al. 2020). However, there is lim-
ited comprehensive knowledge of how tropical forest biodi-
versity acclimatizes to nutrient scarcity, which could provide
valuable insights for informing conservation strategies and
deepening our understanding of these critical ecosystems
(Cusack et al. 2021). Therefore, this review investigates
how biodiversity has persisted in P-limited tropical forests
and explores how adaptive strategies shift with P addition,
emphasizing the implications for future biodiversity in the
face of environmental change.

Tropical forests adaptation mechanisms for P-limitation

Tropical forests have unique adaptation mechanisms (Fig. 2).
Existing regional- and local-scale literature highlights
how species coexist and adjust in P-limited environments,
influencing the structure and diversity of tropical forest
ecosystems.

At the species level, research by Turner et al. (2018),
Wright et al. (2018) and Wright (2019) demonstrates that
while P limitation affects plant growth, its impact varies
significantly among species. Some species exhibit strong
growth constraints at low soil P levels, while others main-
tain high productivity even under extreme P scarcity. This
divergence suggests that tropical tree species have evolved
diverse strategies to cope with nutrient limitation. Mecha-
nisms such as efficient P acquisition through mycorrhizal
associations, the exudation of root enzymes that enhance P
solubilization and internal nutrient recycling through resorp-
tion allow species to thrive despite low soil P availability.
These adaptations reduce direct competition for P, thereby
supporting coexistence and maintaining high biodiversity.

Successional dynamics and nutrient heterogeneity also
contribute to maintaining species diversity in P-limited for-
ests. The meta-analyses by Wright (2019) indicated that P
limitation interacts with forest age, being more pronounced
in early successional forests where biomass accumulation
demands high nutrient uptake. In contrast, old-growth for-
ests exhibit slower growth responses to P addition, likely due
to the long-term development of internal nutrient cycling
mechanisms such as litter decomposition and root turnover.
These patterns create opportunities for different functional
groups of species to persist, allowing both fast-growing,
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P-acquisitive species and slow-growing, P-conservative spe-
cies to coexist. Traditional ecological models have suggested
that P-limitation dominates in tropical lowland forests, while
N limitation is more prevalent in tropical montane and tem-
perate ecosystems. However, large-scale meta-analysis chal-
lenges this assumption, showing that N and P often co-limit
plant growth across various elevations in the tropics (Wright
2019) and across ecosystems worldwide (Du et al. 2020).

Factorial fertilization experiments further reveal that P
addition does not always elicit stronger growth responses
than N, indicating that nutrient limitation is highly context-
dependent. Moreover, interactions between P and other
macronutrients such as potassium, calcium, and magnesium
influence plant responses. This complexity suggests that bio-
diversity persists in these forests partly because no single
nutrient consistently limits all species, leading to spatial and
temporal variation in competitive interactions. Disturbance
regimes, functional diversity, and ecosystem resilience fur-
ther shape species responses to nutrient limitation. Turner
et al. (2018) further provides evidence that species-specific
growth constraints become pronounced below a critical soil
P concentration, yet no universal community-wide growth
response to P addition is observed. This suggests that spe-
cies turnover along P gradients allows forests to maintain
productivity, even if individual species experience nutrient
constraints (Condit et al. 2013). The ability of species to
shift their distribution in response to varying nutrient levels
ensures long-term stability and resilience of tropical forests.
Wardle and Zackrisson (2005)’s research highlights that the
consequences of biotic loss for ecosystem functioning vary
greatly among ecosystems and depend on the specific abiotic
and biotic attributes of the system; herbivore-plant inter-
actions through browsing animals often significantly shape
plant community composition, reducing the abundance of
palatable broad-leaved species and disrupting plant inter-
actions (Wardle et al. 2001). These disturbances prevent
competitive exclusion by favoring different nutrient-use
strategies among species. The persistence of both P-efficient
specialists and opportunistic generalists allows ecosystems
to maintain productivity under nutrient-poor conditions.

The following four paragraphs outline key strategies that
enable tropical forest plants to adjust to and thrive under P
limitation:

Symbiotic relationships

Plants form mutualistic partnerships with mycorrhizal fungi
to enhance P uptake from the soil. These fungi extend their
hyphae from roots into the soil, increasing the effective sur-
face area for nutrient absorption. By enhancing P acquisi-
tion, mycorrhizal fungi support plant health and ecosystem
productivity. This symbiosis is particularly vital in tropical
forests, where P availability is limited. Fungal efficiency



How does biodiversity thrive in phosphorus-limited tropical forests

Page 5 of 15 71

in accessing P can vary, with some arbuscular mycorrhi-
zae (AM) being highly effective at mobilizing P from the
soil solution. Additionally, when mycorrhizal P-scavenging
strategies are less effective, carboxylate-releasing P-mining
strategies become more effective. Understanding these inter-
actions provides insights into how tropical forests acclimate
to nutrient limitation and maintain biodiversity (Buscot et al.
2000; Finlay 2008; Lambers et al. 2018; Usman et al. 2021;
Lambers 2022; Yan et al. 2022, 2025).

Microbial contributions

Microbial communities are essential for nutrient cycling,
decomposing organic matter to release P in forms acces-
sible to plants. This decomposition is crucial for recycling
nutrients and sustaining plant growth. Microbial diversity
also helps adjust to P limitation through processes such as
nitrogen fixation and organic P mineralization (Felzenberg
et al. 1996; Mclaughlin and Wimmer 1999; Aanderud et al.
2008; Dai et al. 2020; Zhang et al. 2024).

Trait plasticity

Plants in P-limited environments have evolved strategies to
enhance P-use. They prioritize leaf P resorption and mining
strategies via phosphatases and organic acids (Reichert et al.
2022). Additionally, plants can resorb P from older organs
to minimize losses. Root-produced phosphatase enzymes,
in conjunction with mycorrhizal fungi, help break down
organic P into absorbable forms. To maximize phosphorus
use efficiency (PUE), plants may adjust by reallocating P
from non-photosynthetic functions and extending its resi-
dence time within organs. For example, in six Proteaceae
species in south-western Australia, phospholipid levels
strongly decreased during leaf development, whereas those
of galactolipids and sulfolipids strongly increased (Lambers
et al. 2012). In addition, other species found in Australian
sclerophyll forest ecosystems (e.g., Lomandra longifolia
Labill.), can have a lower investment of P into phospholipids
in response to P-deficiency (Liang et al. 2024); still, others
replace phospholipids with galactolipids in their leaves to
maintain growth under low P conditions, which may con-
tribute to species persistence and diversity in P-limited envi-
ronments (Schmid and Ohlrogge 1996; Holzl and Dérmann
2007; Siebers et al. 2015; Reichert et al. 2022; Xiao et al.
2022; Yu et al. 2022b; Yang et al. 2024).

Ecosystem dynamics

The interactions between plants, mycorrhizal fungi, and
microbes create a resilient ecosystem capable of sustain-
ing biodiversity and productivity in P-limited soils. These
diverse strategies ensure ecosystem functioning despite

nutrient scarcity, highlighting the importance of preserving
complex plant-soil interactions to maintain healthy ecosys-
tems and biodiversity (Ouchi et al. 1982; Rapport et al. 1998;
Loreau et al. 2001; Gao et al. 2022; Allsup et al. 2023).

The coexistence and adaptation of biodiversity compo-
nents in P-limited ecosystems reflect the remarkable resil-
ience and efficiency of natural systems. Through mutualistic
relationships and adaptive strategies, these ecosystems thrive
despite nutrient limitation.

Impact of P addition on tropical forests diversity:
contrasting response scenarios

Experimental P addition plays a key role in understanding
nutrient dynamics and biodiversity patterns in tropical forest
ecosystems, where P is often limiting. The diversity response
of various lifeforms to P addition can follow three potential
patterns (Fig. 3): an increase, a decrease or no change.

Regardless of how ecosystems respond to P addition, a
common management goal is to maintain maximum produc-
tivity and long-term ecological health. Understanding these
varying responses is essential for predicting the long-term
impacts of the addition of P on forest health and for develop-
ing sustainable management strategies that maintain species
diversity, ecological integrity and plant productivity (Luo
et al. 2024).

Expanding on the three distinct scenarios from current
nutrient-biodiversity research, here we consider both the
direct effects of P addition on plant species diversity and the
broader implications for other life-forms of the forest eco-
system. Changes in one life-form, such as tree species diver-
sity, can have cascading effects on other organisms (Pirttild
et al. 2023), including mycorrhizal fungi (Ding et al. 2021),
herbivores (Shao et al. 2021; Zaret et al. 2023) and animal
communities, ultimately influencing the overall health and
functioning of the forest (Herndndez-Blanco et al. 2022).

Scenario A: decrease in species diversity

The addition of P oftentimes leads to a decrease in species
diversity (Huston 1979; Ostertag and Verville 2002; Beau-
regard et al. 2010; Ma et al. 2021; Seabloom et al. 2021).
The augmented P levels can favor fast-growing, competitive
species, which outcompete and displace slower-growing spe-
cies that are crucial for ecosystem functions, such as nutrient
cycling, soil stability and habitat provisioning. This shift can
reduce overall species diversity, leading to a loss of these
key functions. It can also lead to competitive exclusion,
where P-efficient species outcompete others, potentially
reducing plant species richness, strongly impacting plant
communities (Wassen et al. 2021). This reduction in plant
diversity can lead to a homogenization of plant communi-
ties, affecting ecosystem stability and resilience. A reduction
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Fig. 3 P and species diversity relationships for three life-forms (her-
bivorous animals, plants and soil microorganisms). The hypothetical
impacts of P addition on species diversity in tropical forests showing

in tree diversity could diminish the variety of habitats and
food sources available to herbivores and animals, lead-
ing to potential population declines (Fleming et al. 2021).
Additionally, certain tree species have symbiotic relation-
ships with mycorrhizal fungi, which are crucial for nutrient
uptake. If these trees are outcompeted, the associated fungal
communities may suffer; further disrupting nutrient cycling
and soil health (Gémez-Aparicio et al. 2022). This intercon-
nectedness underscores the risk of a feedback loop in which
the initial loss of plant diversity triggers a cascade of nega-
tive effects throughout the ecosystem. The ecosystem may
become less resilient to disturbances, such as climate change
or invasive species, as the loss of biodiversity weakens the
intricate web of interactions that sustain the forest.

Scenario B: increase in species diversity

In contrast, in the second scenario, where P is added from
various sources, it becomes an abundant resource. In the
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influences such as fertilizer use, including
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How P addition (e.g., through anthropogenic

a decreases, b increases, or ¢ no change in diversity. The dotted trend
line represents the ideal condition of a healthy ecosystem under P
addition, serving as a reference for the desired biodiversity outcome

case, high-available P allows for the accommodation of
a diverse range of species (Gough et al. 2000; Benner
and Vitousek 2007; Luo et al. 2022), thereby enabling
more complex interactions among forest life-forms. An
increase in plant diversity could enhance the availabil-
ity of resources for herbivores and other animals, poten-
tially boosting their populations and promoting greater
biodiversity at multiple trophic levels (Wan et al. 2020;
Li et al. 2024). Enhanced plant growth might also sup-
port a more diverse and robust community of mycorrhizal
fungi, improving soil health and nutrient cycling (Ma et al.
2020). However, this positive response may be contingent
on the ecosystem’s ability to maintain balance among its
life-forms. Moreover, changes in plant community com-
position could alter the types of leaf litter and root exu-
dates entering the soil, affecting decomposer organisms
and nutrient cycling dynamics (Yang et al. 2021b). The
implications for ecosystem health are therefore mixed,
depending on the long-term sustainability of the increased



How does biodiversity thrive in phosphorus-limited tropical forests

Page 7 of 15 71

diversity and the stability of the interactions among differ-
ent forest life-forms.

Scenario C: stability in species diversity

The third scenario, where species diversity remains stable
despite changes in P levels indicates a highly resilient eco-
system, as synchrony matters more than species diversity
(Valencia et al. 2020). The forest might possess mechanisms
that buffer against the impacts of nutrient addition (Hong et al.
2022), such as species redundancy or adaptive shifts in com-
munity composition that maintain functional diversity. This
stability in plant diversity could help preserve the intricate
relationships between plants and other forest life-forms. For
example, mycorrhizal fungi that depend on a diverse array of
tree species might continue to thrive, ensuring efficient nutri-
ent uptake and soil health. Similarly, stable plant diversity can
sustain a variety of herbivores and animal species, supporting
a balanced food web. This scenario suggests that the ecosys-
tem can absorb the nutrient perturbations caused by P addi-
tion without significant disruption to its overall functioning.
However, the resilience observed may depend on the scale and
duration of P input, as well as the specific characteristics of the
ecosystem (Tao et al. 2022).

Across all three scenarios, it is crucial to recognize the
interconnectedness of forest life-forms. Changes in one
aspect, such as tree species diversity, can reverberate through-
out the ecosystem, affecting soil microbes, fungi, herbivores
and higher trophic levels. The loss of a keystone species, for
example, could lead to the decline of organisms that depend on
it, reducing the ecosystem’s overall complexity and resilience
(Mougquet et al. 2013). Conversely, an increase in diversity
enhances ecosystem services like carbon sequestration, water
regulation and habitat provision, but only if the balance among
species and life-forms is maintained (Isbell et al. 2011).

The implications of these scenarios extend beyond imme-
diate biodiversity outcomes. They highlight the importance
of considering nutrient management in a holistic context,
where the goal is not just to preserve individual species
but to maintain the functional integrity of the entire eco-
system. Effective conservation and restoration strategies
should therefore account for the potential cascading effects
of nutrient additions on multiple forest life forms, ensuring
that interventions do not inadvertently destabilize the com-
plex networks of species interactions that sustain tropical
forest health.

Ecosystem responses to P addition in tropical
forests: a synthesis of studies

Numerous studies have highlighted the positive, negative
and neutral effects of P addition on one or more components

of tropical forests diversity, emphasizing the complexity of
nutrient dynamics in these ecosystems (Fig. 4).

Positive effects: enhanced ecosystem productivity

P addition has been shown to increase soil and plant P con-
centrations, plant growth, enhance ecosystem productiv-
ity, improve photosynthetic rates, and increase total plant
biomass (Yu et al. 2020, 2022a; Li et al. 2024) and car-
bon sequestration in tropical forests (Wang et al. 2020).
P addition stimulates microbial activity, thereby promot-
ing the decomposition of organic matter (Luo et al. 2022),
facilitating nutrient cycling and enhancing soil fertility. The
enhanced activity of carbon acquisition enzymes and phos-
phorus utilization by plants further drives productivity gains.

Increased root biomass and shrub growth have also
been observed following P addition (Van Langenhove et al.
2020; Poudyal et al. 2021). These changes stabilize soils
and enhance nutrient uptake, fostering greater plant growth.
However, this growth often benefits fast-growing species,
leading to shifts in community composition as nutrient-
conserving species are outcompeted (De Britto Costa et al.
2021). Despite these productivity gains, the longer-term
implications of these shifts in community structure warrant
closer examination (Dueiias et al. 2020).

Nutrient availability controls herbivore activity (Sitters
et al. 2020); it may or may not increase as increased plant
productivity provides more resources for herbivores (Segar
et al. 2022). This can lead to greater herbivore populations
but may also alter herbivore dynamics and resource avail-
ability, influencing the broader forest community. In sum,
P-addition impacts community assembly and carbon sinks
(Cui et al. 2022). While there may be initial increases in tree
species diversity and carbon sequestration, long-term effects
may include shifts in community composition and reduced
functional diversity.

Negative effects: the cost of P-addition

While P-addition boosts productivity, it also disrupts symbi-
otic relationships, particularly with arbuscular mycorrhizal
fungi (AMF) (Ma et al. 2021). AMF play a key role in nutri-
ent uptake in low-P environments, and their presence varies
depending on P availability (Treseder and Allen 2002). The
reduction in AMF and other soil fungi with P addition can
impair nutrient exchange processes, decreasing forest resil-
ience to environmental stresses (Wahab et al. 2023).

The decline in mycorrhizal fungi, coupled with changes
in foliar mineral nutrient concentrations, typically reduces
plant diversity. For instance, understory plant richness and
density decrease with P-addition (Mao et al. 2021), which
in turn impacts herbivores (Balandier et al. 2022) and other
species dependent on the understory for food and shelter.

@ Springer
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Fig. 4 Summary of P addition effects on tropical forest ecosystems:
a synthesis of 32 studies (Elwood et al. 1981; Georg Joergensen and
Scheu 1999; Nohrstedt 2001; Davidson et al. 2004; Liu et al. 2012;
Santiago et al. 2012; Mayor et al. 2014; Li et al. 2015; Mo et al. 2019,
2021; DeForest and Moorhead 2020; Ma et al. 2020; Wei et al. 2020;
Blubaugh et al. 2021; Fortier and Wright 2021; Liu 2021; Maitra
et al. 2021; Mao et al. 2021; Yang et al. 2021a; Yuan et al. 2021; Ao

Furthermore, P addition increases competition among estab-
lished plants by promoting the invasion of exotic species
(Fisher et al. 2006; Yang et al. 2023), leading to higher seed-
ling mortality (Mao et al. 2021), thus hindering forest regen-
eration and further reducing biodiversity (Li et al. 2024).
Additionally, P addition suppresses the activity of root and
soil phosphatase enzymes and carboxylate release (Ao et al.
2022), further affecting nutrient acquisition.

The ecological consequences of P enrichment extend
beyond the plant—soil interface and may influence biotic
interactions in ecosystems, including those between plants
and pollinators. For example, Wang et al. (2022) found that
while nitrogen and phosphorus additions individually had
limited direct effects on pollinator richness, abundance,
and interaction structure in an alpine grassland system, the
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et al. 2022; Cunha et al. 2022; Gu et al. 2022; Luo et al. 2022; Moe-
neclaey et al. 2022; Wang et al. 2022; Zhang et al. 2022; Fang et al.
2023; Huang et al. 2023; Sengupta and Krishna 2023; Thuma et al.
2023; Xia et al. 2024). The figure categorizes empirically-measured
responses to P-addition across studies as either: increased, decreased,
or no effect on the response variable (listed), emphasizing biodiver-
sity trade-offs across these response groups

combined N + P treatment increased species and interaction
dissimilarity and reduced generality in plant—pollinator
networks. These findings indicate that nutrient enrichment,
especially when multiple nutrients are added, can disrupt
the stability and specificity of mutualistic interactions.
Although derived from a grassland context, such patterns
raise important considerations for forest ecosystems, where
nutrient limitation and complex biodiversity networks are
both present. In P-limited tropical forests, shifts in plant
community composition resulting from P addition can grad-
ually alter interaction networks and ecological functioning,
even if initial effects appear minimal. This underlines the
need to examine not just species-level responses, but also
the integrity of interaction networks under changing nutri-
ent conditions. Additionally, plant lignin concentrations
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are significantly reduced by P addition (Han et al. 2022;
Luo et al. 2022), which could influence carbon cycling and
decomposition, potentially buffering certain ecosystem func-
tions despite shifts in nutrient availability.

No effects: resilience in stability

Not all ecosystem processes are sensitive to P addition. For
instance, some studies highlight that litter decomposition
rates remain largely unaffected by changes in soil P levels
(Zhang et al. 2020, 2022). This stability in decomposition
suggests that microbial communities involved in organic
matter breakdown are highly resilient to nutrient enrichment.

Biodiversity trade-offs: navigating complex ecosystem
responses

P addition in tropical forests presents notable biodiversity
trade-offs. Although in some scenarios P enhances produc-
tivity and carbon sequestration, it sometimes comes at the
expense of biodiversity. Faster-growing species tend to dom-
inate, while slower-growing, nutrient-conserving species
decline, resulting in the homogenization of plant communi-
ties. This shift likely reduces forest resilience to disturbances
including climate change or invasive species.

These trade-offs extend to trophic interactions. For exam-
ple, P-enrichment may increase herbivore activity by provid-
ing more food resources, but it also alters plant-pollinator
dynamics, further destabilizing community interactions.
These biodiversity trade-offs illustrate the delicate balance
between nutrient availability, species interactions and eco-
system stability, highlighting the potential for short-term
productivity gains to come at the cost of long-term ecosys-
tem health. Enhanced root phosphatase activity and phos-
phorus acquisition enzymes indicate improved phosphorus
utilization by plants (Lugli et al. 2021; Guilbeault-Mayers
and Laliberté 2024). These changes can affect competitive
dynamics among plant species, potentially influencing over-
all biodiversity and community composition.

Conclusion

Our synthesis of studies on P addition in tropical forests
underscores the complexity of nutrient dynamics and their
effects on biodiversity and ecosystem functioning. While
P addition can enhance productivity and carbon sequestra-
tion, it simultaneously introduces significant biodiversity
trade-offs and disrupts the symbiotic relationships critical
to forest resilience. Understanding these detailed effects is
essential for developing conservation strategies that protect
the rich biodiversity of tropical forests while accounting for
the broader implications of nutrient enrichment.

Furthermore, this review highlights the interconnected
dynamics between P-limitation and biodiversity in tropical
forests. Despite severe nutrient constraints, these ecosystems
demonstrate resilience through adaptive strategies across
a broad spectrum of life forms, including plants, fauna,
microbes and fungi. These interactions not only sustain
species diversity but also emphasize the intricate web of
dependencies that characterize tropical forest ecosystems.
Adaptive management strategies should employ a holistic
strategy that facilitate mycorrhizal fungi, microbial commu-
nities and plants working in concert to optimize P acquisi-
tion and utilization, ensuring the continued functioning and
productivity of these ecosystems despite nutrient scarcity.

As environmental changes and human activities continue
to alter nutrient dynamics, it becomes increasingly crucial
to understand how these ecosystems might respond. Con-
servation and management strategies must account for the
delicate balance of nutrient availability, species interactions
and ecosystem functioning to safeguard the biodiversity and
stability of tropical forests. The resilience of these forests
under P limitation is a testament to the adaptive capacities
of their diverse flora and fauna. However, as global envi-
ronmental changes intensify, the stability of these adaptive
mechanisms may be challenged in unprecedented ways.
Despite growing interest in nutrient dynamics, significant
research gaps remain in our understanding of how P avail-
ability influences biodiversity patterns and ecosystem func-
tioning in tropical forests. Most studies are geographically
concentrated, leaving remote or less accessible regions
underrepresented. Moreover, few have explored the long-
term, multi-taxa impacts of P addition under real-world con-
ditions. The interactions between P enrichment and other
global stressors—such as climate change and anthropogenic
disturbances—also remain poorly understood.

Therefore, future research should prioritize examining
how P addition interacts with these co-occurring stressors
across all levels of biodiversity. Moving forward, studies
should aim to clarify the long-term impacts of P addition on
tropical forests, particularly under the combined pressures of
nutrient enrichment and climate change (e.g., warming). It is
also essential to investigate how forests with varying degrees
of P limitation respond to nutrient inputs, and to assess the
role of other potentially limiting nutrients in shaping these
responses, especially in underfunded tropical regions such as
Africa. Such insights are critical for developing sustainable
management strategies that protect the unique biodiversity
and ecosystem services of tropical forests.
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