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Abstract

Climate change driven by the accumulation of greenhouse gases (GHG) in the atmosphere is
projected toincrease average global surface temperatures, influencing agricultural production and
nutrient cycling. Phosphorus (P), a key nutrient for plant growth, can both contribute to and reduce
the effects of climate change. Climate change and P management are interrelated, as climate change
will influence optimal P management while P fertilizer can both help in ameliorating and adapting
to climate change effects on agriculture and the environment and contribute to direct and indirect
GHG emissions. Greenhouse gases are emitted during phosphate rock extraction, as well as during
the production transport and application of P fertilizer. Emissions during production could be
reduced by improving energy efficiency, using alternative, non-fossil energy sources, or possibly
using emerging technologies for synthesis of the ammonia used in production. To reduce the amount
of indirect greenhouse gas emissions linked to P manufacture, it is important to optimize the
efficiency of P fertilizer as the less P that is mined, processed, transported and applied to the field per
unit of agricultural production, the less risk there is of both GHG emissions and off-site transport.
While production and transport of P fertilizer can contribute to climate change, efficient P
management can reduce negative effects of climate change and may contribute to reductions in GHG
emissions and to climate change adaptation. Optimal P management is needed to support carbon
sequestration in soil, to allow plants to benefit from increasing CO: concentrations, to reduce risk of
indirect GHG emissions, to reduce P movement to water bodies and to enhance resiliency of crops to
climate stress. Proper nutrient management, including P management, plays a key role in Climate
Smart Agriculture, Low-Carbon Agriculture and Sustainable Intensification, that are different
approaches to encouraging optimal crop productivity while minimizing the contribution of
agriculture to climate change. Managing P fertilizer in a changing environment requires use of the
4R principles to select the rate, source, timing and placement combination best suited to the site-
specific agronomic and environmental conditions.

Keywords: climate change; greenhouse gases (GHG); global surface temperature; agricultural
production; nutrient cycling; phosphorus (P); P management; P fertilizer; phosphate rock extraction

1. Introduction

In the face of climate change and increasing global population, agricultural systems are under
increasing pressure to reduce greenhouse gas (GHG) emissions while adapting to increasing weather
variability. Phosphorus (P), a key nutrient for plant growth, is critical for crop productivity, soil
carbon sequestration, and soil health. This review will evaluate the important role that P may play
in climate change mitigation and adaption of agricultural systems.

2. How is Climate Changing?

Climate change is characterized by an overall increase in the average global surface temperature
(IPCC 2023). Global surface temperature measured between 2011 and 2020 has increased by 1.1C
above that measured from 1850-1900, with the increase being higher over land than over the ocean.
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The rate of increase has been more rapid since 1970 than at any time in the last 2000 years. Modeling
studies predict that global surface temperatures will continue to rise in the foreseeable future, with
the magnitude of the increase depending on the model parameters.

Much of this increase in global surface temperature is likely due to human activity related to the
emission of GHGs such as carbon dioxide (COz2), methane (CH4) and nitrous oxide (N20) (IPCC 2023).
Atmospheric CO2 concentrations are higher than they have been over the last 2 million years and
concentration of CHs and N2O are higher than anytime over the last 800,000 years. Methane and N20
are released in lower amounts than CO: but have a global warming potential approximately 25 and
300 times greater than that of CO, respectively ( Global-Warming-Potential-Values,2025). Based on
the relation between increasing GHGs and increasing temperatures, models predict that global
temperatures will continue to increase in the near term (2025-2040) since cumulative GHG emissions
are almost certain to increase in the short term.

The increase in average global surface temperature has widespread effects on global climate and
on natural and managed ecosystems. Local weather in any region is characterized by year-to-year
variability; however, climate change increases the frequency and intensity of extreme weather events
such as heatwaves, heavy precipitation, droughts, and tropical storms (IPCC 2023).

About half of the world’s population experience severe water scarcity for at least part of the year,
driven in part by climate change (IPCC 2023). Increasing global temperatures will produce an
intensification in the global water cycle, with greater variability leading to more very wet and very
dry years (Donat et al. 2016; IPCC 2023). Climate change will also affect precipitation distribution,
with precipitation likely decreasing in mid-latitude and subtropical dry regions and increasing in
mid-latitude wet regions (O'Brien et al. 2021; IPCC 2023). Extreme precipitation events are likely to
become more frequent and more intense, with droughts and floods both becoming more extreme.
Tropical storms and extratropical storms are likely to intensify, with more frequent rain-generated
local flooding. In contrast, reduced precipitation in some regions will lead to more droughts that can
affect both drinking water supply and crop production, while dry conditions will also increase the
risk of and forest fires.

Effects of climate change will not be equally distributed around the world and will vary from
region to region (IPCC 2023) (Figure 1). For example, in the Northern Great Plains of the United
States, temperatures are rising faster than in the rest of the country (O'Brien et al. 2021). Increases in
temperature are more the result of higher minimum temperature during the night and winter than
higher maximum temperatures (O'Brien et al. 2021). In the western part of the United States frost-
free days have increased. While prediction of future effects vary based on the assumptions made,
many models predict that the increased heatwave duration will be greatest in South America, South
Asia and parts of Africa while drought frequency is predicted to increase more in North and South
America than in Asia (Arnell et al. 2019; IPCC 2023). Sub-Saharan Africa may be particularly sensitive
to increased heat and disruption of precipitation patterns (Sinore and Wang 2025).

Climate change may have a disproportionate effect on developing countries because their
economies often depend more on agriculture than do those of developed countries (Fischer et al.
2005; IPCC 2023). In addition, developing countries may not have the resources needed for
adaptation measures and their regions may be more sensitive to increasing climate and extreme
weather events.
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With every increment of global warming, regional changes in mean
climate and extremes become more widespread and pronounced
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Figure 1. Projected regional changes in hottest day temperature, soil moisture and annual maximum 1 day

precipition at various climate change scenarios (IPCC 2023).

3. Climate Change and Agriculture

Agriculture will both be affected by and contribute to climate change. Agriculture is a major
source of GHG production. About 22% of GHG emissions come from agriculture, forestry and other
land use (IPCC 2023). Emissions are associated with processes such as energy use in the manufacture
and transport of the inputs and equipment used in crop production, field operations, and with in-
field production of GHGs such as COz, CHs, and N20 from biological activity (Sokal and Kachel 2025).
Agricultural land can also serve as a carbon sink if COz is incorporated into soil organic matter more
rapidly than it is released.

Climate change will have a large effect on crop production, globally. Crop yields are directly
affected by length of growing season, growing degree days and by temperature extremes such as
frost or excess heat at critical periods. Amount and distribution of available moisture will affect crop
production, with both drought and excess moisture negatively affecting yield.

Increasing CO2 may also directly and positively affect crop growth and crop yield. Effects of CO2
on plant growth has been assessed using different techniques to enrich the CO2 concentration in the
atmosphere around the plant including open chambers and Free-Air Carbon Dioxide Enrichment
(FACE) (Sun and Chen 2024; Ainsworth and Long 2005). Plants utilize C0:in photosynthisis, so
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increases in C0z2can directly increase photosynthesis rate and plant growth. If plants can access higher
amounts of C0z from the atmosphere, their stomata do not need to remain open as long to allow CO0:2
uptake to optimize photosynthesis, so elevated C02 under controlled conditions has been shown to
reduce stomatal conductance and transpiration, improve water use efficiency (WUE) and lead to
higher rates of photosynthesis and greater light-use efficiency (Ainsworth and Long 2005; Sun et al.
2023). The benefits in improved WUE from rising C02 could help to offset negative effects of lower
precipitation resulting from climate change. FACE trials also showed that elevated CO:
concentrations improved the phosphorus use efficiency (PUE) of rice (Zhang et al. 2025). The
increase in PUE was related both to increased photosynthetic rate, which created a greater sink for P,
and to a lesser extent, to increased soil > mineralization.

The impact of CO:z enrichment on plant growth will be affected by environmental conditions.
For example, photosynthesis increased more with increasing C02 when temperatures were above 25C
rather than below 25C (Ainsworth and Long 2005). Nutrient and water availability will influence the
plant’s ability to respond to enhanced CO: with increasing drought or nutrient stress decreasing
possible benefits of increased C02 on crop growth (Wang et al. 2020; Gray et al. 2016).

Benefits of enhanced CO0: also differ with plant species. Trees were the most responsive plants,
but other fertilized C3 plants were also responsive. Increases in photosynthesis with higher C0:were
greater in C3 plants than C4 plants (Ainsworth and Long 2005). Wheat and rice tended to show
increased yield with increasing C02 in FACE trials, but sorghum did not. Stomatal conductance and
hence potential for reduced transpiration and water loss occurred in both C3 and C4 plants
(Ainsworth and Long 2005). Observed benefits from CO: enrichment may also vary with
experimental technique, with benefits being less in FACE studies than with other methods of CO:
enrichment (Ainsworth and Long 2005).

While increased CO:z enrichment may have beneficial effects on crop growth, the benefits are
projected to be negated in many regions by the impacts of changing temperature and rainfall patterns.
Climate change has already affected food and water security (IPCC 2023). Overall agriculture
production of major crops has increased over time due to improvements in genetics, technology,
and management, but climate change has slowed the rate of increase (Lobell and Field 2007).
Increasing temperatures have had a negative effect on the yield of wheat, maize and barley, with
yields being about 2-3% lower on average in 2002 than they would have been without changing
climate.

Models and observations of patterns over the last several decades indicate that, overall, climate
change will continue to have a net negative effect on global agricultural production, potentially
increasing food insecurity and instability of food supply (IPCC 2023). However, the effect of climate
change on agricultural production will vary regionally. Effects will depend on how climate changes
in the particular location and what site-specific factors limit crop growth (Zhang et al. 2022). For
example, if production in limited by low temperature and climate change leads to increased
temperatures in that region, crop growth may benefit. Alternatively, if the region is moisture-limited
and climate change decreases precipitation, especially at critical growth periods, crop growth will be
decreased. Impacts will depend how the environment changes in relation to the growth optimum for
that production system.

Negative impacts on agricultural productivity are projected to occur mainly in the mid- and low
latitudes while positive impacts may occur in high latitudes (Figure 2) (IPCC 2023; Fischer et al. 2005).
In the corn belt of the United States, temperature is expected to increase while moisture is expected
to decrease (Urban et al. 2012). Modeling indicates that maize yield is likely to decrease overall in this
region, while yield variability is likely to increase. In Mexico, particularly in arid to semi-arid regions,
higher temperatures and reduced precipitation are expected to reduce yield of rain-fed maize, while
irrigated maize may be less affected (Lopez Hernandez et al. 2025; Ureta et al. 2020). Crop production
in Eastern Africa is also predicted to decrease, potentially making the region dependant on food aid
(Bedasa et al. 2025). In Sub-Saharan Africa effects may differ regionally, but changes in precipitation
patterns are likely to contribute to more drought and floods, while rising temperatures will increase
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heat stress, with an overall negative effect on agricultural production (Sinore and Wang 2025). Maize
production in China may increase with climate change due to an increase in land area suitable for
production (Xu et al. 2017). Yield per hectare is likely to increase in the northern regions of the country
and decrease in the south. The higher temperatures and increased moisture predicted under climate
change would be beneficial in the cooler, dryer northern areas and detrimental in the hotter, more
humid southern regions of China. Overall, models indicate that cereal production in general may
increase in Canada, northern Europe and Russia, but decrease in the drier Northern Great Plains of
the United States, in eastern Brazil, Western Australia and many parts of Africa (Fischer et al. 2001).
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enhancement of growth and water retention in currently cultivated areas. Models assume that irrigated areas are not water-limited.
Models do not represent pests, diseases, future agro-technological changes and some extreme climate responses.

Figure 2. adapted from IPCC (IPCC 2023). Changes in maize yield by 2080-2099 relative to 1986-2005 at
projected GWLs of 1.6°C-2.4°C (2.0°C), 3.3°C-4.8°C (4.1°C) and 3.9°C—6.0°C (4.9°C). Median yield changes from
an ensemble of 12 crop models, each driven by bias-adjusted outputs from 5 Earth system models, from the
Agricultural Model Intercomparison and Improvement Project (AgMIP) and the Inter-Sectoral Impact Model
Intercomparison Project (ISIMIP). Maps depict 2080-2099 compared to 1986-2005 for current growing regions
(>10 ha), with the corresponding range of future global warming levels shown under SSP1 2.6, SSP3-7.0 and
SSP5-8.5, respectively. Hatching indicates areas where <70% of the climate-crop model combiantions agree on
the sign of impact. (IPCC 2023).

As well as varying regionally, effects of climate change can also be site-specific on a landscape
scale. Crop yields can be reduced by both excess and insufficient moisture (Li et al. 2019). Many fields
have zones along the landscape that vary in yield in response to changes in weather. Specific areas
that are prone to flooding may produce higher crop yields in dry years, while areas prone to drought
may produce significantly lower yields (Martinez-Feria and Basso 2020). More frequent extremes of
excess or insufficient rainfall can have a major impact on the site-specific yield variability.

Climate change can directly and indirectly influence soil degradation which can have increasing
cumulative effects on crop production (Bedasa et al. 2025). Climate change and soil degradation can
reinforce one another. If crop production declines because of climate change, inputs of organic matter
into the soil will also decline leading to a negative effect on soil quality and productivity over time.
Higher soil temperatures can also increase carbon decomposition, further reducing soil organic
matter. Increased wind and water erosion associated with more frequent extreme droughts or rainfall
events will also increase soil degradation. Decreasing organic matter and reduced vegetative cover
will also increase susceptibility of the soil to erosion. Therefore, decreasing soil quality leads to
decreasing crop yield, which reduces vegative cover and carbon inputs, further decreasing soil
quality.

Climate change may also impact crop yield indirectly through effect on the weeds, diseases and
insects that affect crop growth (Gregory et al. 2009). Effects of temperature changes will depend on if
temperatures are moving towards or away from the optimum temperature range for the pest.
Changing climate can alter the geographical distrbution of some pests, with warmer temperatures
increasing the reproductive rate and winter survival of different species in cooler regions, allowing
more rapid population growth and the expansion of pests into new areas (Skendzi¢ et al. 2021).
Warmer, moister conditions and greater populations of insect vectors can encourage the development
of specific diseases. In contrast, in hotter regions increasing temperatures may decrease incidence of
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pests and diseases (Kaushik et al. 2023). Moisture and humidity can be a major driving force for plant
pathogens, with greater precipitation increasing the development and spread of many plant diseases
(Lahlali et al. 2024). Extreme weather events such as storms, hail, heat waves and cold snaps can
increase plant stress or lead to wounding, that can increase plant susceptibility to pests and diseases.

Climate change may also impact crop quality. Water availability and temperature affect seed
size, starch and protein deposition and therefore grain quality. Increasing CO2 may decrease protein
in wheat while protein content may increase under higher temperature and moisture stress, but
functional properties of both the protein and starch may also change (Nuttall et al. 2017).

Long-term effects of climate change will depend on the ability of the producers to adapt to
changes, by changing crop type, optimizing inputs, or responding to pest infestations (Hultgren et
al. 2025; Sinore and Wang 2025). Adaptation for agriculture includes a wide range of factors including
crop diversification, cultivar improvements, on-farm water management and storage, soil moisture
conservation, irrigation management, sustainable land management practice, sustainable
intensification and use of agroecological principles and practices that take into consideration site-
specific factors (IPCC 2023; Hultgren et al. 2025; Sinore and Wang 2025). Currently in the major high-
yielding production zones in the world, crop systems are optimized for high average yields but not
necessarily for resilience to adverse weather and climate change. While climate change will impact
agricultural production, producer adaptations may ameliorate some of the effects (Hultgren et al.
2025). Practices such as changing crop or cultivar selection, fine-tuning irrigation amount and
scheduling, and alteration in fertilizer management practices can help to compensate to some extent
for climate change impacts. However, adaptation can be difficult for small-scale farmers because of
financial and policy constraints. If climate change reduces financial returns for farmers, it may make
adaptation even more difficult. Even with adaptation, global crop yield of the major staple crops is
likely to decine with climate change.

4. Climate Change and Phosphorus

Phosphorus is an essential element for crop growth and an adequate supply of P is needed to
support agricultural production and global food security. Climate change and P management are
interrelated as climate change will influence optimal P management while P fertilizer can both help
in ameliorating and adapting to climate change effects on agriculture and the environment and
contribute to direct and indirect GHG emissions.

4.1. How does P Fertilization Contribute to Climate Change?

Plants absorb phosphate as orthophosphate ions from the soil solution, and phosphate fertilizer
are applied to augment the soil supply of available phosphate to optimize crop growth. Greenhouse
gases are emitted during the extraction, production, transport and application of P fertilizer (Zhang
et al. 2017; Wu et al. 2021).

Phosphate rock is the original source for production of most agricultural phosphate fertilizers
and contains a range of apatite minerals (Chien and Menon 1995; Grant and Flaten 2019). Phosphate
rock is relatively insoluble but may be used directly as a fertilizer source. It is particularly common
in organic farming because it is considered a permissible organic fertilizer source, while other more
soluble phosphate fertilizers are prohibited. The solubility and effectiveness of rock phosphate as a
fertilizer varies, depending on its composition and particle size and on the characteristics of the soils
and crops where it is used.

The common commercial phosphorus fertilizers are produced from rock phosphate treated with
acid to increase its solubility and so make it more plant available. Impurities are removed through
beneficiation and the ore is ground and reacted with acid to form phosphoric acid that is used
directly, or more commonly as a step in the production of other less corrosive products (Grant and
Flaten 2019). Commercial phosphate fertilizers include single superphosphate, triple
superphosphate, monoammonium phosphate, diammonium phosphate, ammonium polyphosphate
and a wide range of other specific formulations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0297.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2025 d0i:10.20944/preprints202512.0297.v1

7 of 34

Most GHG emissions associated with phosphate fertilizers occur due to consumption of fossil
fuels during the various stages of phosphate fertilizer production (Wood and Cowie 2004). Much of
the net emission is related to phosphoric acid production, when C02 contained in the phosphate rock
is released. Production of phosphoric acid uses sulphuric acid in the initial step but since much of the
sulphur used is recovered from natural gas and fuel oil production, there is no additional GHG
generated due to sulphur mining. Production of the sulphuric acid from sulphur is exothermic and
may generate a net energy export that can be classified as an emissions credit if production plants
can take advantage of the energy surplus (Abumounshar et al. 2021). Calculated emission factors for
phosphate fertilizers vary widely, but emission factors for production are usually around 1-1.5 kg
COr-eq./kg of P20s (Walling and Vaneeckhaute 2020). Emissions for ammonium phosphates tend to
be higher than for super phosphates because of the need for ammonia in the production process
(Walling and Vaneeckhaute 2020). In studies in China, emissions from calcium superphosphate were
lower than from triple superphosphate or calcium magnesium phosphate (Wang et al. 2017).
Emissions during production could be reduced by improving energy efficiency, using alternative,
non-fossil energy sources, or possibly using emerging technologies for synthesis of the ammonia used
in production.

Transport of raw materials, intermediary products and finished product comprises a
considerable amount of the total emissions. Therefore the transport distance and mode of transport
have an impact on net emissions (Wood and Cowie 2004).

To reduce the amount of indirect greenhouse gas emissions linked to P production, it is
important to optimize the efficiency of P fertilizer use (Gong et al. 2022). The less P that is mined,
processed, transported and applied to the field per unit of agricultural production, the less risk there
is of both GHG emissions and off-site transport of P. While many regions of the world are operating
at a negative P balance, excess P application can lead to P-surplus on cropland particularly in areas
of intensive agricultural production in Asia and North America (MacDonald et al. 2011). Assessment
of global PUE, including fertilizer and manure inputs, offtake in crops, losses to the environment and
accumulation of P in the soil shows that global PUE decreased from 1961 to the 1980s, then began to
increase to 2019 (Zou et al. 2022). The PUE tends to be highest in high GDP countries that can afford
effective P management practices and in low GDP countries where applications of P are below those
required to optimize crop production. Higher fertilizer prices encourage producers to use P more
efficiently.

Recovery of P from manure and wastewater streams and it reuse as fertilizer would have dual
benefits of reducing energy consumption and GHG production during fertilizer production and
transport and reducing the risk of P movement to water (Cordell et al. 2011). However, the life cycle
costs of P recovery in terms of GHG production also need to be assessed.

4.2. How Will Climate Change Affect Phosphorus Cycling?

Phosphorus limitations to crop growth occur in both tropical and temperate soils (Menge et al.
2023) (Figure 3) (Lucas et al. 2023). Changes in P inputs, losses and internal cycling can have a major
impact on P availability, both in natural and managed ecosystems.

Unlike nitrogen, gaseous forms of P are not relevant in P cycling (Smil 2000). The P that is
available for plant growth originally comes from P-containing minerals and when soluble P is in the
soil solution, it will interact with soil minerals to become less plant-available over time (Menge et al.
2023; Syers et al. 2008). Climate change will impact the global transport of P and the chemical and
biological reactions of P in the soil, thus influencing P cycling, availability and losses. If climate
change affects the balance between P supply and P demand, it will influence P available for crop
production.
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Figure 3. Global map of agronomic P imbalances for the year 2000 expressed per unit of cropland area in each
0.5 grid cell. The P surpluses and deficits are each classified according to quartiles globally (0-25%, 25-50%, 50-
75t and 75-100t percentiles) (MacDonald et al. 2011).

The two main natural inputs of P into ecosystems are atmospheric deposition and rock
weathering, although flooding can also deposit P in a local area (Menge et al. 2023). Dust from
Northern Africa produces about half of all dust worldwide. Large amounts of dust from Africa move
to the Southeastern USA, Caribbean and South America (Prospero and Lamb 2003). Deposition of P
from dust will contribute a large proportion of the P input into weathered soils, such as those in the
Amazon basin and the Congo basin. Dust transport increased in the 1970s due to drought in the
Soudano-Sahel (Prospero and Lamb 2003). Dust production is inversely related to prior year rainfall,
and poor crop growth and overgrazing increase the problem. However, most dust comes from largely
uninhabited areas of North Africa and is not directly related to agricultural practices. Dry conditions
in the area of origin increases dust movement in part because of reduced vegetative cover. Once dust
is in the air, increased precipitation increases the rate of deposition. Biomass burning from fires can
also contribution to P deposition. Changes in precipitation or in the atmospheric circulation patterns
will influence both the amount of dust generated and the amount and distribution of deposition.

In younger, less-weathered soils, release of P from rock weathering is a primary source of natural
P. Climate change will affect soil temperature and precipitation on a site-specific basis. This will affect
the chemical weathering of rocks with the net effect determined by the time scale involved (Goll et
al. 2014). Chemical weathering is expected to increase from climate change, especially in mid-latitute
to high-altitude regions. Weathering increases with increasing temperature and moisture, so there is
less primary P remaining in soils that developed in warmer and wetter regions where the P has been
depleted over time (Menge et al. 2023). Observational studies along gradients capture the long-term
effects of moisture and show that increasing moisture leads to greater weathering and lower primary
and labile P, but higher secondary, occluded, microbial and soil organic P (Menge et al. 2023). High
precipitation also lowers pH which lowers primary P reserves. In the long-term, soils that were
warmer historically also had lower primary mineral P because of greater weathering and lower plant-
available P because of the P depletion from long-term weathering.

In contrast to the long-term process of weathering of primary materials during soil formation, P
availability over the scale of decades and shorter is mainly controlled by within-system P cycling
(Menge et al. 2023). Within natural systems, release and uptake of P from plants, microorganisms and
soil organic matter as well as sorption and desorption of P from mineral forms determine P
availability. In cold and temperate environments when water is not limiting, short-term warming can
increase biological activity. This warming enhances mineralization and nutrient cycling leading to
greater nutrient release and availability for plant uptake (Sardans and Pefiuelas 2012; Schoumans
et al. 2015). Soil warming can therefore increase the concentration of plant-available P in temperate
soils (Seidel et al. 2021). However, the net effect of short-term soil warming can vary depending on
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the complex site-specific interactions in effects on mineralization, sorption/desorption and biological
activity (Menge et al. 2023). Similarly, changes in moisture can also influence biological activity and
chemical process in the soil. Experimental studies that impose changes on a system often show that
wetter treatments have higher primary and labile P and lower microbial P (Wood et al. 2016; Zhang
et al. 2020; Menge et al. 2023). Increasing moisture increases available P in the short-term, therefore
drought will decrease and optimal moisture increase P under moisture limited condition.

4.3. How Will Climate Change Affect P losses to the Environment?

Phosphorus in natural systems is removed from the soil through leaching, run-off, and by wind
and water erosion, while in agricultural systems, P offtake in the harvested crop is a major export
pathway. Net losses of P through leaching and run-off are usually small relative to internal cycling,
but these small P losses can have a large effect on water systems.

The greatest environmental concern associated with P losses is eutrophication resulting from P
movement to water, particularly in freshwater systems. In freshwater bodies, P is normally the most
commonly limiting nutrient, so even a small amount of additional phosphorus moving into the water
body and increasing the P concentration in the water will increase plant growth and potentially lead
to eutrophication (Jeppesen et al. 2007; Chambers et al. 2001; Schindler et al. 2008; Wilander and
Persson 2001). Eutrophication has significant social costs, including ecological, economic, recreational
and health effects (Gourevitch et al. 2021). Eutrophication will not only affect water quality, it will
also influence GHG emissions from fresh water (Li et al. 2021). As organic mater in the water and
sediments increase, emissions of COz and CHaswill also increase. Therefore the increase in organic
matter production associated with eutrophication can lead to increased GHG production.

In freshwater systems, the growth of algae will largely depend on the concentration of P in the
water, which is a function of climatic conditions such as rainfall and temperature, the amount, timing
and bioavailability of the nutrient load, the rate of input of nutrient-rich water compared to the
volume and output of the lake (flushing rate) and the depth of the lake (Chambers et al. 2001;
Chambers et al. 2008). If a lake is rapidly flushed, its concentration will reflect the concentration in
the in-flowing waters, while a slowly flushing lake will have a P concentration that is more controlled
by sedimentation. Even if a lake has a low overall P concentration, there may still be problems in
specific areas near the shoreline where channels, streams and rivers discharge nutrients and dilution
is limited. Phosphorus effects in a lake can persist for many years after external loading has been
reduced (Gourevitch et al. 2021).

The amount of P that will move from the field and its impact on a water body can be described
by the P transfer continuum, which is related to the source of P, its mobilization for movement, its
delivery or transportation to the water and the biological impact that it will have on the waterbody
(Figure 4) (Haygarth et al. 2005). Phosphorus movement will therefore be a function of the P
concentration near the soil surface, its ability to move mobilized in particles or solution, and the
degree of transport (Sharpley 1995; McDowell et al. 2001b). The potential for P movement from
agricultural land to water will be high in areas where soil test P is high, the ability of the soil to retain
P is low, susceptibility to runoff is high, soil erosion is high, and water from the field can easily move
offsite to sensitive waters through natural or artificial drainage (Van Bochove et al. 2006).
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Figure 4. Processes that transport phosphorus to water from agricultural land (Sharpley, A. N., Daniel, T., Sims,
T., Lemunyon, J., Stevens, R., and Parry, R. 2003. Agricultural phosphorus and eutrophication. ARS-149,
USDA-ARS. https://www.ars.usda.gov/oc/np/phoseutro2/phoseutrointro2ed/.

Much of the potential for P movement to water is related to excess manure application in
conjunction with intensive livestock operations, since it is often not feasible to transport manure the
distances required to apply only agronomically P desirable rates (Lucas et al. 2023). High rates of P
in a mobile form can remain at the soil surface and be subject to run-off, while the labile organic forms
may be subject to leaching.

Leaching of P is not normally a major transport path but may occur on soils with very low P
sorption capacity, on soils where there is a large amount of macropore flow, or if soil test P is very
high from application of organic wastes to sandy soils or acid organic soils. Labile organic forms of
P are more prone to leaching than are inorganic P forms (Campbell and Racz 1975). If conditions
conducive to leaching occur in tile-drained land, the risk of subsurface drainage losses of P into
surface water may be high (King et al. 2015).

Phosphorus moving into water systems will be affected by climate change (Ockenden et al. 2017;
Wang et al. 2021; El-Khoury et al. 2015; Forber et al. 2018; Apostel et al. 2025; Costa et al. 2022; Mumbi
et al. 2025; Jennings et al. 2009) through its effects on precipitation, P cycling and crop growth. The
net effect of climate change on P movement to water systems will depend on local lithological and
climatic conditions and the time scale involved.

It is predicted that climate change will contribute to increasing frequency and magnitude of
intense precipitation events (Liu et al. 2020). Increases in the frequency, amount and intensity of
precipitation can increase the risk of surface run-off which can carry P from the field and to water
bodies (Ockenden et al. 2017; Lucas et al. 2023; Donat et al. 2016; Liu et al. 2020). The amount of
precipitation that comes from extreme events will almost double with each degree of warming (Lucas
et al. 2023). Extreme precipitation events will increase the movement of dissolved and particulate P
off-field, particularly if P concentration at the soil surface is high because of P fertilization or manure
applications structure (Ockenden et al. 2017; Lucas et al. 2023; Skidmore et al. 2023). Off-field
movement may be increased if drought has reduced the vegetative cover protecting the soil surface
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or produced crusting or poor soil structure (Ockenden et al. 2017; Lucas et al. 2023; Skidmore et al.
2023).

Increases in P movement to water bodies will vary regionally, with the greatest losses occurring
in wet regions where P inputs are high (Liu et al. 2020). However, the largest proportional increase
from moderate to high precipitation years is likely to occur in dry regions. Dilution of the P in run-
off due to high water volumes can decrease the impact of the increase in losses. Similarly, decreases
in labile P in the soil can decrease P movement to waterways. For example, a modeling study in the
Lake Erie region in Canada predicted that climate change would lead to increases in corn and soybean
yield and an increase in P movement in surface run-off but a decrease in P loss through subsurface
tile drainage (Wang et al. 2021). The projected decreases in labile P due to greater crop uptake
outweighed the increase in runoff volume and led to a reduction in P losses.

The direct effect of increasing temperature on P losses appears minor, but some effects may occur
through changes in evapotranspiration (Lucas et al. 2023). In addition, freeze-thaw cycles in regions
such as the Canadian prairies, where much of the P loss is associated with movement of dissolved P
released from vegetation during snowmelt, may also influence P movement (Lucas et al. 2023;
Jensen et al. 2011). Effect of increased P on eutrophication may also be affected by climate change,
since warmer summer temperatures can lead to higher water temperatures and greater thermal
stratification within lake that may increase algal growth (Gourevitch et al. 2021). Sustainable
phosphorus management practices aim to ensure this vital nutrient supports terrestrial ecosystems
while also preserving the health and balance of freshwater resources.

5. Sustainable Phosphorus Management to Address Climate Change Concerns

Phosphorus management in agricultural systems can have direct and indirect effects on climate
change and climate change effects. Ensuring optimum P management can reduce negative effects
and may contribute to reductions in GHG emissions and to climate change adaptation.

5.1. Sustainable P Management to Encourage Carbon Sequestration

Agriculture in the future must address two goals — food security and climate change mitigation.
While agriculture is a contributing factor for GHG and climate change, it can also be part of the
solution. Crop production relies on the harvesting of CO: from the atmosphere and its conversion to
carbohydrates via photosynthesis. Carbon sequestion occurs by the assimilation of carbon into
organic matter. Increasing the assimilation of CO: from the atmosphere and its storage in soils can
sequester CO:as soil organic matter, both mitigating GHG and improving soil quality (Lal et al. 2015).
The soil is a large carbon sink and can sequester a significant amount of carbon (Sun and Chen 2024).
In particular, restoration of degraded soils by adoption of soil conservation practices and increased
input of organic matter may decrease the emissions of GHG, enhance carbon sequestration, and
improve soil productivity and resilience to stresses that result from climate change (Bayu 2020).

The amount of carbon sequestered in the soil is proportional to the amount of biomass produced
and returned to the soil (Ni et al. 2025). Production of biomass relies on the availability of adequate
nutrients to support plant growth. Phosphorus is a limiting nutrient for crop production in many
agricultural soils globally (Zou et al. 2022). In many environments, P is the primary limiting nutrient,
so for increased CO:z to increase plant growth, there must be an adequate supply of P available to
support plant growth.

Many studies have demonstrated an increase in carbon storage with improved P fertilization.
Long-term P fertilization of grazed pastures, for a total input of 380 kg P ha! over a 20-year period,
led to an increase in soil carbon to a depth of at least 60 cm (Coonan et al. 2019). In a 20-year study
with maize grown in summer and wheat grown in winter, P fertilization increased plant biomass
production and increased soil organic carbon measured after wheat growth (Ortas and Bykova 2020;
Ortas and Lal 2012). Numerous other studies also showed that biomass production and soil carbon
storage both increase in the long-term when balanced fertilization including P is applied to crops on
P-deficient soils (Ni et al. 2025; Brar et al. 2013; Grant et al. 2020). In a meta-analysis of effects of P
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fertilization on carbon cycling, P fertilization consistently increased carbon cycling, including above-
and below-ground biomass, microbial biomass carbon and soil organic carbon (Sun and Chen 2024).
However, effects were dependent on background soil P, with positive effects occurring where soil P
levels were low. If P concentration in the soil is above a threshhold level, efficiency of P fertilizers in
increasing crop production and carbon sequestration decreases. Similarly, another meta-analysis of
trials across China showed that addition of mineral fertilizers increased carbon sequestration in a
range of crops, with both NPK and P providing benefits in terms of carbon storage (Zhao et al. 2017).
Two other meta-analysis of global studies showed that fertilization in general increased soil organic
carbon over time, with balanced fertility including P having the greatest benefit (Liu et al. 2023; Tao
and Liu 2025). Therefore, optimizing crop production through balanced nutrient inputs, including P,
is important for carbon sequestrion.

5.2. Managing Phosphorus Supply to Take Advantage of CO:zincreases

As mentioned previously, increases in atmospheric CO:z can increase crop growth, however
optimum crop growth requires an adequate supply of available nutrients, including P. Phosphorus
availability limits biological CO: fixation in many ecosystems. A decline in the observed CO:
fertilization effect has been observed since 1982 and may be due to limitations in supply of N and P
(Wang et al. 2020). Phosphorus deficiency will reduce the biological response to CO, so if P is limited
the plants are less able to benefit from increasing CO: (Terrer et al. 2019; Jiang et al. 2020). Therefore,
balanced fertilizer management with adequate inputs of P is important to take advantage of any
possible plant growth benefits from increasing atmospheric CO: levels.

Atmospheric CO:z concentrations may also directly affect P dynamics. Increasing CO: leads to
stomatal closure which can decrease transpiration and decrease uptake of nutrients. Increasing CO:
tends to decrease P concentration in plant tissues due to a dilution effect from higher biomass
production (Sardans and Pefiuelas 2012; Jiang et al. 2020). This will decrease P removal per unit yield
and should be considered when planning fertilizer management systems. Interactions with
mycorrhizal associations may also influence the CO: and P response (Jiang et al. 2020; Terrer et al.
2019).

5.3. Phosphorus Management to Reduce Indirect Greenhouse Gas Emissions

Optimization of nutrient balance can increase efficiency of use of other nutrients, especially N,
that can contribute to GHG production. Global food production can increase either by increasing
the amount of land cultivated or by intensification of cropping to improve crop yield from land that
is already under production (Burney et al. 2010). Both land use change and increased inputs into
agricultural production can increase GHG production. The GHG emission related to agriculture
includes direct emission of N2O and CHs from production of rice. Rice studies showed that CHa
emission was higher from plots where only N was applied as compared to plots with balanced
fertilization (Datta et al. 2013). Application of P fertilizer and combined NPK applications also
reduced methane emission from the soil relative to grain yield. Nitrogen application alone led to high
methane production. On alpine grasslands in China, application of NP fertilizers increased CO: and
N20 emissions but reduced CHs emissions (Wang et al. 2018).

Emissions also occur from energy use in the production of fertilizers and other inputs and from
production and operation of farm machinery. Tillage can also increase CO: emissions when soil
organic matter mineralizes. Intensification of production in a sustainable manner, using precision
farming, incorporation of crop residues, reduced tillage and effective nutrient and water
management can reduce GHG production per unit of production and would produce less GHG than
expansion of farm area to maintain food production (Burney et al. 2010).

Phosphorus can also influence indirect GHG emissions through its effects on eutrophication (Li
etal. 2021). As outlined prviously, P is frequently the limiting factor for growth in freshwater systems,
so increasing P movement into waterbodies will increase organic matter production and
eutrophication. As organic matter in the water and sediments increase, emissions of CO: and methane
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will also increase. Therefore the increase in organic matter production associated with eutrophication
can lead to increased GHG production. Reducing P movement to water systems is an important step
in reducing indirect effects of P on indirect GHG emissions.

5.4. Phosphorus Management to Reduce P Movement to Waterbodies

Increased risk of P movement to waterbodies may be a consequence of climate change, as
discussed previously. Phosphorus movement to water increases with increasing concentration of P
at the soil surface and increasing movement of P through erosion, run-off or leaching. Therefore,
management practices should aim to reduce the concentration of P at the soil surface and to reduce
the movement of particulate or solution P (Mumbi et al. 2025; Skidmore et al. 2023; Apostel et al. 2025;
Liu et al. 2025). Conservation practices to reduce P loss include those that reduce P susceptible to
movement such as reducing surface P concentration, as well as practices such as no-till or cover crops
that control the movement of dissolved or particulate P and practices such as buffer strips that trap
P before it enters the waterway (Skidmore et al. 2023; Liu et al. 2025; Kleinman et al. 2022). However,
there may be trade-offs among these practices. For example, no-till may reduce particulate P
movement but may increase the movement of soluble P that leaches from plant tissue left on the soil
surface. Buffer strips may trap particulate P, but may release soluble P into water from the plant
material especially during freeze-thaw cycles (Kleinman et al. 2022). The overall effectiveness of
control practice must be assessed on a long-term, site-specific basis. Climate change may alter the
relative performance of the conservation practices in a particular region (Kleinman et al. 2022).

Proper site-specific P management will play an important role in reducing the risk of P
movement to water bodies under changing climate conditions. Fertilizer applications can be a major
source of P input into farming systems and a large potential source for P movement into water
systems (Yates et al. 2012; Mumbi et al. 2025). However, the amount of P lost from the system will
not necessarily relate directly to the amount applied because much of the P applied will be retained
in the field through adsorption or precipitation or be utilized for crop uptake. Proper 4R fertilizer
management practices that increase the proportion of applied P taken up by the crop or retained
within the field will be important in ensuring that losses from the field to water bodies are minimized
(Skidmore et al. 2023).

Fertilizer application rates that are closely matched to crop demand should be used to minimize
the risk of P runoff and the risk of excess accumulation of P over time (Wiens 2017). Rates of P
application matched to crop uptake will help to reduce accumulation of plant-available P in the
surface soils (Wright et al. 2006; Sawka 2009; MacDonald et al. 2011). Increasing P concentration at
the soil surface will increase the risk of P loss (McDowell et al. 2001a; Sharpley et al. 1994; Little et al.
2007). Therefore, practices that significantly increase the soil test phosphorus values at the soil surface
are likely to increase the potential of P runoff. Managing P concentrations with fertilizer applications
closely related to agronomic optimum concentrations based on soil tests can help to avoid excessive
concentrations of available P and reduce the risk of P loss. In addition, increasing the rate of P
fertilization above agronomic optimum concentrations can lead to luxury consumption of P by the
crop, increasing the concentration of P in the crop tissue. Higher P concentration in the vegetative
material in contact with runoff water can increase the amount of P leached and the amount of P
movement. Again, matching P applications with crop demand can reduce the risk. Therefore, once
optimum agronomic concentrations of soil test P are achieved, P fertilizer rate should be proportional
to crop removal. Where soil P concentrations have been increased to high levels, for example due to
long-term application of livestock manure, the impact of legacy P may prolong the movement of P
from the field to waterbodies, delaying the observed benefit of control measures (Liu et al. 2025). In
certain cases, application of P rates below crop removal can deplete legacy P over time.

Potential for P loss increases if P fertilizers are applied at the surface. In-soil banding of P below
the surface will reduce the potential for P loss by placing the P in a position where it is protected
from runoff (Carver et al. 2022). Phosphorus is relatively immobile in the soil and so remains near the
site of fertilizer placement unless disrupted by tillage (Grant and Lafond 1994; Selles et al. 1999;
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Weiseth 2015). Banding will leave the P fertilizer in a zone that is not directly in contact with runoff
water, reducing the potential for P movement. In studies that evaluated 30 minutes of runoff using
runoff boxes, injecting the fertilizer even 1 cm below the soil surface reduced P losses from
monoammonium phosphate fertilizer (MAP) by 98% as compared to broadcasting the fertilizer and
leaving it at the soil surface (Smith et al. 2016). Placing the P in a concentrated band near the seed-
row can also increase fertilizer use efficiency and reduce the rate of P required for optimum crop
yield. Band placement of P reduces contact with the soil and should result in less P retention than
broadcast application, thus increasing fertilizer use efficiency (Tisdale et al. 1993).

If P fertilizer cannot be in-soil banded, incorporation of broadcast fertilizer will minimize the
potential for P movement by reducing the concentration of P at the soil surface. In field studies in
Indiana, disking in diammonium phosphate fertilizer (DAP) reduced soluble P losses as compared
to unincorporated DAP, but sediment loads were higher from disked DAP (Smith et al. 2017).
Similarly in Kansas, incorporation of liquid P fertilizer through field cultivation prior to planting
reduced P runoff (Janssen et al. 2000). Incorporation of P fertilizer will increase the contact between
the fertilizer and the soil, increasing retention through precipitation and adsorption reactions and
reducing the proportion of soluble P present that is subject to direct dissolution and movement in
runoff water (Hansen et al. 2002). Soils with a high capacity for P retention will be less at risk for P
loss than soils with a low retention capacity. Due to the challenges of losing soluble fertilizer P when
broadcast P is not incorporated or losing soil P by erosion when broadcast P is incorporated, P
fertilizer should not be broadcast in areas that are prone to runoff.

Timing of P application can also have a large effect on losses. Large P losses can occur where
large rainfall events or runoff in general follow quickly after surface P application (Mumbi et al. 2025).
However, P enrichment of runoff from soluble P fertilizers rapidly declines with time after fertilizer
application (Shigaki et al. 2006). Risk of loss can be decreased by avoiding P applications immediately
prior to expected rainfall events or during very wet periods, particularly if the P is broadcast.
Application of P during prolonged droughty periods can lead to short-term increases in surface soil
P that can be mobilized upon rewetting. Furthermore, in areas where cold winters and frozen soil
restrict the soil’s capacity to retain fertilizer P, fertilizer P should not be applied in late fall, or on
frozen soil. For example, studies at Swift Current, Canada broadcasting P in the fall on summer fallow
without incorporation, a situation that would encourage P runoff, led to losses of about 9.8% of the
fertilizer applied (Nicholaichuk and Read 1978). In studies in Ontario, fall broadcast and shallow
incorporation of P fertilizer increased the water-extractable P concentration at the surface, increasing
the risk of P release to runoff events immediately after P application (Lozier et al. 2017).

When considering the range of best management practices for P fertilization, it is important to
identify the major pathways for P movement at a given site, before recommending or adopting
specific management practices to address the problem (Salvano et al. 2009; Sims et al. 1998). Optimum
4R nutrient stewardship practices to reduce P runoff should concentrate on matching P application
rates to crop demand, ensuring that P concentrations in the surface soil are managed to avoid excess
accumulation, placing P fertilizers below the soil surface and timing applications to avoid P fertilizer
remaining at the soil surface during the snowmelt period or immediately prior to rainfall events. It is
also important to consider that most of the P loss will generally occur from a small area of the
watershed and practices that reduce potential for P movement in those sites are likely to have the
greatest benefit on water quality (Sharpley et al. 2011). Within a field, P tends to accumulate in lower-
slope and depressional areas where water movement is concentrated (Wilson et al. 2016; Letkeman
et al. 1996; Roberts et al. 1985). Reducing or eliminating P application on those sites could reduce the
potential for P movement off-field, without impairing crop yield potential.

While the majority of P losses from agricultural fields are by runoff, P can also be lost by leaching
and subsurface flow (McDowell et al. 2001b; King et al. 2015). Risk of P leaching can occur with water
movement through sandy, light-textured soils, soils with a low P retention capacity, waterlogged
soils where reducing conditions mobilize P, organic soils or soils with high manure loading, and
soils where there are preferential flow paths, such as root channels, earthworm channels, or cracks in
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the soil structure. With tile-drained systems on soils that are prone to P leaching, the risk of
subsurface drainage losses of P may be high (King et al. 2015). Again, management practices that
reduce P concentration in the soil will reduce the risk of P leaching.

5.5. Phosphorus Management to Enhance Resilience of Crops to Climate Stress

Balanced fertilization is an important step to increase resiliency of crops to climate stress. For
example, in Nigeria, low soil fertility is a major issue, with N being most limiting and P second most
limiting. A modeling study assessed the impact of N and P management on maize crops in interaction
with climate change in Nigeria (Tofa et al. 2023). Maize yield was predicted to decrease with
increasing temperature and decreasing moisture under climate change, but the negative effect on
yield was ameliorated to some exent with proper P applications. In some situations, yield declined
with increasing N applications alone, but not when N was applied with adequate P.

Some of the benefits of nutrient management in ameliorating crop stress due to climate change
are from a general improvement in crop vigour. A healthy, vigorous crop will be able to resist
drought and temperature stress and combat pests such as weeds, insects and diseases. However,
there are also specific mechanisms by which P management can increase the ability of a crop to resist
stresses induced by climate change.

Increasing temperatures under climate change will affect plant growth, with the impact on
productivity depending on how temperature deviates from the physiological optimum (Mishra et al.
2023). Plants have an optimum temperature range for growth and temperatures above or below that
range will reduce productivity (Aziz et al. 2023). Where crop growth is limited due to low
temperatures or a short growing season, increasing temperature under climate change may improve
crop productivity. However, if seasonal temperatures, particularly during sensitive growth stages,
are increased above the optimum, crop yields may be reduced. Heat stress can reduce the
photosynthetic activity of plants, impair nutrient uptake and water relations, and lead to production
of harmful reactive oxygen species (Aziz et al. 2023; Mishra et al. 2023). Reproductive processes such
as pollen germation and fertilization are particularly sensitive to temperature. With increasing global
temperatures there is an increased risk of high temperatures during critical growth periods such as
flowering and seed filling (Aziz et al. 2023). Heat stress may impair root growth and possibly
membrane nutrient transporter function, restricting the ability of a plant to access P (Mishra et al.
2023). An adequate P supply would be important to maintain crop growth. In soybean, seed weight
and yield were reduced by heat stress after flowering when P was deficient but sufficient post-
flowering P ameliorated the harmful effects of heat stress on photosynthesis and allowed the soybean
to maintain yield (Laira et al. 2023).

Climate change is predicted to increase variability in precipitation, potentially increasing
frequency of both drought and excess moisture (IPCC 2023). Phosphorus deficiency can delay plant
development and maturity, making the crop more susceptible to late season moisture stress (Meier
et al. 2021; Gutiérrez-Boem and Thomas 1998). Phosphorus fertilization can decrease the negative
effects of drought, allowing the plant to better maintain yield under low moisture conditions. Cotton
plants that were supplied with P were less sensitive to water stress than plants that were deficient in
P (Radin 1984). Similarly, application of P fertilizer increased the ability of wheat to cope with mild
water stress (Guti€rrez-Boem and Thomas 1998). Application of P also reduced the effects of drought
stress in clusterbean (Burman et al. 2004) and white clover (Singh et al. 2000b).

Application of P can improve crop yield under drought stress through several different
mechanisms (Suriyagoda et al. 2014). Optimum P availability will increase both shoot and root
biomass, increasing the ability of the plant to both photosynthesize and to explore the soil for water
and nutrients (Khan et al. 2023; Bechtaoui et al. 2021; Epie and Maral 2018). Application of P fertilizer
to tobocco plants increased growth and root activity under conditions and also increased rooting
under dry conditions decreasing the negative effects of drought (Begum et al. 2020). Similar effects
were seen in wheat (Meier et al. 2021). Phosphorus application increased soybean root length and
root surface area under drought conditions which could increase the ability to adapt to water stress
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by increasing water uptake during reproduction (He et al. 2019). Phosphorus fertilization increased
root biomass of seedlings of the tree P. shennan under drought-stressed conditions, increasing their
ability to extract water from the soil (Tariq et al. 2017).

Root distribution through the soil profile is also important for water use efficiency (Lynch 2013).
Under low P environments, plants tend to have a greater proportion of roots in surface soils where P
is concentrated and may proliferate roots in areas of high P concentration (Strong and Soper 1974b,
1974a; Lynch and Brown 2001). However, shallow rooting to better access P may come at the expense
of deep rooting that can increase the ability to extract water from the soil (Lynch 2022; Lynch 2013;
Lynch and Brown 2001). Phosphorous fertilizer can increase root growth to depth, allowing the plant
to extract water from a greater volume of soil and from deeper soils that tend to dry out more slowly
than surface soils (Hansel et al. 2017; Jin et al. 2015). Therefore, part of the benefit of P fertilization
is in producing a more vigorous, well-rooted plant with a greater ability to access and utilize the
water present in the soil. For example, high-P white clover plants were able to extract more water
from a drying soil than were low-P plants (Singh et al. 2000b) with the same pattern seen for a range
of other plants evaluated in a meta-analysis (Suriyagoda et al. 2014). While part of this increased
extraction may relate to root volume and distribution, other P responses may also be important in
mitigating negative effects of drought.

Phosphorus fertilization may create specific physiological benefits that allow a plant to resist
drought conditions. Stomata are the pores on plant leaves that allow the entry of the CO: required
for photosynthesis. However, water vapor also moves through the stomata, leading to transpirational
loss of water. Drought-tolerant plants are able to control stomatal opening to reduce tranpirational
water loss (Singh et al. 2000a). For example, under water stress, chickpea plants reduce the number
and conductance of stomata to reduce transpiration and conserve soil moisture (Chtouki et al. 2022).
The guard cells surrounding the stomata swell to open and shrink to close the stomata, with the
swelling and shrinking occurring in response to changes is osmotic pressure in the cell (Daszkowska-
Golec and Szarejko 2013). The stomata open and close in response to environmental and physiological
signals to control stomatal aperature and gas exchange (Daszkowska-Golec and Szarejko 2013). High
levels of CO2 encourage stomatal closure. Abiotic stress triggers a network of responses, including
the production of abscisic acid (ABA) that closes the stomata. Under drought stress, concentration of
ABA in the cell increase, inducing ion efflux and reduction of sugar uptake by the guard cells, causing
them to shrink and close the stomata.

A balance is required under dry conditions between maintaining sufficient gas exchange to
allow photosynthesis and reducing transpiration loss of water. Maintaining water conductance can
allow photosynthesis to continue under stress, while decreasing stomatal conductance may be
important in conserving moisture, particularly when COzis high. Water use efficiency, in terms of
biomass production per unit of water used, will depend on the balance between allowing gas exhange
to support photosynthesis and controlling transpiration to conserve moisture.

Phosphorus can play a role in affecting stomatal closure, influencing tranpirational flow and gas
exchange. There are some contradictory results in the literature in terms of the effects of P
management on stomatal function under water stress with some studies finding increases in stomatal
conductance and transpiration rate with P application (Radin 1984) while others show decreases
(Singh et al. 2000a).

The effect of P on drought tolerance will depend on the overall impact on gas exchange, moisture
loss, net photosynthesis and dry matter production, which combine to determine water use efficiency.
If P is limiting, stomatal density, size and aperture can decrease, reducing uptake rate of CO2 and
decreasing photosynthesis (Khan et al. 2023). Adequate P and enhanced CO: interact to reduce
drought stress by decreasing stomatal conductance.

In studies with white clover, rates of transpiration decreased and leaf dry mass per unit leaf area
increased with increasing P (Singh et al. 2000a). High P plants therefore had a lower leaf dry mass
per unit leaf area and a lower tranpiration rate per unit leaf area. Total water uptake and water use
efficiency both increased with P fertilization because there was a greater reduction in transpirational
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loss of water with P application in proportion to the decrease in dry matter assimilation. Under dry
conditions, abscisic acid increased with P fertilization and the improved drought tolerance with
increasing P was related to lower transpirational losses per unit leaf area. Phosphorus also affected
stomatal production and function in field pea, with increasing P increasing water use efficiency and
stress tolerance (Jin et al. 2015). Greater stomatal closure reduced transpiration and led to greater
conservation of soil water.

Drought tolerance may also be related to osmotic potential and leaf turgor. Osmotic adjustment
refers to the accumulation of solutes to decrease cell water potential and help in retention of water
(Graciano et al. 2005; Suriyagoda et al. 2014). Osmotic adjustment throught the accumulation of
compatible solutes such as soluble sugars and proline helps to maintain cell turgor, gas exchange and
growth under drought stress. This process also protects cell membranes from rupturing, and
preserves the activity of enzymes and proteins in the cell (Tariq et al. 2019). Osmotic adjustment can
therefore confer tolerance to drought and reduce the negative effect of water deficits on plant growth
(Graciano et al. 2005). Osmotic adjustment can maintain stomatal conductance under drought
conditions, allowing photosynthetic rate to be maintained under stress (Gonzalez et al. 1999).

In white clover, P-fertilized plants had higher osmotic adjustment than unfertilized plants, and
were able to extract more water from the soil as it dried. Osmotic adjustment can allow the plant to
maintain leaf turgor and keep stomata open as the soil dries, to maintain gas exchange,
photosynthesis and growth. Therefore, osmotic adjustment can maintain plant growth under water
stress.

Phosphate fertilization can contribute to osmotic adjustment and improve solute concentration
in drought-stressed plants, helping to protect cells from drought damage (Tariq et al. 2017; Begum et
al. 2020). High P plants have higher leaf water potential than P-deficient plants under drought
conditions (Suriyagoda et al. 2014; Burman et al. 2004). In a FACE system with elevated COz, water
use efficiency was greatest when field pea plants were provided with adequate P, with P increasing
the concentration of soluble sugars in drought-stressed plants (Jin et al. 2015). Phosphorus
fertilization increased leaf turgor slightly in cotton plants, with P-deficient plants being more
responsive to abscisic acid produced during drought stress than P-fertilized plants. The higher
response to abscisic acid led to the stomatal closure occuring at higher turgor threshholds for low P
plants (Suriyagoda et al. 2014; Radin 1984). In eucalyptis, plants fertilized with P adjusted osmotically
to drought stress on a black soil but not on a red sand (Graciano et al. 2005). Increasing P application
improved water status in field pea during drought by increasing accumulation of soluble sugars (Jin
et al. 2015). Concentration of osmolytes such as prolines, sugars and free amino acids were increased
when P fertilizer was applied to drought-stressed tobacco plants, improving the leaf relative water
content (Begum et al. 2020).

Proline is an osmoprotectant and plants can accumulate proline under water stress (Suriyagoda
et al. 2014; Begum et al. 2020). In some but not all plants, proline accumulation may be increased with
P fertilization (Suriyagoda et al. 2014). In white clover, proline accumulated to a greater extent in
response to drought in high-P as compared to low-P plants (Singh et al. 2000b). In studies with two
sorghum and two bean cultivars, plants had higher proline accumulation when water-stressed.
Sorghum had higher proline concentrations when fertilized with P while bean had higher
concentrations when unfertilized, indicating that accumulation of proline might be an adaptive
response for sorghum but not for bean (Al-Karaki et al. 1996).

Phosphorus fertilization may improve plant growth by allowing leaf expansion to continue in
spite of water stress, increasing leaf area under drought (Suriyagoda et al. 2014; Singh et al. 2006a).
Phosphorus fertilization contributed to increasing leaf turgor and cell wall elasticity allowing cellular
expansion to continue under drought stress (Singh et al. 2000b). Phosphorus deficiency inhibited
leaf expansion of cotton plants by reducing root hydraulic conductance, so benefits of P fertilization
under dry conditions may relate to the ability to maintain root hydraulic conditivity and water
transport (Radin and Eidenbock 1984). Well-fertilized plants with adequate P had larger cell sizes,
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lower stomatal conductance and better water use efficiency, all of which would improve leaf water
content and influence leaf expansion rate (Singh et al. 2006a, b).

Phosphorus may also help to ameliorate drought stress through effects on photosynthetic
pigments. In tobacco, drought reduced the production of chlorophyll and carotenoids, leading to a
decrease in photosynthsis, while application of P mitigated the decrease in pigments and
photosynthetic ability (Begum et al. 2020). In drought-stressed eucalyptus seedlings, P fertilizer
improved leaf water relative content, net photosynthesis rates, the amount of chlorophyll pigments
and nitrogenous compounds and reduced lipid peroxidation (Tariq et al. 2019). Under all moisture
levels, P fertilizer increased chlorophyll content and photosynthesis. Phosphorus fertilization also
increased chlorophyll content, photosynthetic efficiency, and biomass production in chickpea
(Chtouki et al. 2022).

Drought can increase damaging reactive oxygen species and hydrogen peroxide, while P
fertilization can help mitigate this effect (Begum et al. 2020). Phosphorus fertilization improved
tobacco growth under drought conditions in a rich black soil. Phosphorus fertilization led to reduced
production of reactive oxygen species and hydrogen peroxide under drought, leading to lower
oxidative damage, while concentration of osmolytes such as prolines, sugars and free amino acids
were increased. Increased in these osmolytes improved the leaf relative water content and decreased
oxidative damage (Begum et al. 2020).

Plant growth can also be affected by excess water. Soil flooding and waterlogging may occur
with extreme rainfall under climate change. Globally, flooding currently affects over 17 million km?
of land and 10-12% of agricultural land is impacted by waterlogging or drainage contraints, causing
production losses (Kaur et al. 2020). Changes in land use can contribute to the risk of flooding. Excess
water may occur generally, or in specific low-lying areas of a field. Excess moisture can directly
reduce plant growth or have indirect effects such as increasing N losses by denitrification and
increasing N and P loss through leaching and runoff (Kaur et al. 2020; Arguello et al. 2016; Collaku
and Harrison 2002).

Waterlogging reduces plant growth by reducing the ability of the plant to access oxygen in the
rooting zone, reducing respiration (Kaur et al. 2020). The lack of oxygen reduces the ability of the
plant to generate ATP for energy transfer, impairing cellular metabolism. Lack of oxygen in the soil
reduces root formation and can increase root decay, so roots tend to grow near the surface without
exploring a large soil volume (Ren et al. 2016; Kaur et al. 2020). Flooding can also reduce nodulation
and N fixation in legumes, since N fixation requires an oxygen supply. Waterlogging also reduces
photosynthesis, possibly because of stomatal closure (Kaur et al. 2020; Ren et al. 2016). Reactive
oxygen species increase under waterlogging and can cause oxidative damage to the plants. The
amount of damage is affected by the timing, severity and duration of the flooding and by the
temperature during the flood (Olgun et al. 2008; Kaur et al. 2020). Damage increases if flooding is
combined with warm temperature.

There are few studies directly assessing the impact of P fertilizer management under flooded
conditions, as most of the effort has been directed at N management (Kaur et al. 2020). A meta-
analysis showed that leaf N:P ratio decreased with flooding because N accumulation decreased
more than P accumulation, indicating that N availability may be more limiting than P availability
under flooded conditions (Cao et al. 2022).

6. Climate Smart and Low-Carbon Agricultural Practice to Combat Climate
Change

Management strategies need to be implemented to mitigate the negative effects of climate
change and capitalize on beneficial effects. Climate Smart Agriculture (CSA) refers to an integrated
system of practices, technologies and policies designed to improve the resilience of the production
system to climate change (Sinore and Wang 2025). Climate-smart agriculture uses sustainable
management practices that reduce land degradation and enhance crop resistance to stress (Rinke Dias
de Souza et al. 2025). Practices considered as CSA include sustainable livestock management, crop
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rotation, mixed cropping, agroforestry, mulching and integration of cover crops and buffer zones
into crop production systems (Sinore and Wang 2025).

Low Carbon Agriculture (LCA) is a closely related concept to CSA, that refers to practices that
attempt to reduce the energy inputs into and GHG emissions from agriculture (Norse 2012). As with
CSA, recommended practices include crop rotation, mixed cropping, and intercropping, as well as
reduced tillage, composting, and the use of organic fertilizers. The aim is to reduce bare soil, increase
biodiversity, increase water use efficiency, choose the right crops for the environment and reduce
excessive fertilization, pesticide use and over-cultivation. A major thrust of LCA is to reduce nutrient
inputs through improvements in nutrient use efficiency such as precision farming with variable rate
fertilization. Agroforestry systems, crop rotation, intercropping, cover crops, and other techniques
can improve the sequestration of carbon in agriculture (Thamarai et al. 2024).

Recommended practices for CSA and LCA can provide environmental benefits by increasing
habitat quality and biodiversity, increasing carbon storage, reducing erosion risk and reducing
movement of nutrients to waterways. However, some of the practices such as cover crops may also
lead to short-term yield loss and increases in production cost, which make them unattractive to
producers. Effectiveness of practices such as cover crops and barrier zones on P movement to water
will also vary with environment. Cover crops and barrier zone have not proven as effective in areas
where P loss is driven by losses of soluble P from snowmelt as compared to where losses are driven
by particulate erosion losses because leaching of P from vegetation may contribute to soluble P losses
(Salvano et al. 2009; Flaten 2018; Jensen et al. 2011; Liu et al. 2013; Tiessen et al. 2010; Sheppard et al.
2006).

Many of the practices suggested in both CSA and LCA may be practical and improve economic
returns for farmers. Crop diversification to utilize crop species and cultivars more suited to the
changing climate is an important adaptation strategy for CSA and LCA (Sinore and Wang 2025).
Improved drought resistance or timing of crop maturation to avoid stress during critical periods can
improve crop resiliency. Avoiding stress would involve selecting crop species or cultivars with a
growth pattern suited to the changing environment. Changing climate may also require changes in
management practices, such as altering seeding date to avoid critical stress periods (Rahimi-
Moghaddam et al. 2018). Changes in climate may alter the range and intensity of crop pests, including
insects, weeds and diseases, leading to a need for modifications of control practices.

Water management practices such as increased water storage, improved drainage and better
irrigation management will also be important. Improved irrigation strategies such as drip irrigation
can improve crop production in times of moisture stress (Sinore and Wang 2025). Water conservation
practices such as reduced tillage and mulching can also help to improve crop water use efficiency.
Adding organic matter to the soil can improve soil structure, help cycle nutrients and conserve
moisture.

Sustainable intensification is another viewpoint in this discussion (Cassman and Grassini 2020).
Sustainable intensification attempts to increase crop yield per unit input without negatively affecting
the environment. In many developed countries, production is intensified, the yield gap betweeen
actual yield and potential yield is small, and there is less potential increase in yield with further
increases in intensification. In contrast, in many of the low-income countries, such as Sub-Saharan
Africa, production systems are low-yielding and poorly intensified. While some farmers in Sub-
Saharan Africa use strategies to mitigate climate change including planting more resilient crops,
enhancing soil and water management and using climate-smart agricultural practices, adoption of
such practices needs to expand to maintain productivity in the face of a changing climate (Sinore and
Wang 2025). Part of the issue is many low-income countries is soil degradation due to low nutrient
input and inadequate return of crop residue to maintain soil organic matter. Substantial increases in
yield could be attained through use of improved crop cultivars and balanced inputs of nutrients. An
important question to ask in this environment is how much of the yield gap due to resource
availability and how much is due to access to technology (Tittonell and Giller 2013).
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While excess nutrient accumulation may be a concern in some developed countries, in many
areas of the world, including much of the African continent, inputs of nutrients are lower than
required to optimize crop production. If nutrient deficiencies limit crop yield, increased nutrient
imputs and improved fertilizer management can improve crop yield and help to offset the negative
effects of climate change on crop production. Climate Smart Agriculture, Low Carbon Agriculture
and Sustainable Intensification all include the concept of optimizing nutrient management to reduce
nutrient losses to the environment and GHG production while maintaining or improving crop yield
and economic returns. These goals are closely related to those of the 4R nutrient stewardship
framework.

7. 4R Phosphorus Management Under a Changing Climate

With a changing climate, proper nutrient management becomes more critical than ever. Effective
nutrient management is essential to reduce the negative impacts of nutrient application on GHG
emissions, and to optimize crop production by taking advantage of beneficial effects of climate
change and ameliorating negative effects in an increasingly variable environment. The 4R nutrient
stewardship framework means applying the right nutrient source or product at the right rate, right
time and right place to optimize agronomic crop yield and quality, economics of production,
environmental sustainability and social good on a site-specific basis (Figure 5). Within the 4R
framework, fertilizer beneficial management practices (BMPs) should be developed for each location
considering all three of these areas of sustainable development.

The right source (or product) at the right rate, right time and right place encompass the nutrient
management options available to achieve the economic, social and environmental goals. The 4R
framework is adaptable and allows a producer to make nutrient management decisions based on site-
specific conditions such as soil characteristics, climate, cropping history, as well as the local
sustainability imperatives (Flis 2018; Bruulsema 2017; Bruulsema et al. 2009; Bruulsema et al. 2008;
IPNI 2012; Johnston and Bruulsema 2014). As climate changes, 4R management can be used to adjust
fertilization practices to adapt to new environmental conditions.

C

Figure 5. The 4R nutrient stewardship concept defines the right source, rate, time, and place for plant nutrient
application as those producing the economic, social, and environmental outcomes desired by all stakeholders to
the soil-plant ecosystem (Roberts 2010) figure credit:

http://www.ipni.net/ipniweb/portal/4r.nsf/article/communicationsguide.

Right Rate — Choosing the right rate means matching the fertilizer applied to the crop demand.
The rate required will be affected by crop type, yield potential, residual soil nutrient levels, crop
sequence, and other management factors. Accurate assessment of nutrient supply is a first step to
selection of the right rate. Optimum rate will reflect the balance between crop demand and soil
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supply. Rate is also affected by source, timing and placement methods and by short- and long-term
sustainability goals.

Right Source — Using the right source means using a form that is suitable for the crop being
grown, the management practices used and the environmental conditions occurring in the field. The
source selected should provide plant-available nutrients to meet crop demand. Sources of P fertilizer
include fluid fertilizers such as ammonium polyphosphate, dry granular products such as
monoammonium or diammonium phosphate, triple superphosphate, rock phosphate, or compound
fertilizers. Composts, manure and reclaimed materials such as struvite are also sources of P. Various
additives, coatings and amendments may also be used to improve the effectiveness of applied
fertilizer sources. Source selection will be affected by balance and interaction with other nutrients
and the presence of other nutrients or contaminants in the fertilizer material. Selection of source must
also consider factors such as soil characteristics, timing of application, method of placement,
availability of P over time, compatibility issues, and cost per unit of “actual” nutrient.

Right Place — Applying fertilizer in the right place means that the nutrient must be in a position
where the crop can access it when needed and where it will not be lost from the system. Phosphorus
is not very mobile in the soil and should be placed in a position where the crop roots can access it
early in the growing season. Seed-placement or side-banding P ensure that the crop roots reach the
fertilizer early in the season to correct P deficiencies. Root geometry is an important factor in selecting
proper placement. Surface applications of P, especially if not incorporated, are at risk for transport
off-site to surface waters, so should not be used in environmentally sensitive areas.

Right Time - Applying fertilizer at the right time means making nutrients available to the crop
when they are needed. Nutrient use efficiency can be increased significantly when availability is
synchronized with crop demand. Early-season P supply is critical for optimum crop growth, so it is
important that P be accessible by the crop early in the season. Placement and source will interact with
timing, to ensure that a readily available form of P can be safely placed near the seedling for the plant
to use early in the season. Timing of application may also influence risk of off-site movement of P,
through snow-melt or rainfall events.

Adopting the 4R approach can help to answer the question of what are the best management
practices that can be used to reduce and/or ameliorate effects of climate change. Phosphorus rate,
source, placement and timing are important tools to address climate change issues and the optimum
4R practices can be affected by climate change.

Managing P fertilizer rate in a changing climate must consider the interaction among climatic
conditions, P demand by the crop and P supply from the soil. As discussed previously, climate
change will influence plant growth, with effects varying from location to location. Changes in crop
yield potential will affect P uptake and crop requirements for P. Phosphorus supply in a soil will
also be affected by climate change. Legacy P provides an important source of P for the crop, but P
supply is affected by the exchange of P between the soil solution and a variety of inorganic and
organic pools that differ in their availability (Suriyagoda et al. 2014; Grant and Flaten 2019;
Schoumans et al. 2015). Phosphorus availability may decrease under dry conditions through effects
on mineralization, diffusion, mass flow and root growth (Mackay and Barber 1985; Barber et al. 1963;
Grant and Flaten 2019). In most soils, phosphorus is concentrated in the upper layers that are first to
dry under drought conditions. Therefore, P availability is likely to decrease if dry conditions
become more prevalent under climate change. As discussed previously, in cold and temperate
climates increasing temperatures may increase biological activity, increasing mineralization and
nutrient cycling and therefore increasing plant-available P (Sardans and Pefiuelas 2012; Schoumans
et al. 2015; Seidel et al. 2021). The interactive effects of soil temperature and soil moisture will vary
on a site-specific basis because of the interactions of mineralization, sorption/desorption and
biological activity (Menge et al. 2023). Therefore, changes in P fertilizer rate requirements with
climate change will depend on the relative change between P demand by the crop and P supply from
the soil and must be assessed on a site-specific basis.
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Climate change will affect optimal source of P fertilizer less than it will affect the optimal rate of
application. Source of P fertilizer must be selected to complement the rate, timing and placement
selected. A plant-available source of P fertilizer should be applied at a rate, timing and placement
that optimizes fertilizer use efficiency. While many novel enhanced efficiency fertilizers have been
assessed, their practical performance and benefits under varying climatic conditions has not been
clearly demonstrated (Maaz et al. 2025).

Optimum P placement is an important consideration in a changing climate. Under the drying
conditions that are likely to increase under climate change, P placed near the surface may be
“stranded” in dry soil and inaccessable for plant uptake (Borges and Mallarino 2000). Placement of P
in a position where it is in moist soil and available for crop uptake will be critical to ensure its
availability (Hansel et al. 2017). In a meta-analysis, in-soil band application of P was generally found
to be the best method of placement for wheat, maize and oilseed rape (canola), while banded P
increased P uptake in soybean but there was a slight advantage of broadcast P in increasing soybean
yield (Freiling et al. 2022). Studies with soybean in Brazil showed that strip tillage with deep banded
P increased soybean root growth at depth and resilience to induced drought (Hansel et al. 2017). In
studies with wheat in Australia, most of the P taken up by the crop came from topsoil, but P fertilizer
banded below the seed increased plant P uptake and increased the amount of subsoil P that was used
by the plant (McBeath et al. 2012). Deep banding of P may be able to maintain P in a moist soil zone
for a longer period of time if soils dry because of prolonged drought. Proliferation of roots at depth
in response to deep P placement may also increase the ability of the plant to access moisture,
increasing drought tolerance. If climate change increases surface drying and higher temperatures
increases evaporative demand, deep placement of P may help both to improve P uptake and drought
resiliency (Verburg et al. 2024). However, banding P fertilizer with or near the seed can also be
beneficial in dry seasons if the soil stays moist from small rainfall events while in wet seasons it can
encourage greater early root development thoughout the profile to aid in the extraction of moisture
and nutrients from depth (McBeath et al. 2012). As with fertilizer rate, optimum fertilizer placement
must be assessed on a site-specific basis to respond to climatic conditions.

Timing of phosphorus fertilizer must ensure that P is available to the crop when needed. An
adequate supply of P is required from the early stages of plant growth (Grant et al. 2001). Changing
climate may change the timing of P supply by affecting P cycling, the release of plant-available P
from the soil P, and P movement from the soil to the plant root. Changing climate may also change
the rate of plant development and timing of P demand. Ensuring that P is available to the crop both
early in the season and as the plant grows and develops will be important to optimize productivity.
Placement of P close to the seed-row during seeding should ensure early-season access to P. If
adequate P is available to the crop early in the growing season, the plant may accumulate more P
than required at the time (Grant et al. 2001). This “luxury consumption” can be remobilized by the
crop to support growth later in the season. Under drought, plants may not be able to access adequate
P because of reduced availability from the soil, so remobilization of P accessed early in the season
may be increasingly important (Sardans and Pefiuelas 2012). If soil levels of P are adequate, plants
may be able to access sufficient P from the soil through the growing season as the crop roots explore
the soil. If the ability of the crop to access soil P is limiting through the season because of soil drying
or nutrient stratification, deep placement of P in soil that remains moist may allow the crop to access
P later in the growing season. In-season foliar application of P may also be an option if crops are
deficient, but there are limitations in the amount that can be safely applied and in its effectiveness
(Gorlach and Miihling 2021; Henningsen et al. 2022; Noack et al. 2010). High-frequent drip irrigation
with soluble P forms such as polyphosphate fertilizer may be an effective method of managing P
under drought conditions (Chtouki et al. 2022).

It is important to recognize that 4R nutrient management does not apply only to management
of inorganic fertilizers. Inputs from crop residues, cover crops, organic sources such as manures and
composts, and legacy P also play an important role in nutrient management. Integrated nutrient
management, where mineral fertilizers are combined with available organic resources may improve
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nutrient use efficiency on small holdings where access to mineral fertilizers is limited (Bayu 2020; Wu
and Ma 2015; Lal et al. 2015). Application of organic materials with inorganic fertilizers can improve
the ability of the soil to retain nutrients and moisture. Using all available nutrient resources as
efficiency as possible is a critical step to increasing the resiliency of agricultural in the face of climate
change.

Nutrient management has to be part of an overall production system, including improved crop
genetics, crop diversification and rotation, balanced nutrient management, optimum planting dates,
tillage system, water management, and control of pests such as weeds, diseases and insects (Bedasa
et al. 2025; Tittonell and Giller 2013). Efficent nutrient management cannot occur without
optimization of all available resources.

8. Actionable Recommendations for GPI to Develop an In-depth Program for
Integrating P Management into Climate and Agricultural Policies.

Climate change prediction is based on models and changes in the assumptions used will lead to
large differences in results. More and better data are needed to contribute to improved models
(Folberth et al. 2016; Hoffmann et al. 2016; Hu et al. 2024). Sensitivity of the models to changes in
input factors must be considered.

Most GHG emissions associated with phosphate fertilizers occur due to consumption of fossil
fuels during the various stages of phosphate fertilizer production, transport and application.
Reducing energy inputs during sulphuric acid production and efficiently utilizing the net energy
generated when sulphuric acid is produced from sulphur can offset some of the GHG production
generated at other stages. Emissions generated during the manufacture of ammonium phosphates
may be reduced through enhanced energy efficiency, adoption of alternative non-fossil energy
sources, and potentially, through the implementation of advanced technologies for ammonia
synthesis in the production process.

Logistical efficiency to reduce the energy consumption during the transport of raw materials,
intermediary products and finished product could have an impact on net emissions.

To reduce the amount of indirect greenhouse gas emissions linked to P use, it is important to
optimize the efficiency of P fertilizer use. The less P that is mined, processed, transported and applied
to the field per unit of agricultural production, the less risk there is for both GHG emissions and off-
site transport of P. With a changing climate, proper nutrient management becomes more critical
than ever. Effective 4R nutrient management is essential to reduce the negative impacts of nutrient
application on GHG emissions, and to optimize crop production by taking advantage of beneficial
effects of climate change and ameliorating negative effects in an increasingly variable environment.

Negative effects of climate change are predicted to occur mainly in the med- and low latitudes
while positive effects may occur in the high latitudes. Therefore, negative effects may be concentrated
in regions where producers currently have limited resources to adapt to climate change. An emphasis
needs to be placed on developing effective adaptations that can be implemented in a cost-effective
manner by producers in the regions that will be most seriously affected.

Assessment of factors limiting adoption of improved nutrient management practices may be
needed to determine if lack of adoption is due to resource availability, lack of technological
information, policy contraints or sociological factors.

Effective 4R P management practices should be evaluated in combination with other agronomic
factors including crop genetics, crop diversification and rotation, balanced nutrient management,
optimum planting dates, tillage system, water management, sustainable land management and
control of pests such as weeds, diseases and insects. Nutrient management must be part of the overall
production system.
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