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Abstract

Purpose of Review Phosphorus (P) loss from agricultural land to surface water is a leading cause of water quality dete-
rioration. We reviewed the climate change impacts on sources and transport of P and how they can exacerbate P loss from
agricultural soils to waterways.

Recent Findings The effects of climate change include extreme precipitation events, increased temperature, elevated atmos-
pheric carbon dioxide (eCO,), and saltwater intrusion induced by sea level rise. Extreme precipitation (EP) events cause
accelerated transport of dissolved and particulate P from soils, exacerbated after the application of fertilizers and manures or
drought. The unpredictability of EP leads to greater incidental P losses as appropriately timing nutrient applications is more
challenging. Increased soil and air temperatures influence soil microbial communities and P-solubilizing microbes, but their
effects on P losses are uncertain. Likewise, eCO, may increase plant growth, P demand, and soil P cycling, but its impact on
P losses is unclear. Saltwater intrusion caused by sea level rise can further mobilize P in high (legacy) P soils and enhance
P loss from land to water.

Summary Climate change is likely to increase P losses due primarily to increases in extreme precipitation and saltwater
intrusion in coastal areas. These impacts will be geographically variable. Current P loss models could be improved
by including climate change effects on P sources and transport, the inclusion of legacy P soil data, and accounting for P
losses from legacy P soils.

Keywords Phosphorus - Climate change - Soil - Water quality - Legacy P - Agricultural watersheds

Introduction which in turn causes undesirable effects, including hypoxic
or anoxic conditions, reduced water clarity, and onset of
Overview algal blooms [2]. In the USA, a majority of fresh waters

Eutrophication caused by excess phosphorus (P) is a major
contributor to fresh and estuarine water quality degradation
worldwide [1]. Excess P in water bodies stimulate algae,
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contain elevated nutrient levels, resulting in an estimated
economic loss of $2.2 billion annually [2].

This review focuses specifically on agricultural soils of
the world, which are a major contributor of P loss to surface
water. There is an emphasis on legacy P soils that reflect a
long-term history of P applications, as these soils contribute
a disproportionate amount of P loss and are more vulnerable
to P loss due to climate change impacts. The Intergovern-
mental Panel on Climate Change (IPCC) has concluded that
extreme precipitation (EP), increased temperature, elevated
atmospheric carbon dioxide (e¢CO,), and saltwater intru-
sion (SWI) induced by sea level rise (SLR) are expected in
future [3]. A body of soil P research has investigated how
these effects may impact P source and transport mecha-
nisms; however, to our knowledge, a detailed review of the
above four key climate change variables on P Loss has not
yet been compiled.
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Forms of P in Soils

Natural soils typically contain small amounts of P as a
product of weathering from the parent material. Certain
regions of the world have large deposits of igneous or
sedimentary phosphate rock that are mined for fertilizer
use [4, 5], typically in the form of apatite [6]. Agricultural
soils are often supplemented with additional P, either
as inorganic fertilizer or as organic P from manure,
biosolids, compost, crop residues, or other recycled organic
sources [7-10]. In agricultural soils, P is most commonly
found in inorganic forms consisting mainly of phosphate (PO,)
bound to metals such as calcium (Ca), iron (Fe), and aluminum
(Al) depending on the soil type, pH, type of P fertilizer or
manure used, and soil formation factors [11, 12]. Phosphate
also binds with other elements such as magnesium (Mg),
manganese (Mn), copper (Cu), lead (Pb), and others to
form an array of minerals in the soil [13]. Organic P is
a significant pool in agricultural soils, comprising about
30-65% of the total P (TP) [14]. In regions with livestock
production, organic P is often found in the soils as phytic
acid, as it is present in livestock feed and excreted in
manure [12, 15-17]. Figure 1 overviews various P pools
and mineral groups found in soils.

While P is a limiting nutrient in many of the world’s
soils and impacts crop production [18], soil P has accumu-
lated to excessive amounts in some regions with intensive
agricultural production. The P accumulation often occurs
as a result of concentrated animal agriculture because it

Fig. 1 An overview of P pools
found in soils, with green circles
indicating organic P pools, yel-
low circles indicating inorganic
P pools, and blue circle showing
the soil solution P pool. Dashed
lines indicate slower or minor
pathways, while solid lines
indicate larger transformation
pathways
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is not economical and feasible to transport excess manure
long distances [19, 20]. Additionally, commercial P ferti-
lizers are sometimes added to soils above crop P require-
ments in many developed regions (Fig. 2). This occurs
because soil fertility recommendations have been based on
the “build and maintain” philosophy of P fertilization, a
long-standing yet debated philosophy that calls for adding
P above crop requirements to increase soil test P to levels
correlated to crop yield maximum and then maintaining P
level in that category [21, 22]. The applications of P, from
manure or commercial fertilizers, above crop applications
lead to elevated soil test P that can persist for decades,
defined here as legacy P.

The use of manure and fertilizer has significantly
increased labile soil P forms in agricultural soils com-
pared to native soils [23]. In addition to increased labile
pools, legacy P soils contain a large reserve of inorganic
P as insoluble or less soluble “stable” minerals, such
as fluorapatite that may become available once soluble
pools of P are exhausted [24]. For example, PO, sorbed
to Al or Fe contributes to the labile pool as soluble P
is exhausted, particularly in highly weathered soils, as
P cycles through sorption-desorption reactions between
the solid phase and soil solution. Soils with significant
Al and Fe can sorb significant amounts of P; however,
when the Al and Fe binding sites in soils become satu-
rated, the soils cannot hold more P, resulting in P loss
to waterways [20, 25-27].
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Fig.2 World map showing P deficits and surpluses in agricultural
soils (used with permission from MacDonald et al. [19]). The deep
red color indicates the top quartile of P surpluses and is the most pro-
nounced in eastern China, North Korea, South Korea, Taiwan, Japan,

Forms of P in Water

Once lost from soils, P present in various pools in water or
extracted solutions can be categorized as reactive, unreac-
tive, dissolved, and particulate (Fig. 3). This is based on
both the (1) size: whether the P is present in the dissolved
or particulate fraction, with the distinction made by filtra-
tion through a filter paper (usually 0.45 or 0.2 um), and (2)
digestibility: whether the P is present in a reactive or unre-
active fraction, with the distinction made by digesting the
water with some form of acid or oxidizing agent [28]. This
results in four categories of P forms with two main groups:
reactive and unreactive. Reactive P is thought to mainly con-
sist of orthophosphate (PO43_) in dissolved fraction and P
in particulate pool, whereas unreactive dissolved P contains
labile organic P compounds and unreactive particulate P
contains recalcitrant organic P compounds.

Differentiation of P into these forms is useful to predict
the bioavailability of P in water bodies. For example, dis-
solved reactive P (DRP) is considered readily available to
aquatic biota, whereas dissolved unreactive P (DUP) may
become available in water due to enzymatic hydrolysis and
other P transformations [30]. Of particular concern are dis-
solved and long-term algal-available P forms [31] as dis-
solved P contributes to the growth of harmful algae, espe-
cially when P is a limiting nutrient and is readily available
for uptake by autotrophs [32]. The growth of algae, and

I Top quartile (13.0 to 840.0)

Vietnam, much of Europe, Chile, and the east coast and central west
coast of the USA. These regions are also primarily coastal, with
access to ports and water resources for humans and animals

subsequent hypoxic or anoxic conditions that are harmful
to aquatic life, is caused by eutrophication [2]. Particulate
reactive P (PRP) and particulate unreactive P (PUP) forms
in the environment are more recalcitrant and have lower
bioavailability; therefore, they pose a less immediate threat
to water quality; however, they can become available over
the long term as more labile P forms are depleted.

Overview of P Loss to Water

Non-point agricultural pollution occurs where a source of
P, namely soil P or P containing amendments (manure, bio-
solids, other waste products), interacts with the hydrology,
such as overland flow or subsurface flow. There are three
main pathways for P transport: (1) movement of dissolved P
in surface runoff, (2) erosion of P bound to soil particles in
surface runoff (i.e., particulate P), and (3) subsurface flow
of dissolved P, as depicted in Fig. 4 [33-35]. A “critical
source area” [36] indicates a “hotspot” for P loss where the
P source meets hydrology, while other areas in the field are
susceptible to some degree of P loss. This concept of where
P sources interact with transport pathways is the premise of
the P indices advocated by regulatory agencies to manage
the P applications on high P loss risk fields [37]. Prioritiz-
ing field management using critical source areas is a useful
strategy to minimize P losses to surface waters [38].
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Fig.3 Illustrations showing

A various P forms present in
water, B calculations of four P
fractions in water samples, and
C resulting P forms commonly
referenced in literature with
descriptions of the chemical
nature of P. TRP, total reactive
P; TP, total P; DRP, dissolved
reactive P; TDP, total dissolved
P; PRP, particulate reactive

P; DUP, dissolved unreactive
P; TPP, total particulate P;
PUP, particulate unreactive P.
Redrawn from Toor et al. [28]
and Yang et al. [29]

Climate Change Impacts on P Loss

An overview of the P transfer continuum related to climate
change has been outlined by Forber et al. [39]; we expand

Fig.4 A simplified schematic

of the three main pathways of P

loss from land to water, includ-
ing surface runoff, erosion, and
subsurface flow
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While climate change effects are myriad, complex, and vary
worldwide, we focused this review on four main impacts
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that may affect P cycling and transformations in soil and
flux from land to water. These include (i) EP events, (ii)
increased soil temperature, (iii) elevated CO, (eCO,) in the
atmosphere, and (iv) SWI induced by SLR.

The objectives of this review are to explore how these
four aspects of climate change may impact P source and
transfer pathways, discuss management solutions, and
outline suggestions for future research to understand the
impacts on P. Although relevant to most soils worldwide,
this review focuses on agricultural regions with legacy P
soils that reflect a long-term history and mismanagement of
P applications. These legacy P soils contribute a dispropor-
tionate amount of P loss and might be more vulnerable to P
loss due to climate change impacts.

Effect of Extreme Climatic Events on P Losses

In this review, extreme climatic events are predominately
defined as EP, with some discussion on droughts. Occur-
rence of EP is defined as the amount (volume) of precipita-
tion exceeding the volume of the top 1% of all daily pre-
cipitation events from a reference period (e.g., 1901-1960),
which may vary in different studies [40]. Global increases
in EP have been measured and modeled based on wet and
dry regions since the 1950s [41], and the average annual
maximum daily precipitation has shown an increase of
5.73 mm day_1 (8.53%) from 1901 to 2010 [42]. In the
USA, EP has significantly increased since the 1960s [43];
however, a few regions, such as the Southwest USA, have
experienced decreased precipitation [44]. The increase in
EP is correlated with a warming atmosphere, as total pre-
cipitation from extreme events almost doubles per degree
of warming [45]. Along with increased rainfall amount, the
increased intensity has been documented and correlated
with increased dissolved P (DP), particulate P (PP), and TP
loss from soils that received mineral fertilizer and manure
[46]. An increase in EP events has resulted in greater P
loss in watersheds worldwide, including Lake Mendota
watershed, WI, USA [47], lower Great Lakes Basin, USA
[48], Sichuan Basin, China [49], Eden River catchment,
Cumbria, UK [50], and others.

Myhre et al. [45] depicted changes in precipitation for
Europe (Fig. 5), with increases in both frequency and inten-
sity of precipitation in recent years (1986-2015) than earlier
years (1906—1935). Their research highlighted that larger
amounts of daily precipitation events have mildly increased
intensity and significantly increased frequency per unit
Kelvin (K) increase in surface temperature [45]. These data
have meaningful implications for increased potential for P
transport because of the greater frequency of high-intensity,
high-volume precipitation events.
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Fig.5 A schematic illustration of the probability density function
(PDF) of daily precipitation frequency and intensity. The purple line
shows a reference PDF for earlier years (1906-1935), and the orange
line shows how it changes with higher temperatures in later years
(1986-2015). Once EP reaches a certain threshold, the increase in
frequency and intensity leads to a change compared to the 1906-1935
reference timeframe, indicated by the “total change” filled area on
the plot above. The data are the mean of 15 rain gauge stations in the
Netherlands. Redrawn from Myhre et al. [45]

Dissolved P Losses

An increase in DP loss from soils with an increase in rainfall
can be expected as water added with the rain will displace
the soil solution P, which is in equilibrium with P in the solid
phase. This addition of new water will affect the P equilibria,
as P from the solid phase will be displaced to the soil solu-
tion pool, depending upon the kinetics of P release in soils
with inherent differences in soil properties and other man-
agement and environmental conditions [51]. The forms of P
present in the soil also impact the risk of DP losses. Through
a combination of agronomic and environmental soil tests,
molecular techniques, field lysimeter measurements, rainfall
simulation, and field measurements on soils in Sweden, it
was observed that soils with more Al-P compounds limited
DP release, whereas soils with more Fe-P compounds led to
greater DP release in rainfall [52]. The organic fractions in
this study did not lead to significant differences in DP, but
low sorption capacity and high agronomic and environmen-
tal soil P were also linked to the elevated risk of DP loss.
New field interventions and the development of conservation
practices at the edge-of-the-field (EOF) [53] could be useful
for intercepting and reducing the transport of DP in soils
with a high risk of P loss.

Depending on the hydrology of the site, there will be
either direct P loss to surface water, groundwater, or a com-
bination of surface and ground water. Sharpley et al. [54]
compared base and storm flow P loss in a 39.5 ha primarily
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agricultural sub-watershed in PA, USA (with non-glaciated
ultisols and inceptisols), considering storm size by return
period (<1, 1-3, 3-5, 5-10, and > 10 years). They found
that over 10 years, 65% of DP and 76% of TP were exported
during storm flow, with the remainder exported during base
flow. Overall, DP concentration increased with storm size
based on the return period, which was categorized using
the peak and total flow. Ross et al. [48] found that DP was
greater during EP events in the Great Lakes Basin, USA,
where runoff is also the main transport pathway. The study
also revealed that TDP to TP ratio was highest on the fall-
ing limb of the hydrograph, indicating that DRP (main
component of TDP) continued to be transported once PP
loss decreased. Increased DP during and after EP events is
also observed in tile-drained systems. For example, storm
intensity and event discharge were linked to increased DRP
loading in tile-drained sites in North Central OH, USA [55].
Climate change has led to more frequent and intense pre-
cipitation; therefore, one would expect an increase in DP
loading from watersheds. In one sub-watershed in IA, USA,
storm events contributed 74.9 to 93.8% of annual DRP
export over a 2-year study, and in one storm event, DRP was
84% of the annual DRP [56]. However, predicting quantita-
tive DP losses based on storm size has proven challenging,
with large variability between storm events and a hysteresis
effect, which means that mobilization of DP occurs as a
function of flow type (surface or subsurface) and source
impacts (e.g., recent nutrient applications, tillage, crop stage,
and type) [48, 57-59].

Erosion and Particulate P Losses

Studies around the world have been conducted to predict
how rainfall intensity, storm pattern, vegetative cover,
slope, soil type, and soil disturbance from management
practices influence erosion [60—63]. While recent studies
have become increasingly complex compared to earlier
erosion studies, a commonality among them is that erosion
increases with increases in storm intensity. Ezzati et al.
[64] found that the combination of water discharge and
suspended solids were the best predictors of TP measured
in the runoff. Therefore, we expect increased contributions
of PP with climate change, but to quantitatively predict the
increased PP loading, models would need to estimate the
existing P in the soil. Furthermore, estimating the frac-
tion that may exist as PP would depend on management
history and soil conditions. This estimate of PP could be
paired with erosion estimates considering how the afore-
mentioned variables influence erosion.

Most of the P loss in both base flow and storm flow
measured by Sharpley et al. [54] in a PA, USA, catchment
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over a 10-year period was in the form of PP, and as storm
size increased, PP constituted a larger percentage of TP
loss. The annual PP loss was ~476 g ha™! year™! in the
PA catchment, with 407 g ha™! year™! occurring during
storm flow. High-intensity rainfall of >9 mm h~! led to
average PP losses of 319 g ha™! h™! in tilled fields in
South West England [65]. A similar effect was noted in
a southern Brazilian agricultural catchment, where ~88%
of transported P was PP, and the highest fraction of PP in
the flow occurred closest to the maximum discharge of
the storm events [57]. On a seasonal scale, New Zealand
grassland soils receiving dairy manure and fertilizer P lost
more PP in leachate during the irrigated growing season
(November—April) but more DP in the non-irrigated sea-
son (May—October) with less rainfall and no irrigation
water [66]. Seasonality of EP varies in different regions
around the world, impacting plant growth [67], so con-
tinued studies of P forms and leachate across seasons are
critical to understanding how EP may differently impact
P losses at various temporal scales.

The impact of EP events is compounded if they occur
after drought conditions. The reasons behind this are
a combination of factors, such as worsening soil struc-
ture due to the inability of organic material to hold soil
into aggregates, physical surface crusting, and poor crop
growth, which can expose soil to erosion. Khan et al. [68]
found that flooding soils in drought conditions resulted in
significantly more P loss and more DP forms compared
to flooding the same soils at field moisture capacity. The
authors speculated this could be attributed to the break-
down of organic matter (OM) and biomass due to soil dry-
ing, reduced P sorption capacity due to increased crystal-
lization of soil minerals, redox changes, or a combination
of these factors. Similarly, increased TP was measured
in Swedish catchments that experienced drought in the
previous season, which flushed TP with heavy rainfall
[64]. Moderate Resolution Imaging Spectroradiometer
(MODIS) data and the Revised Universal Soil Loss Equa-
tion (RUSLE) model have demonstrated a significant cor-
relation between calculated drought indices and soil loss
[69]. The initial rainfall after drought increased measured
P losses to surface water from agricultural soils in the Fin-
ger Lakes of NY, USA, compared to other land uses in the
watershed [70]. While lower DP loss is expected during
periods of drought due to the absence of rainfall, increased
PP loss due to EP after drought will likely increase overall
P loading, as predicted by the Soil and Water Assessment
Tool (SWAT) in China [71]. Similarly, in areas around the
world, such as Africa and the Middle East, where soils are
prone to higher erosion losses [72], PP can be expected to
be a main P form lost after EP events, further declining
soil fertility.
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Incidental P Losses Following Recent P Applications

When EP occurs shortly after manure or fertilizer P appli-
cation, the risk of P loss is greater, even when application
rates are based on crop P removal. In manured fields, the
type and rate of manure have significantly different con-
tributions of DRP and TP, with dairy manure contributing
less DRP than poultry or swine manure [73]. It is also well-
established that increased time between manure application
and rainfall results in less P loss to surface water, allowing
P to be sorbed in the soil and used by plants before a runoff
event [74, 75]. The forms of P in dairy manure (predomi-
nately DRP), for example, react with the soil after applica-
tion. The leachate from perennial pasture after dairy manure
application showed a higher percentage of PUP likely con-
sisting of orthophosphate monoesters and diesters and only
a small fraction of DRP (1-7%) compared to that of the
dairy manure effluent (38-76%) [15]. Therefore, the time
and quantity of manure applied before EP events are criti-
cal. Researchers have developed various watershed models
to estimate the impact of precipitation events on manured
fields. At a basic level, models predict EP will cause
increased DP and TP loss when manure is applied [76].

Fertilizer P has a greater risk of loss when EP occurs
shortly after application. In one study, losses of 13-19%
of common P fertilizers (e.g., monoammonium phosphate,
diammonium phosphate, triple superphosphate, and single
superphosphate) occurred after one simulated rainfall event
when the fertilizers were surface applied [77]. Smith et al.
[78] found that manure may pose greater water quality con-
cerns if the rain event occurs in the first several days after
application; however, the commercial fertilizer source (tri-
ple superphosphate) presents an elevated risk for a longer
period until the rainfall event occurs. The incidental losses
of recently applied P inputs are a major contributor to P
losses, and with farmers facing less predictable weather, it
may be more challenging to plan fertilizer and manure appli-
cations. Integration of incidental P losses into models may
require assessments of the frequency that EP occurs unex-
pectedly after nutrient applications to fields, which may only
be achievable through collecting detailed farm management
and weather data.

A limitation in assessing the impact of EP on eutrophica-
tion is the varied and delayed response of cyanobacterial and
algal blooms after precipitation and P loss. In 2019, heavy
precipitation limited the planting of crops in the Maumee
River watershed, USA, which flows into Lake Erie, USA.
Thus, P applications were reduced by an estimated 62%,
with measured DRP 29% less than expected and PP loads
as predicted, leading to less severe harmful algal blooms
in Lake Erie than were estimated based on rainfall and dis-
charge [79]. This research highlights the importance of inci-
dental P losses and proper management of P applications;

however, the authors also indicate that other factors (e.g., no-
tillage, fallow ground cover, and potentially reduced inten-
sity of the rainfall) could have contributed to the measured
P loss reduction. In an exploration of EP, discharge, and P
load to Lake Mendota, WI, USA, there was a 1 to 60 days
lag time between extreme P loading and the next signifi-
cant cyanobacterial bloom [80]. This suggests the impor-
tance of long-term memory of P-loading events, though the
impact may not be immediately apparent, large P reservoirs
are deposited in surface water during EP events, which may
become available and cause cyanobacterial growth when
conditions are ideal.

Impact of Increased Temperature
on Soil Processes

Global surface air temperatures are projected to increase
by 1.5 to 2 °C through the mid-century and further, unless
serious interventions to reduce greenhouse gas emissions
are achieved [3]. An increase in air temperature will lead to
higher soil temperature, which can lead to higher microbial
respiration, particularly in cold regions [81]. However, micro-
bial taxa respond variably to temperature increases, which
leads to uncertainty in changes in nutrient cycling [81].
For example, measured activities of organic P-solubilizing
enzyme, phosphatases, increase with increased temperature
but do not always result in increased available P in soils [82].
Furthermore, an increase in P availability does not always
translate to increased P loss [82, 83]. For instance, in soils
with high P-fixing capacity, P loss in leachate can decrease
with increasing temperature due to the increased net micro-
bial P immobilization and reaction rate between P in solution
and soil [84]. To our knowledge, the microbial impacts on P
availability due to temperature rise in most soils, specifically
legacy P soils, are unknown.

The inconclusive effects of temperature on P loss are also
apparent in climate models. Most models include tempera-
ture as a variable when predicting the impacts of climate
change on P loss; however, most simulated results suggest
that temperature is not an important driver for changes in
P loading compared to precipitation [85¢]. In fact, model
simulations suggest the impact of temperature on P load-
ing is inconclusive, with literature indicating that increased
temperatures will lead to increases and decreases in P load-
ing; these inconsistencies stem from differences in geog-
raphy and model parameters [86—89]. Furthermore, most
models and studies do not investigate temperature impacts
in isolation, as is practical, since global climate change will
incur many changing effects in conjunction with tempera-
ture. Without this isolation, concluding the direct effects
of temperature on P loading is difficult to predict. Nev-
ertheless, present models do not fully consider the direct
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or indirect effects of increased temperature on P loading.
These effects may include changes in the microbial popu-
lation, land use (i.e., different crop types and changes in
cropping zones), and biomass production. More research is
needed to elucidate and disentangle the direct and indirect
effects of temperature on P loss so that they can be included
in future models.

Changes in Evapotranspiration and Soil Moisture

An increase in temperature is likely to increase evapotran-
spiration (ET) [90] and decrease soil moisture, which will
have different effects on crop yield depending on the region
due to specific crop tolerance [91]. The increase in ET is pro-
jected to offset some P loading caused by increased precipi-
tation and runoff during the summer months [87]. Further-
more, potential ET is projected to increase at a higher rate
than precipitation [92-94], which could result in soil mois-
ture deficits leading to more droughts. Current projections
of global soil drought associated with climate change may
be simplistic. For instance, looking at the paleo-evidence of
the mid-Pliocene Warm Period, where temperatures reflect
projected climate changes, there was no expansion of arid
ecosystems, and widespread vegetation flourished [95]. This
inconsistency with climate model projections, referred to as
the aridity paradox, along with recent literature attempting to
reconcile these inconsistencies, creates hesitation to incor-
porate simplistic soil drought approaches in climate models
when predicting P loss [96]. Regardless, ET and further soil
drying can lead to disaggregation of soil particles making
PP transport in runoff more likely when significant storm
events occur [97]. While the effect of temperature on ET,
soil moisture, and crop yield is often considered in climate
change models, other effects, such as impacts on freeze-thaw
cycles and P-solubilizing microbes, are not considered.

Temperature Effects on Freeze-Thaw Cycles and
Associated P Loss

Freeze—thaw cycles (FTCs) commonly occur in the Northern
Hemisphere and can significantly alter soil structure, water
and heat movement, and organic matter [98, 99]. The FTCs
can drive P into the solution phase by physically disturbing
soil aggregates, plant biomass, and microorganisms, caus-
ing increased loss of DP in runoff and downward migration
of P during snowmelt [100, 101]. The FTCs also threaten
the efficacy of cover crops as a best management practice,
as they have been shown to increase the TP, mainly DP,
in leachate from cover-cropped soils versus a control soil
without cover crops [102]. The FTCs can also increase soil
erodibility [103], which can positively affect the frequency
and magnitude of future FTCs [104]. As temperatures
increase and reduce the insulating effects of snow cover,
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FTCs are projected to increase in intensity, frequency, and
duration [89, 105—-107]. Research has shown that simulated
increases in FTCs cause both increases and decreases in soil
water content (SWC) and available soil P, such as Mehlich
3—extractable P (M3-P) [100, 108], where discrepancies are
attributed to soil properties, namely P-fixing sites on soil
surfaces and SWC, which result in P (and metal ions) release
due to the breakdown of organic and mineral complexes and
exposing of additional P sorption sites [109].

Cheng et al. [110] found that FTCs increased P loss in
runoff when SWC was low (10-15%); however, when SWC
was high (20-30%), FTC-treated soils had less P loss than
non-FTC-treated soils likely due to the exclusion effects of
ice on ions. For example, as more soil water freezes and
expands, P migrates downwards in the soil where it can
sorb to vacant P binding sites. However, exploration of this
mechanism in legacy P soils, where soil P-fixing sites are
saturated even in lower soil depths, should be investigated as
there is a risk for increased P loss even at high SWC, primar-
ily due to macropore/preferential flow [111]. The decrease
in P loading at high SWC is also attributed to disaggregation
into smaller soil particles, which increases the specific sur-
face area and the P sorption capacity. Therefore, FTCs can
result in a balance between releasing P from lysed cells and
physical occlusion and then resorption of P on newly vacated
or exposed soil P binding sites. Clearly, the soil’s physical
and chemical properties will be increasingly important as
increased temperature and ET may decrease soil moisture
and exacerbate the effects of increased FTCs.

Impacts of Temperature on P Pools
and Phosphate-Solubilizing Microbes

Phosphate-solubilizing microbes (PSM) are critical for
nutrient cycling and overall soil and plant health, espe-
cially in low P soils, where various microbes help plants
access P. Networks of fungal hyphae can form “highways
for PSM” to access both organic and inorganic P forms in
the soil [112]. Several known strategies include enzyme
production (e.g., phosphatase), exudate effects on pH,
NH,*-driven proton release, exudation of organic acid
anions, and siderophore production, yet not all have been
thoroughly explored in situ [113]. Other mechanisms are
still being discovered, including the recent discovery of
antibiotics produced by some microbes that enhance P
release from Fe-phosphate minerals [114]. In low P soils,
microbial populations contribute to P availability and may
reduce the required P inputs. Some microbes, such as myc-
orrhizae in legacy P soils, could help reduce P losses by
immobilizing P being leached [115, 116]. Siebers et al.
[117] suspected that the shift from labile P forms to more
stable and residual P forms under increasing temperature
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conditions was due to increased biological processing;
however, no direct measures of microbial populations
were taken in this study. Most PSM exhibit a parabolic
response to a wide range of temperatures, where maximum
efficiency at specific temperatures is species dependent
[118]. Thermotolerant species of PSM exist; however, it
is unclear whether they will adapt at the current rate of
climate change and how this will translate to the risk of
P loading.

Arbuscular mycorrhizal (AM) fungi are a group of PSM
important in agricultural systems [119, 120]. Staddon et al.
[121] found that two repercussions of increased tempera-
ture (i.e., winter warming and summer drought) increased
the percent root length colonized by the AM fungi but
decreased the AM fungi extraradical hyphal length density,
suggesting a trade-off between symbiosis and soil explo-
ration. Reduced soil exploration by microbes can affect
P loss in low and high P environments. In low P soils,
this may induce the need for extra fertilizer P application,
while in high P soils, microbial immobilization of P could
be reduced, leaving more P in the soluble form.

As with many field studies, other factors such as changes
in plant diversity and biomass across treatments complicate
the interpretations of the direct effects of increased tem-
perature on microbes and related P cycling. A recent study
investigated the effects of a 4 °C increase on AM fungi
and P leaching from two pasture plant species, tall fescue
and lucerne [122], under P-limiting conditions, consistent
with scenarios where AM fungi provide the most benefit
to their host plants. For tall fescue, the decrease in P lea-
chate caused by AM fungi disappeared under increased
temperature, mainly due to a 67% decrease in AM coloni-
zation, whereas the increased temperature did not increase
P leaching or decrease AM fungi colonization for lucerne.
Increased temperatures are known to enhance the carbon
(C) demand of AM fungi on their hosts [123], and for plants
with a high P demand, like lucerne, the C cost from plants
may be necessary to receive P benefits from microbes. These
results suggest that the effects of temperature on AM fungi
presence and efficacy at mitigating P loss are plant species
dependent and may not be as strong in high P soils; however,
global conclusions are far from warranted with the limited
available literature.

While increased temperature is the most certain outcome
of future climate change, there is still considerable uncer-
tainty concerning how it will impact P loss. Increases in
air and soil temperature will not occur alone but will come
along with a variety of other environmental changes, so
understanding the suite of indirect effects of temperature
on SWC, FTCs, and P-solubilizing microbes is important to
predict and mitigate the effects of climate change on P loss.

Elevated Atmospheric Carbon Dioxide

Carbon dioxide (CO,) concentrations in the atmosphere
have increased from ~278 ppm in 1750 to~410 ppm in
2019 and are expected to continue to increase in all likely
future climate change scenarios [3]. Because soil CO, con-
centrations are generally one to two orders of magnitude
higher than the atmosphere, eCO, is not likely to affect
soil processes directly [124]. However, it may affect soil
P indirectly by stimulating plant growth and P demand and
by increasing soil P cycling [124, 125].

A review by Jin et al. [125] found that eCO, increases
the rate of photosynthesis and net primary productivity,
which in turn increases plant P demand. They also sum-
marized that plants show the potential to adapt to this
higher P demand through changes in root morphology, root
exudates, and root-microbial associations. To understand
how these changes affect soil P pools and therefore P loss
potential, we reviewed 17 journal articles that reported the
effects of eCO, on soil available P. A few of these papers
also reported changes in other soil P pools.

Forber et al. [39] suggest using the four-step P transfer
continuum to study the complicated dynamics of P loss
under climate change. Using this framework as a guide-
line, we locate the effects of eCO, primarily in the first
two stages: sources and mobilization (solubilization).
Sources refer to the significant changes in yields, crops,
and rotations that will result from climate change, which in
turn will change P fertilizer application needs and flows.
Mobilization determines how much DP and PP is available
for the third stage of the continuum, delivery/transport. As
we were not able to find any studies that directly measured
P loss in eCO, environment, we use measurements of soil
P availability as a proxy for P loss.

eC0, and P Sources

The eCO, is likely to stimulate greater demand for P,
as plants are fertilized with C from the atmosphere and
become limited by other nutrients [125, 126]. In two partly
overlapping reviews, Jin et al. [125] and Guo et al. [127]
found that eCO, increased plant P uptake in all or most
studies. Although a part of the increased P demand may
be met by plant adaptations to forage for P in soil, Jin et al.
[125] still concluded that increased P fertilization will be
required to improve the adaptability of cropping systems
to eCO,. Plants may also have a higher demand for P in
response to specific stresses from climate change. Edwards
et al. [128] found that eCO, could stimulate increased N
fixation in clover, but only with high P supply. In another
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study, plants needed P fertilizer for maximum drought
resistance under eCO, conditions [125].

eC0, and P Mobilization

As eCO, stimulates plant productivity, it will likely induce
changes in soil P pools and cycling. Several studies have
shown that plants use the extra C to increase foraging abili-
ties through adaptations, such as root morphology, root exu-
dates, and microbial associations [125, 129-131], where the
net influx of C to the soil stimulates soil microbial growth.

Guo et al. [127] reviewed eight studies reporting the
effects of eCO, and temperature on soil P availability in
arable crops. We added nine papers on eCO, to this review,
including arable crops and grassland. Of the 17 papers
[129-145], the majority (9) reported no change to soil
available P, three reported a decrease, and five reported an
increase. Although the experiments ranged from 4 weeks
to 22 years, the time had no clear influence on the results.
This lack of a clear trend contrasts the findings of the meta-
analysis by Yue et al. [146] which found that eCO, caused
a net decline in soil available P in seven studies; however,
these mainly were in forest and natural ecosystems, not agri-
cultural environments.

As soil (plant) available P is typically a small fraction of
total soil P and is governed by many complex interactions in
the soil, it may therefore be more useful to look at changes in
the other soil P pools. Eight of the studies in our review also
included measurements of soil organic P; of these, seven
showed an increase and one study showed a decrease. Jin
et al. [125] attributed this increase to the increased C alloca-
tion belowground and subsequent stimulation of microbial
biomass and activity, which immobilized more P.

In a review of eCO, effects on soil pools and fluxes of N,
Kuzyakov et al. [124] found that there were few changes to
N pools but large increases in fluxes and, therefore, biogeo-
chemical cycling. Although their review focused on N, the
findings should be applicable to other nutrients, including
P. They also highlight another mechanism by which eCO,
may change P mobility in soil by increasing mycorrhiza-
tion of roots, which increases the exudation of glycoproteins
(e.g., glomalin) that serve as the glue for soil aggregates.
The result is an increase in the formation and stability of
soil aggregates, which can increase infiltration and reduce
runoff loss of PP [124].

eCO, Implications for P Losses

In most agricultural fields, P is primarily lost as PP in ero-
sion and surface runoff, while DP can also be lost via surface
runoff in addition to subsurface flow in some settings, such
as tile-drained fields and fields with shallow groundwater,
where DP may account for most of the P loss. The changes
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in P pools due to eCO, are not likely to have a major impact
on P loss pathways; however, it is possible that increased
belowground C and improved soil aggregation may increase
water infiltration, which could reduce P loss in the runoff,
though it could simultaneously increase P leaching loss.
These changes may be compounded by differences in farm
management in response to climate change, such as soil
health and soil C sequestration practices, which often reduce
runoff and increase infiltration [147].

Interactions with Other Climate Change Effects

It is important to highlight that any potential eCO, effects on
soil P losses will be affected by other climate change effects
(i.e., soil moisture, temperature, and N availability); each of
which will also affect plant growth and microbial activity
[135]. For example, increases in plant growth due to eCO,
may be offset by decreases in growth due to temperature or
drought [127]. In turn, plant response to eCO, may affect
other climate effects such as increased soil moisture from
reduced leaf stomatal conductance [148]. Increased soil
moisture, in turn, could increase P losses to leaching and
erosion/runoff pathways since less precipitation is needed to
reach saturation point and initiate leaching or runoff [124].

Impact of Sea Level Rise on P Loss

Global sea levels are predicted to rise between 0.3 and 2.5 m
by 2100 as a result of climate change [149]. Expected SLR
will place large areas of coastal land below sea level, thereby
impacting coastal human population and land use, necessi-
tating the urgency for climate change adaptation strategies
[150-153]. Brown et al. [154] projected that by 2100, the
1- to 100-year flood plain area will increase from 540 x 10°
km? (in the year 2000) to 620 x 10* km? under the climate
change mitigation scenario and 740 x 10* km? under the
no-mitigation scenario. Agriculture in coastal areas will be
affected by SLR, which will decrease the amount of agricul-
tural land available and change the water and soil chemistry
of nearshore land [152, 155-157]. Many coastal areas of the
world likely to be affected by SLR already have the high-
est agricultural P surpluses [19, 158] and are likely to have
legacy P soils, which implies that these areas will dispro-
portionately lose more P under climate change scenarios.
MacDonald et al. [19] used available local, regional, and
global data on fertilizer, livestock, and crop harvest world-
wide to estimate global and regional agricultural P imbal-
ances and found the greatest P surpluses in coastal areas
(indicated by deep red colors in Fig. 2). If greenhouse gas
emissions remain high (IPCC scenario SSP3-7.0), projec-
tions of SLR by 2150 are 1-2 m for many coastal regions
with high P surpluses [159-161]. Using the Climate Central
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Coastal Risk Screening Tool [158] to visualize where land
would be submerged by 1.5-m SLR, there is a significant
overlap between P-saturated areas and SLR in many parts
of the world, such as the Eastern Shore of the Chesapeake
Bay in MD, USA, the Yellow Sea coast of China, and the
North Sea coast of the Netherlands. More detailed research
overlaying these data, in addition to soil P testing for valida-
tion, is critical to identify high-risk areas that are both high
in P and at risk for submersion in the future.

Influence of Saltwater Intrusion and Changed
Hydrology on P Release

Saltwater intrusion, often a precursor to tidal inundation,
occurs when salty water containing elevated concentrations
of cations (Na*, Ca®*, Mg?*, K*) and anions ( Cl-, SO,*~,
NO;7, PO43') moves inland, impacting estuaries and/or the
freshwater-saltwater interface in coastal aquifers [162—165].
Multiple drivers of SWI include SLR, storm and tidal size
and frequency, drought duration and frequency, water use,
and hydrologic connectivity [156, 166]. SWI increases ionic
strength, changes pH, and causes sulfidation of coastal
surface and groundwater in addition to changes in coastal
watersheds, including forest loss, species invasion, yield
declines, eutrophication, and marsh migration [156].
Agricultural P losses are affected by SWI in multiple ways
(Fig. 6). Saltwater increases the ionic strength of groundwa-
ter beneath farm fields and in nearby surface waters, which
may mobilize P as a part of the soil P (PO,>") is exchanged
with saltwater anions [166—168]. Additionally, the elevated
concentrations of base cations in groundwater from SWI
increase alkalization (and potentially pH). Saltwater gener-
ally has a higher pH than freshwater and high Ca carbonates,

Fig.6 A simplified visualiza-
tion of impacts of saltwater
intrusion (SWI), induced by
sea level rise (SLR), on P

in agricultural soils. Ions in
saltwater, particularly sulfate
(SO,*), can displace phosphate
(PO,*), bound with Al, Fe,
and Mn, increasing PO,*~ in
the solution. Other impacts of
SWI include changes in pH and
dispersion of aggregates

"

AR+ Mn2*+

Dispersion of aggregates
(caused by reduction of

Soil profile

which neutralize some soil acidity [169]. Increases in pH
can solubilize OM-Al-inorganic P complexes in acidic soils
[170]. However, some studies have shown that SWI can
decrease soil pH due to cation exchange between Na* and
H™ [171], so changes in pH would be variable depending on
the soil and cations present. Finally, chronic SWI can cause
sulfidation (i.e., an increase in sulfide) in soil and ground-
water, which can lead to soil P release [172]. In agricultural
soils, PO43 ~ is often bound to Fe, but sulfide from chronic
SWI can dissociate Fe from PO,>~, releasing PO,*~ into
the solution [156, 173]. Ditches and soils with groundwater
fluctuations may have fewer tightly bound P forms due to
changing redox, and recent research has demonstrated that
S0,?~ competes to displace PO,>~ in these soils [174].

Soil P mobilization may also be indirectly affected by
SWI. As more agricultural land is affected by SWI, crop
yield could be reduced in some fields, and some farmland
could be abandoned. As an alternative to field abandonment,
there may be a need to grow more salt-tolerant crops (e.g.,
soybeans or Sorghum) or potentially high biomass crops
(e.g., switchgrass or Miscanthus) [175]. Field abandonment
would decrease new P input, but P removal by using other
crops will be lower, resulting in more legacy P soils and
more P losses.

Evidence of the effects of SWI on soil nutrient release
has been documented in multiple studies [156, 167, 172,
176, 177]. Tully et al. [156] reported soil P gradients from
multiple SWI-impacted fields in MD, USA, by sampling
soil transects from the center of fields to ditches in three
farms with legacy P soils. Increases in soil P, electrical con-
ductivity, and concentrations of associated saltwater ions
were observed in all three fields in the direction of the ditch
banks, and soil P concentrations were two to three times

Increase in soil pH
(caused by saltwater
Fe & Mn) ions)

Sulfidation releases Fe- F

bound P Increased soil PO,*

ClF Na* Ca?* Mg®* K*

PO

8042- NO3- _PO43'

Sea water

Sea level rise
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higher in SWI-impacted abandoned field edges compared
to fields where crops were actively growing. Observations
of soil chemistry suggested that soil P was mobilized and
likely lost to receiving waters due to SWI and that agricul-
tural ditches served as conduits for saltwater. Furthermore,
SWI increased soluble P concentrations in soil porewater
from actively farmed intruded fields and surface waters
from adjacent agricultural ditches [172]. They attributed
elevated P in porewater and near-field surface water to total
dissolved Fe being too low to adequately buffer against P
loss to receiving waters.

Hydrologic changes in the soil driven by SWI may lead
to P release due to the flowing water and excessive satura-
tion of soils, leading to a reduced environment, where the
dispersion of aggregates due to the reduction of Fe and Mn
oxides could release P [68, 170]. In the UK, flooding of
two distinct soils (pH: 5.13 and 5.41, clay: 19 and 11%,
organic C: 3.65 and 1.08%, total P: 1283 and 883 mg kg~!,
respectively) under both drought and field-moist conditions
increased TDP loss, which coincided with a reduction in
redox potential and was attributed to dissolution of Fe and
Mn minerals [68].

Future research is needed to investigate the effects of
SWI on agricultural P mobilization in coastal environments
and determine the mechanisms responsible for altering the
fate and transport of P. Additionally, research is needed on
the effectiveness of potential interventions or strategies to
manage the effects of SWI on agricultural sustainability
and on incorporating SWI effects in watershed nutrient
loading models.

Modeling to Assess the Impact of Climate
Change Effects on P Loss

Models are a valuable tool to predict P losses (e.g., Table 1);
these models could be adapted to project future P loss under
climate change scenarios. A major question about using
models is the scale because many models are field-based,
even finer scale, or watershed scale. There would be trade-
offs in the scale and inputs required to accurately predict
how climate change effects may impact P loss.
Researchers have predicted climate change impacts
on nutrient transport to surface water using modeling at
regional scales, with mixed results on nutrient loading
[186—189]. In addition to the process-based SWAT model
[178], the SPAtially Referenced Regression of contaminant
transport On Watershed attributes (SPARROW) model is
used to predict nutrient fluxes to surface water by layer-
ing precipitation, land use, soil, and water flow data [179,
190]. The framework of SPARROW allows users to adjust
variables for regional conditions to improve the model to
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predict contaminant transport under regional conditions,
such as was done in the Lake Michigan watershed, USA
[88]. The model developed by Ockenden et al. [85¢] used
the Hydrological Predictions for the Environment (HYPE)
[180] and Data-Based Mechanistic (DBM) [181] models
to predict P losses. A spreadsheet-based model, Annual
P Loss Estimator (APLE), has been used to predict field-
scale soil P losses using inputs of runoff, erosion, and
management conditions [182]. Lychuk et al. [191] simu-
lated labile P losses under climate change using the Envi-
ronmental Policy Integrated Climate (EPIC) model to find
that reduced inputs and increased crop diversity may miti-
gate some P loss. Other commonly used models include
the INtegrated CAtchment model of phosphorus dynamics
(INCA-P) [184] and AGricultural Non-Point Source Pollu-
tion Model (AGNPS) [185]. Wellen et al. [192] reviewed
these most commonly used watershed-scale water quality
models and suggested a number of ideas to improve uncer-
tainties in the current framework.

A challenge in modeling the climate change effects is
that many of the variables included in the models have
sources of error that are difficult to reduce. Many con-
tradictory studies exist, and further research is needed to
improve the accuracy of models of P loss, which must
factor in the precipitation [193]. The impacts of aerosols
on cloud formation patterns, and therefore precipitation,
are still poorly understood. Some of the models consider
fertilizer use patterns and animal production to estimate
P loading in a region and, thus, assume a reduction in P
application will reduce P loss to water. Changes in land
use are also included in some models, which can greatly
change the outcome of the P loss prediction [194, 195], but
the impact of legacy P soil and the potential for continued
P losses must be considered in the land use or field man-
agement change impact. Impacts of legacy P, dependent on
land-use changes in the future, require additional research
to develop accurate models [196]. Recent research has
indicated that legacy P soils have the capacity to continue
contributing substantial amounts of soluble P, even without
further inputs of P [12, 20, 24, 197]. A major limitation to
the inclusion of legacy P into models is the lack of soil P
data for these soils. Recently, McDowell et al. [198] pub-
lished a framework for mapping P in soils on a global scale.
They found ~ 33,000 suitable soil analyses, cleaned from
a set of ~575,000 samples from topsoil around the globe,
which were then converted to Olsen P and used to predict
the P content of soils. While this is a good effort to compile
soil P data, many more soil samples need to be included to
improve the accuracy of the predictions, and scientists and
landowners from around the world should continue contrib-
uting data to this database or one similar. Models must also
be of increasingly high resolution, as noted by researchers
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in Ireland and Sweden who noticed significant differences
between catchments in relatively close proximity [64, 199].

Furthermore, we suggest enhancing future models by
highlighting additional P source and transport mechanisms,
including potential legacy P inputs and impacts of other cli-
matic effects, such as the increased temperature, eCO,, and
SLR. Ockenden et al. [85¢] developed a model using indices
to describe EP events and climate models with a focus on
Europe to predict management changes required to mitigate
the expected increased P loading. While this model serves
as a well-validated framework for catchments in the UK,
we suggest additional considerations may be incorporated
in climate change modeling of P loss to make it adaptable
to other regions or even a global scale.

Conservation Practices to Reduce P Losses
in the Context of Climate Change Effects

To mitigate the climate change effects on P mobilization in
soils and loss to waterways, there is a need to refine, develop,
and customize a suite of conservation practices. This may
involve identifying how the sources and transport pathways
of P loss will be altered under climate change scenarios,
which may allow the implementation of conservation prac-
tices to be cost-effective and successful at reducing P loss
from land to water. Conservation practices used to prevent P
loss to surface waters can be grouped into two broad catego-
ries: practices to control P in soils and practices to trap P at
the EOF [200e]. For example, control practices may include
reduced or no-till management and cover cropping, while
trap practices may include building or maintaining wetlands
or using vegetative buffers. In another way, the conservation
practices can be grouped into infield, EOF, and beyond-field
categories depending on the scale of implementation.
Infield practices such as nutrient management planning,
which provides guidance to farmers on correctly applying P
to meet crop needs and reduce losses, can help reduce both
P source and transport. Similarly, concepts such as the 4R
principles, which encourage strategies of proper rate, timing,
placement, and source, have generally improved fertilizer
application practices [201]. Maintaining soil P levels in the
optimum range for crop growth is the single most impor-
tant practice that can help farmers maximize crop yields
while minimizing P loss to waterways. The climate change
effects, such as increased air and soil temperature, have the
potential to affect soil P availability, so it is imperative to
conduct routine soil testing to ensure soil P levels remain
in the optimum threshold levels for crop growth. Compli-
cations can arise in legacy P soils, which continue to lose
P to waterways, even with proper P fertilizer management,
leading to persistent dead zones in vulnerable water bod-
ies like the Chesapeake Bay [202, 203]. Climate change
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will also impact the effectiveness of the 4R practices. For
example, the timing of application could be more difficult to
determine due to unpredictable extreme weather, and rates
could be challenging to determine due to unpredictable yield
impacts. Another infield practice, cover cropping, is effec-
tive at reducing erosion, and thus PP loss, but can result in
high DP loss. Conservation tillage can be useful in mixing
freshly applied fertilizer and manures with the plow layer,
so EP does not lead to as much incidental P loss. Innovative
conservation practices are needed to address legacy P soils
impacted by SWI. More research is needed to identify salt-
tolerant and flood-tolerant crop species that may be able
to use more labile P in these conditions in addition to P
removal in the biomass.

In the absence of a regulatory framework, farmers have
little, if any, incentive to use their resources to implement
conservation practices beyond infield. Therefore, some cost-
share assistance from state and federal agencies and non-
profits will be critical to ensure that any P that has been
transported from the field and is on the way to downstream
water bodies can be trapped. Several EOF practices exist,
such as wetlands, bioretention ponds, buffer zones, and grass
waterways. These practices aim to temporarily store runoff
water or slow runoff water to increase the residence time of
flowing waters, providing more opportunities for DP and PP
to percolate through the soil, where P may be captured rather
than running directly into the surface waters [204]. It is
important to consider that some conservation practices used
to reduce erosion and PP may have trade-offs of increas-
ing soluble P or N losses [205, 206]. Subsurface flow is of
particular concern in areas where the water table is shal-
low and may be exacerbated by artificial drainage. Various
in-stream and end-of-tile treatments, such as flow-through
cartridges made with natural materials (e.g., gypsum) or
industrial by-products (e.g., blast furnace slag), have been
tested to remove P from drainage water before it reaches sur-
face water [207]. Depending on the filter material, cartridges
eventually become saturated with P and must be disposed
of through land application or other means. Some research
is being done on biofiltration using various substrates and
even periphytic biofilms, which use a synergistic relation-
ship between algae and bacteria to filter nutrients at the field
scale [208]. The benefit of these systems is that the algae and
bacteria could be harvested to be used as an organic fertilizer
or in the biofuel industry if sufficient processing facilities
and markets are available.

One of the major drawbacks of many EOF practices is
EP, which overwhelms the system with water, leading to
bypassing water from the conservation practices, as these
high-flow events are the greatest contributors to P losses to
surface waters. Thus, under future climate change—induced
EP scenarios, conservation practices aimed at reducing P
losses during high-flow events should be explored, such as
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containment basins for runoff and high-volume filtration
adjustments. The last opportunity to mitigate P that has
escaped infield and EOF practices is implementing practices
downstream of several fields, such as riparian forest buff-
ers, which can slow down the running waters and trap P. As
many of these downstream areas may be impacted by SWI
in coastal areas, other interventions need to be explored.

In summary, a holistic approach involving a suite or
stacking of conservation practices is required to reduce P
loss to waterways, which takes into account management
decisions along the flow pathways from infield, EOF, and
beyond the field. Site-specific conservation practices need to
be researched and implemented based on the most impactful
drivers of P loss. Also, new practices need to be developed
that can withstand the impacts of climate change where tra-
ditional practices have decreased in effectiveness of captur-
ing lost P. By this, we mean that climate change effects may
lead to a variable risk to P sources and transport pathways
depending on the location. Hence, mitigation efforts should
focus on the most relevant impacts for a particular area. Mul-
tiple stages of treatment may be necessary to trap PP but also
remove DP in a way that does not become a future source
for P loss once saturated with P. Importantly, the varied suc-
cess and failure of these practices due to extreme weather
and other climate change impacts highlight that P transport
pathways can be challenging to control, predict, and manage
to reduce P loss in agricultural watersheds [200e].

Knowledge Gaps, Future Directions,
and Conclusions

This review examined individual effects of climate change
to understand the breadth of impacts to be included in
future predictions of P loss. More research on the combined
climate change effects on P loss is necessary because the
effects of climate change will occur simultaneously. Cur-
rently, literature is limited to many of the effects individu-
ally. For example, the effects on the microbial community
and resulting P loss due to combined climate change effects
are minimally studied at this time. In the future, researchers
should document how the combination of effects associated
with climate change (i.e., EP, increasing temperature, eCO,,
and SWI) may impact P mobility and loss in soils. This
review is informed by the fact that the increased availability
of the P source combined with increased transport potential
lead to greater P losses in many scenarios. This assump-
tion has been historically validated and is used to manage P
from agricultural fields [38]. However, the complexities of
climate change may warrant more specific research at the
soil-water interface to predict the magnitude of P loss with
varying source, mobilization, and transport mechanisms, as

also suggested by Forber et al. [39]. The give-and-take of
outcomes from the effects in this review calls for targeted
research in both P-deficient and P-sufficient agricultural
regions. For example, eCO, and temperature may lead to
increased plant biomass, which will require more P uptake,
yet EP and periods of drought could lead to diminished crop
production and leave soil vulnerable to P losses. Improved
modeling of these complex situations or scenarios is a chal-
lenge but may become more attainable with advancements
in technology. The contribution of legacy P soils to P loss is
underrepresented in models and must be included to effec-
tively assess and target high-risk areas prone to P loss. This
data should be combined with models that predict transport
potential to identify critical source areas. Identification of
these critical source areas will improve the prediction of
climate change impacts on P loss and remediation strategies
to be developed and implemented more effectively.
Site-specific research on developing and refining conser-
vation practices to reduce P losses is needed to address the
climate change effects on P losses. Development of drought
and flood resistant crops that will successfully grow in mar-
ginal land to mitigate P loss is crucial in watersheds with leg-
acy P reservoirs. Researchers should use new innovations in
technology and in-situ sensors to understand the mechanistic
drivers of P loss and develop solutions to curb P and other
contaminants transported from land to water. Current limita-
tions of P removal materials (e.g., water treatment residuals,
slag, or gypsum) that have P binding sites (such as Fe and
Al) include P saturation over time and becoming a P source
if not well-maintained. In many cases, it is not cost-effective
to place P removal filters at the EOF, which means good
stewardship and front-end infield nutrient management prac-
tices should be targeted. Also, P removal filters to treat sub-
surface flow or concentrated flow pathways, such as end-of-
tile or ditch filters, may have diminished effectiveness in the
future, as EP may lead to increased P transport in overland
flow than subsurface pathways [209]. Researchers should
identify, develop, and use easily accessible and affordable
soil amendments that allow P to be released slowly in legacy
P soils without introducing problematic amounts of metals
or harming crop growth. Much research has been done using
water treatment residuals, biochar, magnesium sulfate, and
others, but well-calibrated rates to reduce P runoff do not
exist at the time, and considerations of P availability to crops
are required when using these P-immobilizing amendments.
More work is needed to understand the microbial drivers that
impact P availability, how that translates to P transport, and
how this may be impacted by climate change. Document-
ing changes in P-solubilizing microbes in soil and how they
impact P availability and potential transport under varying
climate change conditions is warranted. Microbes could also
be used as a biofilter, which is already being researched;
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however, the exploration of additional microbial processes
and chemical methods that immobilize P could lead to new
discoveries and solutions to manage P in soils.

We conclude that P in soils will be impacted by cli-
mate change effects and P losses from the soils will likely
increase globally; however, some regions may experience
the opposite effect. A clear understanding of the contribu-
tion of agricultural soil P to surface water pollution in a
changing climate will require experts from varying fields,
encompassing soil, water, climate, agronomy, microbiol-
ogy, GIS, data science, and more. While research is needed
to find detailed outcomes of P loss as the climate changes,
improvements can be made to existing models using the
ideas outlined in this review. With EP, we conclude that
more intense and higher volume storms will increase both
DP and PP losses. The unpredictability of EP will lead to
more incidental P losses after manure or fertilizer applica-
tions, and the impacts of EP after drought or fires need to
be considered. The impacts of EP will be compounded in
legacy P soils. When considering increased temperature,
changes in above and belowground biomass production,
increased ET, and changes in microbial communities and
their P scavenging or cycling behavior need to be explored
and included in projections. The implications of eCO, are
similar regarding biomass production and microbial impacts.
Finally, SLR must be considered not only due to chemical
impacts as ions in seawater interact with soil P and release
P to the solution but also due to the changing hydrology of
the landscape. Regions with legacy P soils that will collide
with a rising sea are of particular importance. We call on
the research community to improve the predictions of agri-
cultural P losses and develop the best mitigation strategies
to reduce P loss from land to water to keep P in soils and
reduce impairment of downstream waters.
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unreactive phosphorus; eCO,: Elevated atmospheric carbon dioxide;
EOF: Edge-of-the-field; EP: Extreme precipitation; EPIC: Environ-
mental Policy Integrated Climate model; ET: Evapotranspiration;
FTCs: Freeze-thaw cycles; HYPE: Hydrological Predictors for the
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