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Abstract Legacy phosphorus (P) accumulated in

watersheds from excessive historical P inputs is

recognized as an important component of water

pollution control and sustainable P management in

watersheds worldwide. However, little is known about

how watershed P buffering capacity responds to

legacy P pressures over time and how long it takes

for riverine P concentrations to recover to a target

level, especially in developing countries. This study

examined long-term (1960–2010) accumulated legacy

P stock, P buffering capacity and riverine TP flux

dynamics to predict riverine P-reduction recovery

times in the Yongan watershed of eastern China. Due

to a growing legacy P stock coupled with changes in

land use and climate, estimated short- and long-term

buffering metrics (i.e., watershed ability to retain

current year and historically accumulated surplus P,

respectively) decreased by 65% and 36%, respec-

tively, resulting in a 15-fold increase of riverine P flux

between 1980 and 2010. An empirical model incor-

porating accumulated legacy P stock and annual

precipitation was developed (R2 = 0.99) and used to

estimate a critical legacy P stock of 22.2 ton P km-2

(95% CI 19.4–25.3 ton P km-2) that would prevent

exceedance of a target riverine TP concentration of

0.05 mg P L-1. Using an exponential decay model, the

recovery time for depleting the estimated legacy P

stock in 2010 (29.3 ton P km-2) to the critical level

(22.2 ton P km-2) via riverine flux was 456 years

(95% CI 353–560 years), 159 years (95% CI

57–262 years) and 318 years (95% CI 238–400 years)

under scenarios of a 4% reduction in annual P inputs,

total cessation of P inputs, and 4% reduction of annual

P inputs with a 10% increase in average annual

precipitation, respectively. Given the lower P buffer-

ing capacity and lengthening recovery time, strategies

to reduce P inputs and utilize soil legacy P for crop

production are necessary to effectively control river-

ine P pollution and conserve global rock P resources.

A long-term perspective that incorporates both con-

temporary and historical information is required for

developing sustainable P management strategies to

optimize both agronomic and environmental benefits

at the watershed scale.
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Introduction

Phosphorus (P) is an essential element for all forms of

life on earth and plays an important role in global

agricultural production (Jarvie et al. 2014; Withers

et al. 2014). Anthropogenic P addition, which is

critical for producing food, fiber, and bioenergy to

meet the needs of a rapidly increasing global popu-

lation, has led to massive changes in the P cycle at both

local and global scales (MacDonald et al. 2011;

Powers et al. 2016). In many watersheds, anthro-

pogenic P inputs have greatly exceeded P uptake by

crop and animal products, which increases P transfer

to surface waters where it may lead to eutrophication,

hypoxia and coastal dead zones (Carpenter 2008;

Conley et al. 2009; Vitousek et al. 2010; Howarth et al.

2011). Given rising food demands by an increasing

population and shortages of rock P reserves, sustain-

able P management strategies for optimizing both

agronomic and environmental benefits are a critical

global concern (Chen et al. 2018).

Due to the inherent lithophilic properties of P (i.e.,

P is subject to sorption or coprecipitation), excess P

has a propensity to accumulate in soils and sediments

(Goyette et al. 2018; Chen et al. 2018). The accumu-

lated P increases P transfers along the land–freshwater

continuum, causing a considerable lag time between

anthropogenic P inputs and P delivery to surface

waters (Kleinman et al. 2011; Goyette et al. 2018). For

example, global P accumulated in croplands was 815

Tg P between 1965 and 2007 (Sattari et al. 2012),

which was * 40-fold higher than applied P fertilizer

in 2012 (20.3 Tg P year-1). Such accumulated

anthropogenic P over time, known as legacy P, can

be remobilized or recycled by changes in land

management and climate (Meals et al. 2010; Sharpley

et al. 2013) or landscape P saturation after long-term

additions of excessive P levels (Kleinman et al. 2011).

Increasing evidence indicates that legacy nutrient

sources can contribute considerable fluxes of P (Jarvie

et al. 2013; Haygarth et al. 2014; Chen et al. 2015a)

and nitrogen (Van Meter and Basu 2017; Kolbe et al.

2019; Pinay et al. 2018) to downstream waterbodies.

These legacy nutrient sources can delay water quality

recovery for decades or even centuries after cessation

of new nutrient inputs (Carpenter 2005; Sharpley et al.

2013; Van Meter and Basu 2017).

Previous studies posit that legacy P stocks are

mainly regulated by watershed P buffering capacity,

i.e., the ability of a watershed to modulate P flux to

downstream waters by retaining excess P within

watersheds and modulating P release to receiving

waters (Doody et al. 2016; Kusmer et al. 2018;

Withers et al. 2018). P buffering capacity is influenced

by soil factors (e.g., soil P content, texture, chemistry

and mineralogy, Kleinman et al. 2011), hydrological

factors (e.g., hydrologic flowpaths, water yield and

baseflow index, Kusmer et al. 2018), landscape factors

(e.g., topography, land use/land cover, Qiu and Turner

2015), and human and management factors (e.g.,

artificial soil drainage, river channelization and ripar-

ian zone management, Reed and Carpenter 2002;

Gentry et al. 2007). Although watershed P buffering

capacity is gaining increased attention in developed

nations (Abbott et al. 2018; Gu et al. 2019), there is a

lack of information concerning P buffering capacity

and legacy P dynamics for watersheds in developing

nations. Compared to decreasing P inputs commonly

observed in watersheds of developed nations, large net

P accumulations are more frequently reported in

developing nations due to the rapidly increasing use

of P fertilizer in recent decades (Haygarth et al. 2014;

Jiang and Yuan 2015; Powers et al. 2016; Chen et al.

2018). Therefore, it is highly warranted to examine

long-term legacy P stocks and riverine P flux dynam-

ics as mediated by P buffering capacity to achieve P

balance in developing countries and avoid/remediate

persistent P water pollution issues commonly occur-

ring in developed countries (Sharpley et al. 2013;

Chen et al. 2018).

Based on the long-term quantitative relationship

between legacy P stocks and riverine P flux data

accumulated over 110 years in 23 watersheds of the St

Lawrence Basin, Goyette et al. (2018) quantified the

legacy P stock threshold (beyond which small incre-

ments in P accumulation result in large increases in P

delivery to surface waters) and predicted the time lag

involved in a return to baseline conditions if anthro-

pogenic P inputs ceased. However, this approach has

not been extensively applied due to the lack of long-

term records for P inputs and riverine transport in

many regions. Importantly, in practice it is not
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necessary to reduce legacy P stocks and control P

levels in surface waters to natural background levels in

intensively-managed watersheds. For example, it is

also necessary to maintain soil P levels within an

optimum range for producing high crop yields

(Sharpley et al. 2013; Rowe et al. 2016). Referring

to common water pollution control plans, i.e., total

maximum daily load (TMDL) (USEPA 2006), the

management goal is to determine the critical legacy P

stock that provides attainment of water quality stan-

dards and to predict how long it will take for

the contemporary legacy stock to return to this critical

level. Such information allows watershed managers to

formulate quantitative targets and schedules for P

management plans through regulating source P inputs

and legacy P stocks to achieve a target riverine P

concentration.

This study examined long-term (1960–2010) accu-

mulated legacy P stocks, P buffering capacity and

riverine TP flux dynamics in the Yongan watershed of

eastern China. The Yongan watershed is a typical

watershed in eastern China, where watersheds gener-

ally have small to medium drainage areas (e.g.,

100–10,000 km2) with sub-tropical climate and highly

weathered and acidic soils (Oxisols and Ultisols), and

have experienced rapid population growth and eco-

nomic development in recent decades (Chen et al.

2015a, 2016). By integrating the net anthropogenic P

input approach (Russell et al. 2008) with long- and

short-term buffering indexes (Kusmer et al. 2018), we

examined changes in the long-term watershed P

buffering capacity and its response to changes in land

use/land cover and climate. A new model that

incorporates accumulated legacy P stocks and annual

precipitation was then developed to estimate the

critical legacy P stock threshold necessary to achieve

a targeted water quality standard. Finally, an expo-

nential decay model was formulated to predict the

time required for depletion of the accumulated legacy

P stock via riverine export to meet target riverine P

concentration objectives. This is the first attempt to

provide a quantitative assessment of long-term P

buffering and legacy P stock dynamics at the water-

shed scale for management practices typical of

developing countries.

Materials and methods

Watershed characteristics

The Yongan watershed (120.23–121.01�E and

28.47–29.04�N; elevation * 15–1000 m above mean

sea level) is located in eastern Zhejiang Province,

China (Fig. 1). The Yongan River is the third largest

river of Zhejiang Province and flows into Taizhou

Estuary and the East China Sea, a coastal area that

commonly experiences hypoxia (Gao and Zhang

2010). The river drains a total area of 2474 km2 and

has an average annual water depth of 5.42 m and

discharge of 72.9 m3 s-1 at the sampling location.

Climate is subtropical monsoon having an average

annual temperature of 17.4 �C and average annual

precipitation of 1400 mm. Rainfall mainly occurs in

May–September (* 62% of annual precipitation)

with a typhoon season in July–September, while

winter (December–February) is a major dry season

(* 12%). Although no significant trends in annual

precipitation amount or average river discharge

occurred over the 1980–2010 period, this watershed

experienced a * 90% increase in the number of

annual storm events ([ 50 mm per 24 h, Chen et al.

2015a, 2016).

Agricultural land (including paddy field, garden

plot, and dryland) averaged * 12% of total watershed

area in 1960–2010, with developed land (including

rural and urban residential lands, roads, mining and

industry), woodlands, and natural lands (including

waterbodies, swamp, rock, and natural conservation

land) contributing * 3%, * 67%, and * 18%,

respectively (Table 1). The watershed is dominated

by highly weathered and acidic soils, i.e., Oxisols and

Ultisols (Chen et al. 2015a). The economic role of

agriculture has been increasingly replaced by industry

since the 1990s, resulting in a large reduction in

chemical P fertilizer application (* 38%) and culti-

vated crop area (* 20%) since 2000 (Table 1). In

1960, 96% of animal and human solid waste was

recycled on agricultural lands; this figure declined to

10% in 2010 (Agricultural Bureau of Xianju County

2011). Agricultural land area irrigated and drained

with cement channels and pipes decreased between

1960 and 1980 due to damage, while rose by 91%

since 1980 due to renovating and rebuilding. Total

population within the watershed increased from

* 380,000 (97% rural and 3% urban) in 1960
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to * 740,000 (89% rural and 11% urban) in 2010.

Over the 51-year study period, domestic livestock

production (pig, cow, sheep, and rabbit) increased

* 160% during 1960–1980 and decreased * 40%

Fig. 1 Land use/land cover in the Yongan watershed with the water quality sampling site and three weather stations designated. (Color

figure online)

Table 1 Characteristics of land-use distribution, population, domestic animal, and waste management for the Yongan watershed

over the 1960–2010 period

Periods 1960s 1970s 1980s 1990s 2000s

Precipitation (mm year-1) 1342 1411 1387 1403 1418

Water discharge (m3 s-1) 67.2 72.4 78.3 72.8 70.0

Agricultural land (%) 12 11 11 11 13

Residential land (%) 2 2 2 3 3

Forest (%) 68 68 68 68 67

Barren land (%) 18 19 18 18 17

Annual area planted to crops (km2) 598 671 637 601 470

Percentage of agricultural lands with improved drainage (%, e.g., with cement channels

and pipes)

30% 25% 19% 18% 29%

Population density (capita km-2) 171 222 248 266 289

Livestock density (capita km–2) 38 63 100 86 62

Poultry density (capita km–2) 13 43 128 226 336

Freshwater aquaculture porduction (ton year-1) 1.6 2.2 3.2 13.1 26.8

Recycled animal excreta to croplands (%) 98 97 95 75 57

Recycled rural/urban human excreta to croplands (%) 95/90 93/85 90/80 65/40 25/10

Drained agricultural land area percentage (%) 12 15 19 18 29

The number of each type of livestock and poultry is converted into the number of pigs and chickens according to their phosphorus

excretion rates as shown in Chen et al. (2016). All values are the average for each time period
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during 1980–2010, while poultry production (chicken

and duck) rose 4.8-fold, and freshwater aquaculture

production (fish and shrimp) increased 11.7-fold

(Table 1).

Net anthropogenic P input (NAPI) estimation

and uncertainty analysis

Net anthropogenic P input (NAPI) is a simple yet

powerful budget approach to evaluate net P inputs

from anthropogenic sources to terrestrial ecosystems

(Russell et al. 2008; Han et al. 2013). In general, NAPI

(kg P km-2 year-1) is calculated as the sum of five

major components: atmospheric P deposition (APD),

chemical fertilizer P application (CF), non-food input

(NFI, e.g., detergent P), seed input (SI), and net food/

feed input (NFFI):

NAPI ¼ CF þ APDþ NFI þ SI þ NFFI ð1Þ

Considering the inherent difference in P retention and

P delivery efficiencies and pathways between agricul-

tural lands and residential lands, Chen et al. (2016)

further divided NAPI into separate P budgets for

agricultural (NAPIA) and residential (NAPIR)

systems:

NAPI ¼ NAPIA þ NAPIR ð2Þ

where NAPI is the sum of NAPIA and NAPIR. NAPIA

was calculated as the sum of atmospheric deposition,

fertilizer application (including chemical and manure

fertilizers), and seed P input minus the sum of crop

production P and P in residue used for feed (Chen et al.

2016). NAPIR was calculated as the sum of human and

livestock P consumption minus the sum of P contained

in livestock production and human/livestock excre-

ment applied to croplands as manure fertilizer (Chen

et al. 2016). Detailed descriptions of individual P

sources and sinks as well as the parameters used in

estimating NAPIA and NAPIR are available in Chen

et al. (2015a, 2016).

In this study, NAPI, NAPIA and NAPIR were

estimated for the period 1960–2010. Data for P

sources and sinks used to determine P budgets, land-

use, domestic waste treatment, and recycled animal/

human waste for fertilizing croplands were derived

from annual local statistics yearbooks and an inves-

tigation of rural ecological and environment quality

conducted by the local agricultural bureau

(Agricultural Bureau of Xianju County 2011). To

gain insight into the uncertainty of NAPIA and NAPIR

estimates, an uncertainty analysis was performed

using Monte Carlo simulation. Due to the limited

number of parameter values available in the literature

for NAPIA and NAPIR estimations, it is difficult to

directly determine the probability distribution type

and statistical characteristics (i.e., mean and standard

deviation) for each parameter. In performing the

Monte Carlo simulation for this study, we assumed

that all parameters used in NAPIA and NAPIR

estimates followed a normal distribution with a

coefficient of variation of 30% for each parameter,

an approached that has been applied in watershed

nutrient budgeting studies conducted in nearby regions

(Yan et al. 2011; Ti et al. 2012). A total of 10,000

Monte Carlo simulations were performed to obtain the

mean and 95% confidence interval for annual NAPIA

and NAPIR.

Annual accumulated legacy P stock was estimated

as the sum of accumulated NAPI between 1960 and

the year of interest minus the sum of riverine P export

flux between 1960 and 1 year before the year of

interest:

APi ¼
Xn

i¼1960

ðNAPIi � Fi�1Þ ð3Þ

where APi is accumulated legacy P stock in the year of

interest (kg P km-2) and Fi-1 is riverine TP flux in the

year before the year of interest. It should be pointed

out that accumulated legacy P stock did not include

total P losses to surface waters before 1980. Therefore,

the final accumulated legacy P stock in 2010 was

estimated as the sum of accumulated NAPI since 1960

minus the sum of total riverine P flux since 1980.

Based on riverine P loads in the early 1980s (* 10 kg

P km-2 year-1), we assume that the legacy P stock was

overestimated by no more than 200 kg P km-2

or\ 1% of the calculated legacy P for the study

period.

Riverine TP export flux estimates

Daily discharge and river water quality data were not

available for the Yongan watershed before 1979,

which is common for many rivers in China. Over the

1980–2010 period, water samples (n = 183) were

collected once every 4 to 8 weeks at the watershed
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outlet (Fig. 1). Data for river TP concentration (mea-

sured in non-filtered water samples following persul-

fate digestion using the ammonium molybdate

spectrophotometric method, Chen et al. 2015a) and

daily discharge were obtained from the local Envi-

ronmental Protection Bureau and Hydrology Bureau,

respectively. To determine whether the daily dis-

charge and TP load time series data were stationary

through time, the Augmented Dickey–Fuller Test

method was adopted (Hamilton 1994). Results showed

that both daily discharge (- 29.65) and TP load

(- 12.7) time series data were lower than the 1% test

critical values (- 3.44 for sampling number[ 500,

- 3.51 for sampling number[ 100, Sjö 2008), indi-

cating the stationarity of these time series data. To

estimate annual TP flux based on the discrete TP

concentrations for each sampling site, the LOADEST

model (Runkel et al. 2004) was applied for predicting

daily TP flux, resulting in a high R2 value (R2 = 0.78,

p\ 0.001) and Nash–Sutcliffe efficiency coefficient

(NSE = 0.78) between measured and estimated values

(Chen et al. 2015a, 2016). To verify the reliability of

estimated riverine TP load and further evaluate the

assumption of stationarity of these time series data, the

LOADEST model was independently applied to three

separate time segments (1980–1989, 1990–1999 and

2000–2010). Although the predicting accuracies for

1980–1989 (R2 = 0.90, NSE = 0.86), 1990–1999

(R2 = 0.89, NSE = 0.89) and 2000–2010 (R2 = 0.88,

NSE = 0.88) improved, the daily TP loads predicted

for the three discharge time periods were highly

consistent to that of the entire time series (R2 = 0.98,

NSE = 0.98) with a relative error of ± 10% for

annual riverine TP loads. These results indicate that

the established LOADEST model is reasonable for

estimating daily TP loads in the Yongan watershed.

Using the calibrated LOADEST model, daily riverine

TP concentration was predicted using daily river

discharge to calculate daily TP loads that were

summed to determine the annual riverine TP load.

Annual TP flux (kg P km-2 year-1) was determined by

dividing the annual TP load by the watershed area.

Annual volume-weighted TP concentration was esti-

mated as the ratio between annual load and total river

discharge (Voss et al. 2006).

Watershed P buffering capacity estimates

To examine changes in P buffering capacity for the

Yongan watershed over time, this study adopted the

short-term buffering index (SBI) and long-term

buffering index (LBI) proposed by Kusmer et al.

(2018). SBI was calculated as the difference between

annual NAPI and annual riverine P flux for the

corresponding year:

SBI¼1 � logðRiverine TP flux Þ
logðannual NAPIÞ ð4Þ

The LBI was calculated as the difference between

accumulated NAPI (between 1960 and the year of

interest) and riverine P flux in the year of interest:

LBI¼1 � logðRiverine TP flux Þ
logðcumulative NAPI Þ ð5Þ

SBI and LBI represent the capacity of the watershed to

retain recently applied P and the historically accumu-

lated surplus P, respectively. These two metrics are

very similar to the inverse of the fractional P export

(i.e., proportion of NAPI exported by rivers) of annual

NAPI and multi-year average NAPI by rivers, respec-

tively, which have been utilized in previous studies

(Hong et al. 2012; Goyette et al. 2016).

The significance of all regression analyses in this

study was determined by F-Test using SPSS statistical

software (version 17.0, SPSS, Chicago, IL, USA). The

best regression forms (e.g., linear, exponential, power

functions) were determined according to the best

goodness-of-fit with NSE and R2 values.

Results and discussion

Watershed P accumulation and riverine P export

flux

In the Yongan watershed, annual NAPI rapidly

increased from 129.8 kg P km-2 year-1 in 1960 to

927.1 kg P km-2 year-1 in 2000 (Fig. 2a), followed

by a 16% decline to 781.2 kg P ha-1 year-1 in 2010.

Consistent with previous studies (Russell et al. 2008;

Han et al. 2011; Hong et al. 2012), annual NAPI was

positively related to population density (R2 = 0.90,

p\ 0.01), agricultural land area percentage

(R2 = 0.36, p\ 0.01), and developed land area
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percentage (R2 = 0.89, p\ 0.01), while it was nega-

tively related to forest area percentage (R2 = 0.58,

p\ 0.01) over the 1960–2010 period for the entire

watershed. Considering the high percentage of forest

and natural lands ([ 70%, Table 1), estimated NAPI

was comparable with the average NAPI estimated for

Zhejiang Province, China (i.e., 714–972 kg P km-2

year-1 in 1981–2009; Han et al. 2013). However,

estimated average NAPI (595.7 kg P km-2 year-1 in

1960–2010) in Yongan watershed was higher than

average NAPI reported for mainland of China

(* 465 kg P km-2 year-1 in 2009, Han et al. 2014),

US watersheds (* 463 kg P km-2 year-1 in 2007,

Han et al. 2012), Baltic Sea watersheds (* 250 kg P

km-2 year-1 in 1900–2013, McCrackin et al. 2018),

and St. Lawrence Basin (* 230 kg P km-2 year-1 in

2011, Goyette et al. 2016). In terms of NAPI

components for the Yongan watershed, the percentage

added to agricultural land (NAPIA) decreased from

* 80 in 1960 to * 43% in 2010, with that added to

residential land (NAPIR) increasing from * 20 to

* 57% during the 1960–2010 period. Annual NAPIA

increased 4.0-fold in 1960–2000 and declined 38%

over the 2000–2010 period. Annual NAPIR steadily

rose to produce a 43.3-fold increase over the 51-year

study period due to a 4.6-fold increase in net food and

feed P input and a 150.7-fold increase in non-food P

input, as well as an 88% decline in recycled animal/

human waste for fertilizing croplands (Table 1).

Over the 1980–2010 period, annual riverine TP flux

at the watershed outlet continuously increased by

15-fold on average from 5.71 kg P km-2 year-1

(0.01 mg P L-1) in 1980 to 145.3 kg P km-2 year-1 in

2010 (0.15 mg P L–1, Fig. 2b). Since 1998, the river

has exceeded the critical concentration of 0.05 mg P

L–1 that has been established as the maximum annual

average concentration to reduce the risk of excessive

algal growth (Li et al. 2010). Although the riverine TP

flux showed a significant positive relationship with

annual NAPI (Fig. 3a), riverine TP flux increased

more rapidly than NAPI in 1980–2010 (15.0-fold vs.

1.7-fold increase). Furthermore, the positive relation-

ship between riverine TP flux and NAPI became

stronger when the annual NAPI was replaced with the

accumulated NAPI (R2 = 0.42 vs. R2 = 0.94, Fig. 3).

The riverine TP flux also showed a significant positive

relationship with precipitation (R2 = 0.15, p\ 0.01),

number of storm events ([ 50 mm per 24 h,

R2 = 0.32, p\ 0.01), drained agricultural land per-

centage (R2 = 0.48, p\ 0.01), and developed land

percentage (R2 = 0.45, p\ 0.01). Increases of these

influencing factors enhance P transport efficiency

from watershed landscapes to rivers via enhanced soil

runoff/erosion and sediment transport as well as direct

wastewater discharge, decreased water residence time,

increased P leaching, and decreased stream sedimen-

tation (Borbor-Cordova et al. 2006; Hong et al. 2012;

Morse and Wollheim 2014; Chen et al. 2016).

In 1980–2010, annual NAPI largely exceeded

riverine P fluxes (Fig. 2), implying that a considerable

fraction of annual NAPI was accumulated in water-

shed landscapes. This gap in the P balance represents P

inputs that are buffered by watershed processes for

short to long time periods. Estimated net accumulated

NAPI (after riverine P flux was deducted) increased by

306-fold on average from 129.8 kg P km-2 (95% CI

118.1–141.7 kg P km-2) in 1960 to 29,258 kg P km-2

(95% CI 27,467–30,449 kg P km-2) in 2010 (Fig. 2a),

suggesting that[ 90% of annual NAPI accumulated
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Fig. 2 Historical trends in net anthropogenic phosphorus inputs

to entire watershed (NAPI), agricultural land (NAPIA), residen-

tial (NAPIR) land, and accumulated legacy P stock (a); riverine

TP flux and concentration (b) in the Yongan watershed over the

period 1980–2010. Error bars denote the 95% confidence

intervals for NAPI and accumulated legacy P stock from Monte

Carlo simulations
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as legacy P in the watershed. Estimated average

accumulated NAPI in the Yongan watershed

(* 573.7 kg P km-2 year-1 in 1960–2010) is higher

than that observed in the Thames River watershed

(* 290 kg P km-2 year-1 in 1936–2010, Powers

et al. 2016), Maumee River watershed (* 430 kg P

km-2 year-1 in 1976–2010, Powers et al. 2016), Baltic

Sea watershed (* 230 kg P km-2 year-1 in

1900–2013, McCrackin et al. 2018) and St. Lawrence

Basin (* 220 kg P km-2 year-1 in 1901–2011,

Goyette et al. 2018). A previous analysis indicated

that average TP content in the upper 20 cm of

agricultural soils increased 2.0-fold between 1984

and 2009 in the Yongan watershed, resulting in a net P

accumulation of * 8700 kg P km-2 year-1 (Chen

et al. 2016), which accounted for 42% of total NAPI

and 91% of total NAPIA between 1984 and 2009.

Phosphorus storage in wetlands, riparian buffers,

residential soils, and sediments are likely sinks for

the remaining accumulated NAPI (Chen et al. 2015a).

In the Yongan watershed, accumulated legacy P stocks

explained a greater fraction of the annual riverine TP

flux variability than the year-by-year series (Fig. 3).

Furthermore, riverine TP fluxes continuously

increased in spite of a decline in NAPI between

2000 and 2010 (Fig. 2). These results imply a

considerable contribution of legacy P sources as well

as an increased fractional export of P inputs to rivers

corresponding to decreased buffering capacity over

time (Jarvie et al. 2014; Sharpley et al. 2013; Kusmer

et al. 2018).

Watershed P buffering capacity dynamics

In the Yongan watershed, the long-term P buffering

index (LBI) showed a progressive decrease of 36%

from 0.80 in 1980 to 0.52 in 2010 (Fig. 4). In

comparison, the short-term P buffering index (SBI)

decreased more rapidly showing an overall decline of

65% from 0.72 in 1980 to 0.25 in 2010. The SBI value

is an indication of the short-term trapping/retention

ability of recently applied P within the watershed,

while the LBI value reflects the capacity of the

watershed to retain historically accumulated surplus P

(Kusmer et al. 2018). The LBI was higher than SBI

(Fig. 4), potentially highlighting stronger retention by

biophysical storage mechanisms for LBI compared to

physical storage mechanisms for SBI (Kusmer et al.

2018). From a long-term perspective, surplus anthro-

pogenic P experiences a range of transport and

transformation processes over time and space that
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result in the potential for longer term retention in

biomass (i.e., wetlands and riparian buffers), deeper

soil layers, and groundwater reservoirs (Chen et al.

2018). With respect to short-term (within 1 year)

buffering processes, transport and transformation of

excess P is expected to be mainly regulated by surface

terrestrial attributes (i.e., vegetation status) related

primarily to runoff/erosion/deposition dynamics (Kus-

mer et al. 2018). Declining trends for both LBI and

SBI were primarily related to the increasing accumu-

lated legacy P stock, and changes in land use and

hydroclimate (Table 2, Doody et al. 2016; Kusmer

et al. 2018).

Decreased SBI and LBI were associated with

increasing accumulated legacy P stock and NAPI

(Table 2), implying a progressive P saturation of the

watershed with increasing P retained and added

(Kusmer et al. 2018; Goyette et al. 2018). In addition,

SBI and LBI values both tended to increase as forest

and natural land areas increased. Previous studies

found forest and natural lands (i.e., water surface,

wetlands, and natural conservation lands) to be

important landscapes for retaining P via biological,

chemical and physical processes (Jiang and Yuan

2015; Cui et al. 2015). In contrast, both SBI and LBI

decreased as developed land area increased. Expand-

ing developed land area decreases P retention capacity

and enhances flushing (i.e., runoff/erosion) during

rainfall events due to a greater impervious surface area

that limits infiltration/retention (Chen et al. 2015a).

Table 2 Results of regression analysis between short-term (SBI) or long-term (LBI) P buffering indexes and various independent

variables (x) in the Yongan watershed in 1980–2010

Variables SBI LBI

Accumulated legacy P stocks (kg P km-2 year-1) SBI = 78.594x-0.5224 LBI = 6.3445x-0.2329

R2 = 0.84** R2 = 0.89**

NAPI (kg P km-2 year-1) SBI = 191.83x-0.8957 LBI = 14.578x-0.4646

R2 = 0.28** R2 = 0.40**

Forest (%) SBI = 8E–06 exp(16.518x) LBI = 0.0095exp(6.3663x)

R2 = 0.53** R2 = 0.42**

Natural conservation land (%) SBI = 0.0213exp(16.757x) LBI = 0.17exp(7.2421x)

R2 = 0.22** R2 = 0.22**

Developed land (%) SBI = 1.6425exp(- 24.127x) LBI = 1.0632exp(- 9.5163x)

R2 = 0.59** R2 = 0.49**

Agricultural land (%) SBI = 0.0008x-3.0839 LBI = 0.0521x-1.2223

R2 = 0.70** R2 = 0.59**

Percentage of agricultural lands with improved drainage (%) SBI = 1.0337exp(- 3.3274x) LBI = 0.886 exp(- 1.3137x)

R2 = 0.60** R2 = 0.49**

Annual area planted to crops (km2) SBI = 4E–05x1.4821 LBI = 0.0128x0.6232

R2 = 0.70** R2 = 0.65**

Precipitation (m) SBI = 1.123exp(- 0.581x) LBI = 0.749x-0.3661

R2 = 0.17** R2 = 0.18**

Number of storm events ([ 50 mm per 24 h) SBI = 0.7663x-0.1148 LBI = 0.6735x-0.2422

R2 = 0.33** R2 = 0.27**

Water discharge (m3 s-1) SBI = 0.6081exp(- 0.0027x) LBI = 0.7373exp(- 0.0014x)

R2 = 0.04 R2 = 0.06

Baseflow index SBI = 1.1768x- 0.4501 LBI = 0.7594x ? 0.0465

R2 = 0.20** R2 = 0.24**

Surface runoff index SBI = - 1.1768x ? 0.7267 LBI = - 0.7594x ? 0.8058

R2 = 0.20** R2 = 0.24**

**Significant p\ 0.01
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Additionally, more developed land area implies more

waste production (Table 1) and greater P input to

rivers via wastewater discharge directly into rivers

(Sobota et al. 2011). This is especially significant since

centralized wastewater collection is limited in the

study area (\ 30% with the remainder directly

discharged to surface waterbodies and soils, Table 1).

Similarly, increased total agricultural land area and

agricultural land area drained with cement channels

and pipes both showed a significant positive relation-

ship with SBI and LBI (Table 2). Increased total

agricultural land area implies higher P fertilizer

additions for crop production, resulting in greater

surplus P in agricultural lands. Improved drainage

infrastructure enhances hydrologic connectivity and P

transport from land to rivers (Gentry et al. 2007; Jarvie

et al. 2013). The improved agricultural drainage

system (e.g., tile and channel drainage system)

facilitates both particulate P transport and dissolved

P leaching through lateral and preferential flowpaths

in soil, which have been identified as important

pathways for transporting dissolved legacy P to rivers

(Kleinman et al. 2011; Gentry et al. 2007). However,

increasing annual area planted to crops (i.e., multiple

crops planted in the same agricultural land in different

seasons of a given year), which is beneficial for

retaining residual P in soils (e.g., increased soil cover

decreases runoff/erosion) and enhances P crop uptake

(Gaba et al. 2014), would contribute to a increase in

SBI and LBI (Table 2).

Watershed hydrological characteristics have a

major impact on both short-term and long-term P

retention processes (Metson et al. 2017). In the

Yongan watershed, SBI and LBI values both

decreased with increasing precipitation and number

of storm events ([ 50 mm per 24 h) (Table 2). Higher

precipitation enhances erosion by increasing surface

runoff and higher stream velocities remobilize sedi-

ment-bound P from stream channels, which decrease

watershed P buffering capacity (Borbor-Cordova et al.

2006; Morse and Wollheim 2014). Similarly, an

increasing number of storm events accelerates P loss

by increasing both runoff/erosion and leaching, espe-

cially from urban runoff and agricultural lands (Shi-

gaki et al. 2007; Sharpley et al. 2008). This is

particularly significant for soils that have received

high rates of P amendments for long periods of time,

since P retention is inversely related to the saturation

of a soil’s P sorption capacity, especially for the

topsoil horizon (Kleinman et al. 2011; Sharpley et al.

2013). Enhanced erosion was documented in the

Yongan watershed by a 20% increase in total

suspended solid concentration during the high flow

regime between 1980 and 2010 (Chen et al. 2015b).

The annual baseflow (73–91%) and surface runoff

(9–27%) components were estimated in a previous

study with the Regional Nutrient Management

(ReNuMa) model, a hydrologically-driven, quasi-

empirical model is designed to estimate runoff and

groundwater contributions as well as nutrient loads in

mesoscale watersheds (Hu et al. 2018). Results

showed that SBI and LBI were both positively related

to the baseflow index and negatively related to the

surface runoff index (Table 2). The hydrologic flow-

path is a dominant factor as P leaching through the

soil-vadose zone-groundwater pathway to produce

baseflow is a slow process (months to decades)

compared to P lost from soils through surface runoff/

erosion (hours to months, Sanford and Pope 2013).

Thus, years with a higher baseflow index resulted in

greater P buffering capacity. Although precipitation

was strongly related to river water discharge

(Q = 39.204P1.8001, R2 = 0.80, n = 31), SBI and LBI

showed no significant relationship with river discharge

due to the contrasting impacts of surface runoff versus

baseflow on P buffering capacity.

Modeling riverine TP fluxes and sources

The analyses reported above indicate that increasing

legacy P stock (Fig. 2) and decreasing P buffering

capacity (Fig. 4) due to changes in land-use and

hydroclimate are the main causes for the rapid increase

in riverine TP flux in 1980–2010. Building on previous

modeling efforts (Chen et al. 2015a, 2016), the

following model was developed to predict annual

riverine TP flux (Fi, kg P km-2 year-1) over the 1980–

2010 period:

Fi ¼ aPb
i expðcAPiÞ ð6Þ

where Pi represents annual precipitation (m year-1),

APi is accumulated legacy P stock (kg P km-2), and a,

b, and c are fitting parameters. Regression analysis

was applied to calibrate the unknown parameters after

a logarithmic transformation of Eq. (6), resulting in

the following model formulation:
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Fi ¼ 2:269P1:146
i expð1:106 � 10�4APiÞ ð7Þ

The calibrated model Eq. (7) explained 99% of the

variation in riverine TP fluxes over the 31-year study

period with a NSE of 0.98 between modeled TP flux

and LOADEST-estimated values (Fig. 5a). Consider-

ing the complexities of P biogeochemistry and trans-

port along the land–water continuum, model

performance was efficient and effective in comparison

with several more complex physical-based models

[e.g., SWAT, AGNPS, and HSPF, reviewed by

Moriasi et al. (2007)]. Importantly, model formulation

Eq. (7) presented the highest accuracy for predicting

riverine TP fluxes compared to previous NAPI based

models developed for the Yongan watershed (Chen

et al. 2015a and 2016, R2 = 0.94–0.96), as well as

other watersheds (Russell et al. 2008; Hong et al. 2012,

R2\ 0.80). This analysis clearly highlights the

importance of considering accumulated legacy P

stocks in model construction.

Interpretation of Eq. (7) indicates that the compo-

nent of riverine TP export flux that is not explained by

anthropogenic P sources (i.e., when setting APi as

zero), represents the contribution of natural back-

ground sources (e.g., rock weathering). The remaining

component originates from anthropogenic P sources

(i.e., legacy P stock and current year’s NAPI). Setting

APi as zero, we estimated natural background sources

contributed from 2.50 to 5.29 kg P km-2 year-1 with

an average of 3.68 kg P km-2 year-1 (equivalent to a

riverine concentration of 0.004 mg P L-1), which

accounted for 4–48% of annual riverine TP fluxes over

the study period (Fig. 5b). This estimate of natural

background flux falls within the range of baseline TP

fluxes (1–10 kg P km-2 year-1) reported in previous

studies (Withers and Jarvie 2008; Han et al. 2011;

Russell et al. 2008; Hong et al. 2012). The dominant

soils in the Yongan watershed are strongly weathered

Oxisols and Ultisols (* 90% of watershed area, Chen

et al. 2015a). These strongly weathered soils are

believed to contribute a very limited background P

flux via chemical weathering. In comparison, anthro-

pogenic P sources (i.e., legacy P stock and current

year’s NAPI) contributed TP fluxes accounted for

52–96% of annual riverine TP flux (Fig. 5b). Our

previous studies indicated that legacy P sources

contributed 13–32% of annual riverine TP flux during

1980–2010 in the Yongan watershed, while current

NAPI might contribute to the remaining 29–64% of

riverine TP flux (Chen et al. 2015a, 2016). Although

accumulated legacy P (* 29,300 kg P km-2 year-1)

greatly exceeds recent NAPI (* 800 kg P km-2

year-1), current year’s NAPI has a higher contribution

to riverine P than legacy P sources, which is consistent

with a more rapid decline of SBI than LBI observed in

1980–2010 (Fig. 4). Similarly, the rapid increase in

point source pollution between 1980 and 2010 (* 27-

fold) would disproportionately affect riverine TP

flux (Chen et al. 2015b).

Recovery times required for the depletion

of legacy P stock

Following the approach proposed by Goyette et al.

(2018), this study estimated the threshold level of

accumulated legacy P stock associated with the

targeted riverine P concentration of 0.05 mg P L-1.

Consistent with the TMDL approach (usually esti-

mated under critical low-flow conditions, e.g., 7Q10,

USEPA 2006), the critical riverine P flux was

estimated as the product of the critical concentration

of 0.05 mg P L-1 and the 10th percentile of water

discharge (i.e., 49.8 m3 s-1 for Yongan watershed).

The critical legacy P stock was inversely estimated

from Eq. (7) based on the estimated critical riverine P

flux of 31.7 kg P km-2 year-1 and precipitation of

1.145 m year-1 (estimated from the relationship:

Q = 39.204P1.8001, R2 = 0.80, n = 31). The estimated

critical legacy P stock was 22.2 ton P km-2 (95% CI

19.4–25.3 ton P km-2) for the Yongan watershed,
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which corresponded to the average accumulated NAPI

for the 1998–2001 time period (Fig. 2a). This critical

P stock value was tenfold higher than the estimate for

the St Lawrence Basin (2.1 ton P km-2, 95% CI

0.03–8.7 ton P km-2, Goyette et al. 2018). This is not

surprising because Goyette et al. (2018) estimated the

threshold level of legacy P stock based on the

breakpoint where P delivery to surface water increased

substantially, i.e., where the riverine TP flux

exceeded * 10 kg P km-2 year-1. In terms of the

relationship established between accumulated NAPI

and riverine TP flux for the St Lawrence basin (annual

precipitation ranging from 985 to 1347 mm year-1),

the threshold for the accumulated legacy P stock

should range between 10 and 25 ton P km-2 at a

critical riverine TP flux of 31.7 kg P km-2 year-1,

which is close to our estimate for the Yongan

watershed (annual precipitation ranging from 1070

to 1813 mm year-1). These comparisons indicated

that estimated critical riverine TP fluxes vary as a

function of river discharge, resulting in variable

estimates for thresholds of accumulated legacy P

stock. Furthermore, the high Al/Fe oxide/hydroxide

content of the highly weathering Oxisols and Ultisols

in the Yongan watershed may be expected to have a

considerably higher P buffering capacity than soils in

the St. Lawrence basin (Uehara and Gillman 1981).

We further modeled the time required for depletion

of the watershed legacy P stock to reach the estimated

critical legacy P stock as an exponential decay process

(Goyette et al. 2018): S(t) = S0exp(-Et), where S0 is

the P stock in 2010, E is the P export coefficient

(year-1) and t is the number of years over which

legacy P stock is depleted via riverine export while

assuming no additional P inputs. In terms of this

exponential decay equation, required recovery time

was mainly influenced by NAPI and P accumulation

levels, as well as hydroclimate. To express a general

scenario, the P export coefficient E value (varying

between 8.487 9 10-4 and 4.955 9 10-3 year-1) was

set as the average value (1.759 9 10-3 year-1) from

the relationship between riverine TP flux and legacy P

stock in 1980–2010. The resulting estimate for the

time required to deplete accumulated legacy P pools

back to the critical level was 159 years (95% CI

57–262 years, Fig. 6a). This indicates that the legacy

P stock built up over a relatively short time frame

(* 13 years between 1998 and 2010) would take

several decades to centuries to return to the critical

level even with no additional P inputs. To demonstrate

the influences of accumulated P legacy stock and

climate change on the recovery times, we further

predicted the recovery times based on the scenarios of

decreasing NAPI and changing climate. For the

scenario of a 4% reduction of annual NAPI since

2010 according to the average decreasing rate in

2000–2010, estimated time required for accumulated

legacy P pools to return to the critical level was

456 years (95% CI 353–560 years, Fig. 6b). For the

scenario of coupling a 4% reduction of annual NAPI

and 10% increase in average annual precipitation

(compared to average annual precipitation amount in

1980–2010, Kang 2008), estimated recovery time was

318 years (95% CI 238–400 years, Fig. 6c). These

predicted results indicated that the recovery times

would be highly impacted by climate change compo-

nents and accumulated P legacy stock.
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Although surprisingly long, this time frame is

supported by field studies that demonstrated that a

decade or more of ‘‘P draw down’’ from agricultural

soil P reserves was required to substantially reduce P

in runoff even with reduced NAPI or no additional

fertilizer application (Sharpley et al. 2013; Chen et al.

2018). Several watershed studies have similarly

shown a lag time of several decades to recover from

P pollution as reviewed by Meals et al. (2010),

Sharpley et al. (2013) and Chen et al. (2018). A key

component of these legacy effects is the long hydro-

logical residence times, which can range from years to

decades in many watersheds (Meals et al. 2010;

Hamilton 2012; Sebilo et al. 2013; Kolbe et al. 2016;

Marçais et al. 2018). Consequently, nutrients carried

along various hydrological pathways would be poten-

tially delayed by years and decades, resulting in

accumulation of legacy nutrient pools in soils, sedi-

ments and groundwater. While hydrological residence

times for various hydrologic flowpath components are

not available in the Yongan watershed, the high

baseflow index (0.82 on average) estimated in our

previous modeling study implies a potentially long

hydrological residence time associated a dominance of

groundwater flowpaths (Hu et al. 2018). Watersheds

with a higher baseflow component usually have longer

hydrological residence times resulting in large legacy

pools in the groundwater reservoir and long lag times

for dissolved nutrient (e.g., NO3
- and PO4

3-, Kolbe

et al. 2019). However, particulate-associated nutrients

can also take years to be transported downstream as

particles are repeatedly deposited/trapped, resus-

pended, and redeposited within the terrestrial-aquatic

continuum by episodic high flow events. This process

can delay particulate nutrient transport from upstream

drainage areas to the downstream outlet by years or

even decades, which is dependent on watershed

attributes (e.g., area, shape, topography, and land-

use/land cover, Pinay et al. 2018; Van Meter and Basu

2017). In terms of previous studies, legacy stock size

and recovery time length for dissolved nutrients are

highly dependent on the baseflow component and soil

properties (e.g., organic matter and nutrient status),

while particulate nutrient transport is strongly associ-

ated with frequency of high flow events and watershed

attributes (Gu et al. 2019; Chen et al. 2018).

It should be pointed out that estimated recovery

times required to return to a critical riverine P level

imply considerable uncertainties because the model

ignores stable storage of P (e.g., strongly occluded P),

future climate change (e.g., frequency and intensity of

precipitation) and land use/land cover (Sattari et al.

2012; Chen et al. 2015a, 2016; Goyette et al. 2018). A

particular uncertainty associated with this modeling

approach is accounting for the potentially strong

hysteresis effects that are prominent in P sorption/

desorption dynamics (i.e., irreversible P desorption

characteristics, Okajima et al. 1983; Dubus and

Becquer 2001). Clearly, examining watershed-scale

P retention/release hysteresis dynamics remains a

critical future research topic required to refine esti-

mates of recovery times associated with depletion of

legacy P stocks.

Implications for watershed P management

Quantitative information on long-term P buffering

capacity dynamics is important for optimizing the

delivery of diverse ecosystem services associated with

P in watershed management (Doody et al. 2016;

Macintosh et al. 2019). In the Yongan watershed, both

short- and long-term P buffering indexes continually

decreased (Fig. 4) due to an increase of accumulated

legacy P stocks (Fig. 2a) and changes in land use and

climate (Table 2). As a result, there was a correspond-

ing rapid increase in riverine TP flux that exceeded the

critical riverine TP concentration of 0.05 mg P L-1

(Fig. 2b). Since it is not feasible to regulate hydrocli-

mate conditions and costly to decrease agricultural and

developed land areas, P source input controls, trans-

port interception measures and accumulated P legacy

stock reductions are particularly necessary to improve

watershed P buffering capacity for a timely and

efficient reduction of P loading to surface waters.

Given the more rapid decline of the short-term P

buffering index than the long-term P buffering index

(Fig. 4), current year’s NAPI had a higher contribution

(29–64%) to riverine TP fluxes than legacy P sources

(13–32%). Therefore, improving short-term P buffer-

ing capacity should be a priority through controlling P

source inputs and enhancing interception of P during

hydrologic transport. Due to low wastewater collec-

tion and treatment in the Yongan watershed (\ 15%

for rural area and\ 60% in urban area, Chen et al.

2016), increasing collection and processing of animal

and domestic wastewater could greatly reduce the

point source P pollution loading directly to surface

waters. Considering the 88% decline in recycled
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animal/human excreta for fertilizing croplands over

the past 51 years (Table 1), which is common in many

regions of China (Hou et al. 2013; Jiang and Yuan

2015), it would be advantageous to promote recycling

of human and domestic animal solid wastes to replace

chemical fertilizer use on croplands. Although trans-

port control measures (e.g., buffer strips and wetlands)

can increase nutrient retention and reduce P loading to

surface waters in the short-term (Table 2), they

eventually become P saturated with respect to legacy

P and eventually lose their P retention capacity or

become a source of P to surface waters (Jarvie et al.

2014; Haygarth et al. 2014; Chen et al. 2015a).

Therefore, controlling source P inputs by adopting

relevant balancing and cycling measures must be a

primary strategy for controlling P loading to surface

waters in a long-term perspective.

For the purposes of improving long-term P buffer-

ing capacity and reducing P source inputs, a key

management strategy is to use less P by balancing P

fertilizer application with crop requirements while

considering the potentially high availability of P

contained in soil legacy P pools (Withers et al. 2014;

Rowe et al. 2016). Several studies demonstrated that

crops could recover legacy P from long-term over-

application of fertilizer and manure P with no

reduction in crop yields for several years to decades

after cessation of P fertilization (Sharpley et al. 2013;

Jarvie et al. 2013; Liu et al. 2016; Rowe et al. 2016;

Chen et al. 2018). When considering the depletion of

legacy P stock via crop uptake with an average

coefficient for 2000–2010 (i.e., 4.63 9 10-3 year-1),

the return of the contemporary legacy P stock to the

critical level would potentially support crop produc-

tion for * 44 years without any external P inputs

(Chen et al. 2017). To sustainably recover legacy soil

P pools, several practical measures, i.e., breeding more

P efficient plants, changing farm management (e.g.,

increasing the multiple crop index, Gaba et al. 2014),

and applying commercial bioinoculant products

(Withers et al. 2014; Rowe et al. 2016), are applicable

to enhance soil P use by crop production.

Although estimated recovery times for depletion of

legacy P stock to meet a critical riverine P target

concentration (Fig. 6) incorporate considerable uncer-

tainty, they provide a conservative estimate for devel-

oping quantitative management goals and schedules

for regulating source P inputs and legacy P stocks at the

watershed scale. A relatively short timescale

experienced for accumulating such a large legacy P

stock (* 13 years; Fig. 2a) and a much longer time-

scale (* 150–460 years) required for recovery to the

critical legacy P stock level (Fig. 6) highlight that P

balancing and cycling strategies should be adopted in

advance to avoid accumulating excessive legacy P

stocks in watersheds of developing nations pursuing

food security through excessive P fertilizer inputs

(Jarvie et al. 2014). A recent review documented that

large P accumulations over relatively short timeframes

are widely observed in various watersheds across

China, Europe and USA over the past several decades

(Chen et al. 2018), resulting in considerable lag times

in the water quality response to contemporary man-

agement measures (Meals et al. 2010). These results

highlight that a long-term perspective is required for

developing sustainable P management strategies to

maximize both agronomic and environmental goals

(Haygarth et al. 2014; Kusmer et al. 2018).

Conclusion

This study provides new insights into the long-term

decline in watershed P buffering capacities in response

to growing accumulated legacy P stocks coupled with

changing land use and climate, resulting in a rapid

increase of riverine P export flux. Aimed at improving

watershed P buffering capacity, P source input con-

trols, transport interceptions, and accumulated legacy

stock reductions are required for a timely and efficient

reduction of P loading to surface waters. Although

climate change may shorten recovery times due to

increased precipitation/river discharge in the Yongan

watershed, excessive legacy P stocks built up over a

relatively short time frame are expected to require

long time periods to drop back to targeted levels, even

with reductions or cessation of new P inputs. We

highlight that for P-limited agricultural watersheds, P

balancing and cycling strategies should be adopted in

advance to avoid accumulation of excessive legacy P

stocks that would result in persistent water quality

degradation. For P enriched watersheds, controlling P

source inputs and utilizing legacy soil P pools should

be primary strategies for protecting/remediating water

quality and conserving rock P resources. A long-term

perspective is required for developing sustainable P

management strategies to maximize the agronomic

and environmental benefits.
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