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long-term phosphorus balances and soil phosphorus status in affecting 
phosphorus loss in livestock-intensive regions 

Jian Liu *, Marianne Bechmann, Hans Olav Eggestad, Anne Falk Øgaard 
The Norwegian Institute of Bioeconomy Research (NIBIO), P.O. Box 115, 1431, Ås, Norway   

A R T I C L E  I N F O   
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A B S T R A C T   

Livestock husbandry has raised enormous environmental concerns around the world, including water quality 
issues. Yet there is a need to document long-term water quality trends in livestock-intensive regions and reveal 
the drivers for the trends based on detailed catchment monitoring. Here, we assessed the concentration and load 
trends of dissolved reactive phosphorus (DRP) in streamwater of a livestock-intensive catchment in southwestern 
Norway, based on continuous flow measurements and flow-proportional composite water sampling. Precipitation 
and catchment-level soil P balance were monitored to examine the drivers. At the field level, moreover, the 
relationship between soil P balance and soil test P (measured using the ammonium lactate extraction method, P- 
AL) was assessed. Results showed that on average of 20 years 95 % of the P was applied to the catchment during 
March–August, when 40 % of annual precipitation and 25 % of annual discharge occurred. The low runoff helped 
reduce P loss following P applications. However, flow-weighted annual mean DRP concentration significantly 
increased with increasingly cumulative soil P surplus (R2 = 0.55, p = 0.0002). With a mean annual P surplus of 
8.8 kg ha− 1, the annual mean DRP concentration (range: 49–140 μg L− 1; mean: 80 μg L− 1) and annual DRP load 
(range: 0.35–1.46 kg ha− 1; mean: 0.65 kg ha− 1) significantly increased over the 20-year monitoring period (p =
0.001 and 0.0003, respectively). At the field level, P-AL concentrations were positively correlated with soil P 
balances (R2 

= 0.48, p < 0.0001), confirming the long-term impact of P balances on the risks of P loss. The study 
highlights the predominant role of long-term P balances in affecting DRP loss in livestock-intensive regions 
through the effect on soil test P.   

1. Introduction 

Livestock is an important source of proteins for humans. However, in 
livestock-intensive regions the production has raised environmental 
concerns, among which undesirable nutrient losses from livestock farms 
and their subsequent consequences on eutrophication in downstream 
water bodies have gained worldwide attention (Li et al., 2015; Sharpley 
et al., 2015; Kleinman et al., 2020). In livestock-intensive regions, 
particularly, manure is often an important (if not predominant) source 
of nutrients applied to the agricultural land and also a key contributor of 
nutrient loads in the stream (Johnes et al., 2022; Kleinman et al., 2022). 
In Norway, it has been estimated that livestock manure accounts for 
roughly 50 % of the total phosphorus (P) and 25 % of the total nitrogen 
(N) supplies to agricultural lands (Kolle and Oguz-Alper, 2020). In 
livestock-intensive catchments, manure may constitute up to 90 % of the 

total P and 50 % of total N inputs to the catchments (Bechmann, 2014a). 
In such catchments, P surplus (more P is applied than removed) concerns 
over water quality have raised much discussion on P management 
because P is widely regarded as a limiting nutrient for eutrophication in 
freshwater ecosystems (Schindler et al., 2016). 

Norway implements a series of measures for livestock and manure 
management. In some regions, livestock and manure are restricted by 
rules of the European Nitrates Directive (European Economic Commu-
nity, 1991) and for the whole country according to the Water Frame-
work Directive (European Commission, 2000). National legislations in 
Norway restricts the density of animals on a livestock farm to 2.5 animal 
units per hectare manure spreading area (2.5 AU ha− 1, equivalent to 35 
kg P ha− 1) (Andersen et al., 2014). The regulation is implemented with 
the aim to reduce surplus manure P inputs on livestock farms, because 
large quantities of manure input increase the risk of P loss not only over 
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a crop season or a year but also over a long term when the P input 
continuously builds up soil test P (a measurement of plant available form 
of P) (Bechmann, 2014b). Typically, concentration of soil test P in-
creases with increasing P balances (Bechmann, 2014b), which conse-
quently increases the concentrations of water-soluble P in the soil 
(Kristoffersen et al., 2020) and the concentrations of dissolved P in 
runoff (Liu et al., 2021). Although the regulation has been in place since 
1989 (FOR-1989-03-01-151), soil P surplus remains a concern in 
livestock-intensive regions, especially when the historically large rates 
of manure applications are considered (Vagstad, 2014). 

Although the impacts of soil P balances on the risk of P loss have been 
demonstrated in both Norwegian and other studies (e.g., Ekholm et al., 
2005; Bechmann, 2014b; Bergström et al., 2015; Hanrahan et al., 2019; 
Bos et al., 2021), most of the studies were conducted at the scales 
ranging from soil cores to fields. Still, there is a large knowledge gap 
regarding the impacts at the catchment scale, which involves greater 
complexity of agronomic, hydrological and biogeochemical factors that 
influence P loss than at smaller spatial scales. Catchment monitoring 
plays an indispensable role in detecting water quality trends and un-
derstanding the drivers and management needs for altering the trends. 
Ideally, water quality monitoring in the streamwater should be com-
bined with monitoring of weather conditions, catchment properties and 
field management to explicitly understand the drivers. For this purpose, 
a monitoring network of 12 agricultural catchments (the Norwegian 
Agricultural Environmental Monitoring Programme – JOVA) were 
established across Norway since 1990s to monitor water quality trends 
and study the drivers (Bechmann and Deelstra, 2013). 

Based on 20 years of catchment monitoring, in this study, we 
attempted to understand the long-term water quality trend as affected 
by field management (specifically P management) and precipitation in a 
Norwegian livestock-intensive catchment. Given dissolved reactive P 
(DRP) is the most biologically available form of P for primary production 
in freshwater ecosystems (Reynolds and Davies, 2001), here we focused 
our water quality analyses on this P form. Specifically, our objectives 
were to: (1) assess the long-term trend of DRP in streamwater of the 
livestock-intensive catchment; and (2) examine the impacts of precipi-
tation and soil P balances on the DRP trends in streamwater. 

2. Materials and methods 

2.1. Study catchment 

The study was conducted in an agriculture-dominated catchment 
located in Rogaland County in southwestern Norway, where intensive 
livestock production is common (Bechmann et al., 2021). The catchment 
has a total area of approximately 100 ha, about 90 % of which is agri-
cultural land. The catchment has an elevation ranging from 35 to 100 m 
above the sea level, and dominant soils as loamy sand and organic soils 
developed on nutrient poor glacial till (Hauken and Kværnø, 2013). The 
main soils are classified in the World Reference Base for Soil Resources 
as Endostagnic Umbrisol, Umbric Endostagnic Podzol, Umbric Gleysol 
and Sapric Histosol (FAO/ISRIC/ISSS, 1998). The region has a coastal 
climate, with high annual precipitation and relatively mild winters as 
compared to many other regions in Norway (Wenng et al., 2021). During 
1992–2021, the catchment has an average of 240 growing days, mean 
annual temperature of 8.3 ◦C and mean annual precipitation of 1370 
mm. Mean monthly temperature ranges from 1.7 ◦C in February to 
16.0 ◦C in July. Due to the generally mild weather conditions, annual 
evapotranspiration is typically below 500 mm, which in combination 
with the high precipitation results in a large amount of annual water 
surplus. The hydrology of the catchment is dominated by subsurface 
flow through tile drainage networks, which are widespread in the 
catchment to drain excess rain water and in rare cases snow melt. The 
weather conditions of the southwestern coastal regions favor forage 
production rather than small grain crops, which has led to intensive 
grass-based livestock production in these regions, including our study 

catchment where grass (including clovers) and small grain crop area 
account on average for 93 % and 6 % of the total agricultural area, 
respectively. Main facts of the catchment are summarized in Table S1. 

Livestock production in the study catchment is dominated by cattle 
(mostly milking cows), followed by small numbers of pigs, poultry, 
sheep/goats and horses. The animals are mainly raised with indoor 
feeding operations, where manure is collected and applied mechanically 
to cropland. During warmer months (usually April–October), cattle and 
sheep/goats stay partly outside for grazing. The crops are mainly 
perennial grasses (in combination with various amounts of clover) and, 
to a small extent, annual grasses and small grains. Typically, perennial 
grasses (and clovers) grow for 5–7 years before being replaced. Each 
year, the grasslands receive multiple times of nutrient applications and 
are usually harvested about three times. For preparing a new seedbed, 
the soil is tilled with methods ranging from harrowing to deep plowing. 

2.2. Catchment monitoring 

The catchment consists of 13 farms and 105 individual fields. 
Monitoring in the catchment dated back to 1985 but became more 
systematic in 1992 as part of the JOVA monitoring programme. Since 
1992, water discharge and water quality (including suspended sedi-
ments, different forms of P and N, pesticides, pH, and conductivity) were 
monitored at the outlet of the catchment. Specifically, water levels were 
recorded automatically at a 1-min time step using a pressure transducer 
in combination with a Campbell datalogger, and were converted to 
discharge based on a known head-discharge relationship of the moni-
toring weir (Deelstra et al., 2012). For the water quality measurements, 
water samples were collected using a flow-proportional composite 
sampling approach, in which a 50 mL water sample was taken from the 
stream each time a certain volume of water has passed the monitoring 
station. The volume varied depending on weather conditions for prac-
tical reasons, e.g., avoiding overfilling the container for storing water 
samples in heavy rain events (Cassidy et al., 2018). The water samples 
collected at each individual sampling event were stored in a 20 L 
container that was situated in a refrigerator (4 ◦C) to prevent chemical 
and biological reactions. At an approximate two-week time interval, a 
composite sample was collected from the container after thoroughly 
mixing the water, and delivered to the laboratory for chemical analyses. 
After sampling, the container was emptied and used for collecting the 
next sample. Given DRP is the most biologically available form of P for 
primary production in freshwater ecosystems (Reynolds and Davies, 
2001), we focused the study on this P form. Specifically, DRP was 
measured colorimetrically on filtered water samples (0.45 μm), using an 
Alpkem Flow Solution IV Automated wet chemistry system (O.I. 
Analytical, College Station, Texas) at a wavelength of 880 nm (Standard 
Norway, 2019). 

To understand drivers of water quality trends, air temperature and 
precipitation were measured hourly at the catchment outlet. Informa-
tion of field management practices was synthesized each year through a 
survey with individual farmers in the catchment. For each field and each 
year, management information on crop (i.e., crop type, seeding date, 
harvest date, yield, and straw management), tillage (i.e., date and 
method), nutrient (i.e., fertilizer and manure type, and application rate, 
timing and method), and animal (i.e., animal type, number of grazing 
animals, and days of grazing) was collected. In 2005, a soil survey was 
conducted in 28 fields to determine concentrations of soil P-AL, which is 
a standard measurement of plant available P for Norwegian agricultural 
soils using the ammonium lactate extraction method (Egner et al., 
1960). 

2.3. Data analyses 

Soil P balance (SPB, kg ha− 1) was calculated for each field and each 
year using Eq. 1, and the field-level balances were area-weighted to 
estimate the catchment-level P balance. 
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SPB = InPfert + InPmanu + InPgraz–ExPharv–ExPgraz (1) 

Where, InPfert (kg ha− 1) was the P input through mineral fertilizer 
applications, and was calculated as the product of the fertilizer rate 
reported by the farmer in the survey and the standard P concentration in 
that fertilizer type. Similarly, InPmanu (kg ha− 1) was the P input through 
mechanical manure applications, and was calculated as the product of 
the farmer's reported manure application rate and estimated P concen-
tration in the corresponding manure type. For manure P concentrations, 
we used a book value for a specific manure type on average of many 
manure samples collected in our study region or across the country 
(0.55, 0.66 and 8.1 kg P Mg− 1 manure for cattle, pig and poultry, 
respectively; Daugstad et al., 2012). The value was adjusted based on 
typical total solid content in the manure and the water added by the 
farmer to the manure before the application in the field. InPgraz (kg ha− 1) 
was the P input from livestock manure excreted at grazing, and was 
calculated as the product of the number of grazing livestock, the time 
length of grazing in the year and the manure P production rate per unit 
time. In one year, a milking cow was estimated to produce 14 kg P (FOR 
2003-07-04-951). ExPharv (kg ha− 1) was the P exported from the soil 
through the harvest of both crop and crop residue. Most fields in our 
study catchment were used for producing animal feed, and ExPharv was 
calculated as the product of the farmer's reported crop yield and the 
estimated plant P concentration. Here, we used the yield data from the 
period of 1992–2001 (10–12 Mg ha− 1) and applied the average to later 
years, considering the estimated yield was most reliable for those earlier 
monitoring years. The plant P concentration was from book values on 
average of many samples analyzed in the region or in the country, i.e., 
0.25–0.30 % for different types of crops (Heje, 2000). ExPgraz (kg ha− 1) 
was the P exported from the soil through livestock grazing, and was 
estimated in a similar way to InPgraz. Several data sources could 
contribute to the uncertainty of the estimated P balances, including the 
farmers' reported grass yields which is difficult to quantify/estimate 
(Bakken and Steinshamn, 2022), amounts of applied manure, and book 
values of P concentrations in grass and manure. 

Measured weather and discharge data were aggregated to daily 
values. For water quality measurements, each composite water sample 
represented the average nutrient concentration in streamwater over the 
sampling period. Daily discharge and the DRP concentration for the day 
were used to calculate daily P load, which was further cumulated to 
obtain monthly and annual loads. A flow-weighted mean DRP concen-
tration was thereafter calculated based on the DRP load and the total 
discharge for a specific period of interest, i.e., monthly or annually. In 
this study, we used 20 years' DRP data that were of the best data quality, 
i.e., 1995/1996–1998/1999, 2004/2005–2005/2006, and 2007/ 
2008–2020/2021. Each year was defined as from March 1 of the year to 
February 28 (or 29) of the next year, conforming the fact that manure 
application in the catchment of any year often started in March. Each 
year was divided into two seasons: manure-intensive season spanning 
from March to August, and non-intensive season from September to 
February. 

Statistical analyses were conducted using SAS 9.4 (SAS Institute, 
2012). Correlations between soil P-AL and soil P balance, between 
annual DRP load and annual discharge, and between flow-weighted 
annual mean DRP concentration and cumulative P balance (i.e., the 
sum of annual P balances for the period from 1995/1996 to a specific 
year; the annual P balance was consistently positive over the 20 years in 
this study, i.e., P surplus.) were assessed using the Pearson's correlation 
analysis in a Proc GLM (generalized linear model) procedure. Temporal 
trends of annual discharge, cumulative soil P surplus, annual DRP load, 
and flow-weighted annual mean DRP concentration were assessed using 
the Mann-Kendall test in a Proc CORR procedure. A Proc UNIVARIATE 
procedure was used to confirm data normality before the above ana-
lyses. A significance level of α = 0.05 was used throughout the study 
unless specific p values were given. 

3. Results 

3.1. Long-term P inputs and balances 

On average of the 20 monitoring years, the agricultural land in the 
catchment was estimated to receive 40.3 kg P ha− 1 year− 1 from all P 
sources (Table S1). Mineral fertilizers, livestock grazing and mechanical 
manure applications contributed 10 %, 16 % and 74 % of the total P 
input to the catchment, respectively. Of the total manure P input, cattle, 
pig and poultry accounted for 82 %, 8 % and 8 %, respectively 
(Table S1). The estimated total P input peaked at 52.8 kg P ha− 1 in 
2007/2008 and then declined to slightly below 35 kg P ha− 1 in recent 
years. As described above, there was a high uncertainty in the crop yield 
data in later monitoring years. The data for 1992–2001, which were 
most reliable, showed that on average 31.5 kg P ha− 1 year− 1 was 
removed from the soil through crop harvests. Applying the average crop 
P removal to all monitoring years showed a P surplus ranging from 0.4 to 
21.3 kg P ha− 1 year− 1 (average: 8.8 kg P ha− 1 year− 1) (Fig. 1). This 
resulted in a cumulative P balance of 176 kg P ha− 1 over the 20-year 
period. 

3.2. Relationship between soil P balances and P-AL concentrations (field- 
level results) 

Soil P-AL concentrations, which were measured in 28 fields during 
the autumn of 2005, ranged from 10 to 450 mg P kg− 1 soil (Fig. 2). 
According to the Norwegian fertilizer recommendation guidelines 
(NIBIO, 2023), 75 % of the fields had higher P-AL concentrations than 
the threshold value for the “very high” soil P-AL category (i.e., 140 mg 
kg− 1). No yield response to P application would be expected at P-AL >
140 mg kg− 1. An analysis of the relationship between the P-AL con-
centrations and average soil P balance of the respective fields for the 
period of 1992–2005 showed that the P-AL values increased signifi-
cantly with increasing P balances (R2 = 0.48, p < 0.0001), despite a 
likely difference in the starting value of P-AL in 1992. 

3.3. Concentrations and loads of dissolved reactive P in streamwater 

3.3.1. Trends of daily values 
A trend analysis of daily P application rates, for which each daily 

value was an average of 20 years of results for the same calendar date, 
showed that P input to the catchment was spread out during March-
–August with daily P input ranging from 0 to 1 kg ha− 1 (Fig. 3A). During 
September–February, P input was zero on most days. There were three 
groups of P input peaks around March/April, June, and July/August, 
reflecting applications of nutrients to the forage crops for the first, sec-
ond, and third main cut, respectively. The 20-year average daily pre-
cipitation ranged from 0.2 to 11.6 mm, and daily discharge ranged from 
0.3 to 6.1 mm (Fig. 3A). While precipitation peaks spread out across the 
year, most of the discharge peaks occurred during September–February, 
when precipitation was relatively higher, but evapotranspiration was 
much lower than March–August. 

Interestingly, the trend of daily DRP concentration in streamwater 
did not seem to follow the patten of either the P input to the catchment 
or the discharge (Fig. 3B). There was a tendency of DRP concentration 
increases following manure applications. The increases were not im-
mediate possibly because of the delays by hydrological conditions, i.e., 
no big runoff events immediately after manure applications. The high 
peaks in January could be due to P release from grasses, as many studies 
showed release of P from plant materials during/after freeze-thaw cycles 
(Liu et al., 2019). The DRP concentration did not exhibit an apparent 
seasonality. The median daily DRP concentrations were 79 μg L− 1 dur-
ing March–August (range: 39–151 μg L− 1) and 74 μg L− 1 during Sep-
tember–February (range: 56–195 μg L− 1), respectively. However, the 
trend of DRP load appeared to follow the pattern of discharge (Fig. 3C), 
suggesting the critical influence of discharge on DRP load from the 
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catchment. Daily DRP load ranged from 0.1 to 4.5 g ha− 1 (median: 0.9 g 
ha− 1) during March–August and from 1.1 to 6.6 g ha− 1 (median: 2.5 g 
ha− 1) during September–February. 

3.3.2. Trends of monthly and seasonal values 
Precipitation, discharge, catchment-level P input and DRP load in 

streamwater all exhibited a strong seasonality, though with different 
patterns. Monthly precipitation, as an average of 20 years of results for 
the same calendar month, ranged from 65 mm in May and June to 169 

mm in October (Fig. 4A). Correspondingly, monthly discharge ranged 
from 13 mm in June to 122 mm in October (Fig. 4A). While the manure 
non-intensive season (i.e., September–February) accounted for 60 % of 
the annual precipitation, it contributed 75 % of the annual discharge. 
Discharge was high throughout September–February, at 76–122 mm 
month− 1, due to low evapotranspiration in these months. As described 
above, most of the P was applied to the catchment during the manure- 
intensive season (March–August). During the manure-intensive and 
non-intensive seasons, total P inputs were on average 38.6 and 1.8 kg 

Fig. 1. Estimated annual P balance in the study catchment over the 20-year study period, and the mean annual average P balance in comparison to the average farm- 
gate level P balances in the region reported by Volden et al. (2022) for seven farms in 2021 and by Halland et al. (2022) for 20 farms during 2018–2020. 

Fig. 2. Relationship between soil P-AL concentrations that were measured in the autumn of 2005 and average soil P balances of the respective yields for years 
1992–2005 (n = 28; each datapoint represents a crop field). 
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ha− 1, or 95 % vs. 5 % of the annual P input, respectively (Fig. 4B). 
Greatly differing from the pattern of P input, 70 % of the DRP load 
occurred during the manure non-intensive season (Fig. 4B). Monthly 
DRP load ranged from 8 g ha− 1 in June to 97 g ha− 1 in October. 

Similarly to the trends of daily values as described above, monthly 
DRP concentrations in streamwater (on average of 20 monitoring years) 
did not exhibit a large variability among months (Fig. 4C). The con-
centration varied from 61 to 109 μg L− 1, with an average of 81 μg L− 1. 

3.3.3. Trends of annual values 
Over the 20-year study period, annual precipitation and annual 

discharge in our study catchment ranged from 935 to 1599 mm (mean: 

1335 mm) and from 586 to 1160 mm (811 mm), respectively. Both 
annual precipitation (data not shown) and annual discharge (Fig. 5A) 
varied widely with year, but their temporal trends were insignificant. In 
contrast, annual load of DRP in streamwater (range: 0.35–1.46 kg ha− 1; 
mean: 0.65 kg ha− 1) significantly increased with time (p = 0.0003; 
Fig. 5A). Although annual discharge and annual DRP load had varying 
temporal trends, a correlation analysis showed that annual DRP load 
significantly increased with increasing discharge (R2 = 0.35, p = 0.006; 
Fig. 5B). It should be noted that, however, under similar amounts of 
discharge the annual DRP loads in more recent 10 years were frequently 
greater than those in the first 10 years (Fig. 5B), indicating changes in 
streamwater DRP concentrations over time. Indeed, flow-weighted 

Fig. 3. Trends of daily catchment-level P input, precipitation, discharge, and concentration and load of DRP in streamwater. Each value is an average of 20 years of 
results for the same calendar date. 
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annual mean DRP concentration (range: 49–140 μg L− 1; mean: 80 μg 
L− 1) trended to increase significantly over the 20-year study period (p =
0.001; Fig. 5C). The mean DRP concentration significantly increased 
with increasingly cumulative soil P balance since start of the monitoring 
period (R2 = 0.55; p = 0.0002; Fig. 5D). 

4. Discussion 

4.1. The origin of P surplus in agricultural soils 

Livestock production is a major concern for water quality in agri-
cultural catchments around the world (Li et al., 2015; Sharpley et al., 
2015; Kleinman et al., 2020). In many countries, livestock production 
has been largely specialized, intensified, and separated from crop pro-
duction areas to increase production efficiency (Gerber et al., 2005; 
Neumann et al., 2009; Peyraud et al., 2014; Kleinman et al., 2015; 
Nesme et al., 2015), in Norway also for prioritizing grain production in 
regions with suitable climate. In intensive livestock production systems, 
however, large rates of manure are often frequently applied to a limited 
land area, resulting in significant buildup of soil nutrients and elevated 
risks of nutrient losses from land to water (Kleinman et al., 2015). The 
buildup of soil P in livestock regions happens because crops usually 
require a higher N:P ratio than that in typical manures, and when 
manure is applied based on crop need of N, it leads to P surplus accu-
mulating in the soil (Sharpley et al., 1994). In Norway, the production 
systems of livestock and grain crops were separated gradually starting 

from the year 1950, under the guidance of a national policy (Melås, 
2019). As a result, large quantities of manure P inputs and very high soil 
P-AL are found in southwestern Norway (Bechmann et al., 2013). 

4.2. The importance of P surplus and soil test P in affecting catchment 
DRP loss 

In our study catchment, average annual soil P surplus was estimated 
to be 8.8 kg P ha− 1 during the 20-year study period (Fig. 1), i.e., a total of 
176 kg ha− 1 of P surplus over the 20 years. Although the P surplus was 
relatively low as compared to many other livestock-intensive regions 
outside Norway (e.g., Li et al., 2015; Svanbäck et al., 2019), it appeared 
to be high enough to increase flow-weighted annual mean DRP con-
centrations in streamwater (Fig. 5C). Often, up to 50–60 % of the total P 
in cattle manure is water soluble (Liu et al., 2018b). After the manure is 
applied to the soil and at the presence of rainfall or snowmelt, this P 
fraction can contribute to an immediate source of DRP loss in surface 
runoff or leaching (Kleinman et al., 2020). When the rainfall or snow-
melt is absent, the water-soluble P is adsorbed to the soil and becomes 
part of the soil labile P pool. The portion of manure P that is unused by 
crops (i.e., P surplus) accumulates in the soil and builds up the soil labile 
P pool over time, which constitutes a long-term source of DRP loss 
(Kleinman et al., 2020). Consequently, annual DRP load also increased 
over time, despite an insignificant change in discharge (Fig. 5A). Our 
study region has a long history of intensive livestock production even 
before the start of catchment monitoring in 1990s (Krogstad, 1987), 
which explains the very high soil P-AL concentrations in most of the 
fields measured in 2005 (Fig. 2). It is quantitatively unclear regarding 
how the P surplus during the monitoring period had interacted with the 
large P pool established before the start of the monitoring. However, it is 
probable that the P surplus has helped towards P saturation in the soil. 
After a dose of manure application, Liu et al. (2012) found greater in-
creases in DRP concentrations, as compared to before the application, in 
drainage from topsoils with higher degrees of P saturation than from 
those with lower P saturation. Also, Kristoffersen et al. (2020) showed 
low P adsorption in high-P soils. Given many soils in our study catch-
ment had high soil test P, any increase in P saturation might accelerate 
DRP concentrations in drainage. 

The long-term average daily and monthly DRP concentrations were 
relatively stable within the year (Fig. 3B & Fig. 4C), despite 95 % of the P 
was applied during March–August and only 5 % during Septem-
ber–February (Fig. 4B). The pattern may be due to three reasons. First, 
there was a relatively small water surplus during March–August, when 
40 % of the annual precipitation led to 25 % of the annual discharge 
(Fig. 4A). Second, plants were active to take up P during March–August. 
Finally, most of the manure had a high water content, which allowed for 
good infiltration of manure and sufficient contact between P and soil 
before episodes with discharge. In Norway, it is mandated by law to 
avoid manure applications during late autumn and winter when crop 
uptake of nutrients is minimal (Liu et al., 2018a). The regulation has 
likely helped prevent P loss during those months with high P loss risks. 
The stability of DRP concentration in streamwater during the year points 
to soil P as the main source for DRP runoff compared to incidental losses 
related to manure spreading. Both Norwegian and other studies have 
found increasing risks of dissolved P loss with increasing soil test P 
concentrations (e.g., Kristoffersen et al., 2020; Liu et al., 2021). There-
fore, reducing easily releasable P in soil by reduced application is an 
important measure for reducing transport of DRP to streamwater. 

4.3. Need of continued monitoring and research 

The long-term monitoring has shown considerable variability in 
annual mean DRP concentrations (Fig. 5C). Notably, the annual mean 
DRP concentrations trended to decrease during the period 2016/ 
2017–2020/2021. With the existing data, it is impossible to tell whether 
it is natural variability or a decrease due to declining P balances that 

Fig. 4. Trends of monthly and seasonal precipitation, discharge, catchment- 
level P input, DRP load in streamwater, and flow-weighted mean DRP con-
centration. Each value is an average of 20 years of results for the same calendar 
month. The percentages presented in the yellow boxes in (A) and (B) are the 
approximate contributions of manure-intensive season and non-intensive sea-
son to the annual values, respectively, rounding to the nearest 5 %. 
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have happened since 2012/2013 (Fig. 1). In a review of many studies, 
Meals et al. (2010) found that it might take 5–30 years before soil test P 
and runoff P had significantly responded to changes in fertilizer/manure 
management. Therefore, long term monitoring is essential to confidently 
identify the improvement of water quality. 

The P balance data were derived from information given by farmers 
and were subject to large uncertainty, especially regarding the water 
content of applied manure and the yield amount, dry matter and con-
centration of nutrients. However, the average P balance of 8.8 kg ha− 1 in 
our study seems reasonable when being compared to other estimated 
results for farm-gate P balances in Rogaland County (Fig. 1). For 
example, Volden et al. (2022) estimated an average surplus of 6.4 kg P 
ha− 1 on seven farms in 2021, and Halland et al. (2022) estimated an 
average surplus of 16.4 kg P ha− 1 year− 1 on 20 farms during the years of 
2018–2020. 

The positive correlation between flow-weighted annual mean DRP 
concentrations in the streamwater and cumulative P surplus in the soil 
(Fig. 5D) suggests the need to reduce P surplus in livestock-intensive 
regions to protect water quality. Several strategies have been proposed 
in literature, besides decreasing livestock density, for reducing P sur-
plus, e.g., improving livestock feeding management (Kleinman et al., 
2020), increasing crop P removal (Van der Salm et al., 2009; Vander-
moere et al., 2021), transporting manure to non-livestock-intensive 
areas (e.g., Liu et al., 2016), and refining manure to concentrate P and 
facilitate transport (Persson and Rueda-Ayala, 2022). 

In this study, we focused the analysis on long-term trends and 
average risks of DRP loss and did not examine event-level manure 
application effects and processes. Nevertheless, manure applications 
affect water quality not only through building up soil nutrients over a 
long term but also through their incidental effects, i.e., the losses shortly 
after manure applications (Withers et al., 2003). Also, point sources 
from e.g., leakage of manure storage can affect water quality. The event- 
level effects of manure applications and possible point sources should be 

further studied, in combination with detailed field-scale risk assessment 
in order to best target management strategies. 

5. Conclusions 

In livestock-intensive regions, P surplus is a big concern for water 
quality. Our study showed that the buildup of soil test P by P surplus 
over time plays an important role in affecting water quality. We found 
significant correlations between soil P balance and soil P-AL at the field 
level, and between cumulative soil P surplus and flow-weighted annual 
mean DRP concentration in streamwater at the catchment level. A 
moderate P surplus of 8.8 kg ha− 1 year− 1 was high enough to signifi-
cantly increase the annual mean concentration and annual load of DRP 
over the 20-year study period. The results pointed to soil P as the main 
source for DRP runoff, and, thereby, the need to reduce the easily 
releasable P content in soil when aiming at reduced transport of DRP to 
streamwater. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.165470. 
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concentration; and (D) Correlation between flow-weighted annual mean DRP concentration and cumulative P surplus (n = 20). 

J. Liu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.scitotenv.2023.165470
https://doi.org/10.1016/j.scitotenv.2023.165470


Science of the Total Environment 898 (2023) 165470

8

Data availability 

Data will be made available on request. 

Acknowledgement 

This study was funded by the Norwegian Agricultural Environmental 
Monitoring Programme (JOVA), which received financial supports from 
Ministry of Agriculture and Food. We thank the funds and many people 
(including cooperative farmers) who helped with all kinds of work in the 
study catchment over the decades. 

References 

Andersen, H.E., Blicher-Mathiesen, G., Bechmann, M., Povilaitis, A., Iital, A., 
Lagzdins, A., Kyllmar, K., 2014. Mitigating diffuse nitrogen losses in the Nordic- 
Baltic countries. Agric. Ecosyst. Environ. 195, 53–60. 

Bakken, A.K., Steinshamn, H., 2022. Grovfôravlinger i Norge: En gjennomgang av 
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Rienks, W.A., 2009. Modelling the spatial distribution of livestock in Europe. Landsc. 
Ecol. 24, 1207–1222. 

NIBIO, 2023. Fosforbehov – korreksjon etter jordanalyser. Norwegian Institute of 
Bioeconomy Research https://www.nibio.no/tema/jord/gjodslingshandbok/korreks 
jonstabeller/fosforbehov–korreksjon-etter-jordanalyser?locationfilter=true. 
Accessed 05.01.2023 (In Norwegian). 

Persson, T., Rueda-Ayala, V., 2022. Phosphorus retention and agronomic efficiency of 
refined manure-based digestate – a review. Front. Sustain. Food Syst. 6, 993043. 

Peyraud, J.L., Taboada, M., Delaby, L., 2014. Integrated crop and livestock systems in 
Western Europe and South America: a review. Eur. J. Agron. 57, 31–42. 

Reynolds, C.S., Davies, P.S., 2001. Sources and bioavailability of phosphorus fractions in 
freshwaters: a British perspective. Biol. Rev. Camb. Philos. Soc. 76 (1), 27–64. 

SAS Institute, 2012. SAS User’s Guide: Statistics. SAS Inst, Cary, North Carolina, USA.  
Schindler, D.W., Carpenter, S.R., Chapra, S.C., Hecky, R.E., Orihel, D.M., 2016. Reducing 

phosphorus to curb lake eutrophication is a success. Environ. Sci. Technol. 50, 
8923–8929. 

Sharpley, A.N., Chapra, S.C., Wedepohl, R., Sims, J.T., Daniel, T.C., Reddy, K.R., 1994. 
Managing agricultural phosphorus for protection of surface waters: issues and 
options. J. Environ. Qual. 23, 437–451. 

Sharpley, A.N., Bergström, L., Aronsson, H., Bechmann, M., Bolster, C.H., et al., 2015. 
Future agriculture with minimized phosphorus losses to waters: research needs and 
direction. Ambio 44, S163–S179. 

Standard Norway, 2019. Water Quality — Determination of Orthophosphate and Total 
Phosphorus Contents by Flow Analysis (FIA and CFA) — Part 2: Method by 
Continuous Flow Analysis (CFA) (ISO 15681-2:2018). Oslo, Norway.  
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