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the key role of P in eutrophication.
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Phosphorus (P) is a key nutrient in freshwater systems, often acting as the limiting nutrient. The dominant
sources of P in the Jiulong River watershed (S.E. China) are anthropogenic. Dissolved and particulate P species
were measured in the West (WJR) and North (NJR) rivers during the wet and dry seasons of 2018 and at their
river outlets during a storm (June 2019). Sources of P pollution were characterized from mainly single source
subcatchments (dry season). The Agriculture source (WJR) had a total P of 114.7 ± 13.1 μg P L−1, which was
mainly dissolved inorganic P (DIP) from excess fertilizer washed from the fields. By contrast, the West Urban
source (sewage effluent) was mainly particulate (POP) and dissolved organic P (DOP). The effect of reservoirs
in themain NJR was to decrease total particulate P (TPP) and DIP and increase POP, due to increased sedimenta-
tion of particles and biological uptake. An increase in all P species was observed at the beginning of the storm,
followed by a decrease on the rising hydrograph due to dilution. The final concentration of all P species was
higher than baseflow, confirming that storms increase the P flux out of the watershed. P was initially washed
off the fields during the storm, and during the falling hydrograph P increased due to interflow and other
longer-term sources. The high DIN:DIP ratio confirmed the key importance of P inputs from human activities
in substantially altering P sources and cycling, and hence the importance of science-based management to alle-
viate the eutrophication problem.
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1. Introduction

Phosphorus (P) is an important nutrient in aquatic ecosystems. In
freshwater ecosystems it is commonly the limiting nutrient controlling
primary productivity, and determining the total biomass of algal organ-
isms (Elser, 2012; Kang et al., 2017). Although P is supplied to river sys-
tems by natural weathering of rocks and soils in the catchment, in most
modern rivers (including the Jiulong River in S.E. China, the subject of
this study) the dominant source of P is anthropogenic pollution
(Filippelli, 2008). Phosphorus is a major component of agricultural fer-
tilizers andmostly reaches rivers via surface runoff duringmajor rainfall
events, but is also discharged into rivers in domestic and agricultural
waste effluent (VanDrecht et al., 2009). As the amount of P pollution in-
creases there is generally a non-linear response by the river ecosystem;
the early increase in P content causes a linear increase in biomass and
diversity of the still healthy ecosystem, but continuing excessive P
input will cause eutrophication of surface water which will negatively
affect water quality in the river system (Tilman, 1999). The impacts in-
clude the weakening of aquatic ecosystem function, loss of biodiversity,
and decline inwater quality which can result in areas of hypoxia. Harm-
ful algal blooms associated with eutrophication can produce toxic algae
which can kill aquatic animals, and occasionally even have harmful ef-
fects on humans (Lenes et al., 2008; Niyogi et al., 2007; Reinhard et al.,
2017; Schoumans et al., 2014).

River systems represent the most important channel for the trans-
portation of land P into the ocean. Globally 75%–94% of P inputs to the
coastal and hence oceanic systems is via rivers, with the total P flux
transported by global rivers to coastal areas being about
17.5–21.0 × 109 kg y−1 (Benitez-Nelson, 2000; Treguer et al., 1995;
Wei et al., 2011). This input of dissolved and particulate P to river sys-
tems and from there exported to coastal regions is mainly regulated
by human activities and hydrological conditions and no longer by natu-
ral weathering processes (River and Richardson, 2018; Zimmer and
Lautz, 2014). With the increase in population and economic develop-
ment (especially intensive agriculture and the acceleration of urbaniza-
tion and industrialization), the impact of human activities on P output in
river basins is likely to increase further (Seitzinger et al., 2010).

The Jiulong River is a typical subtropical river in China, and as with
many such rivers there is a complex variety of different sources of P
into the river. Phosphorus concentrations in the Jiulong River system
have obvious spatial and seasonal differences. The Jiulong River water-
shed has a semi-tropical climate and a clear wet and dry season. The
summer monsoonal season has both higher rainfall and higher plant
growth compared to the somewhat drier winter season. In addition to
these seasonal changes there are occasionalmajor storms; these periods
of high rainfall result in nutrients (N and P) being flushed from the
catchment into the river and increasing the flux, though not necessarily
the concentration, of these pollutants downstream (Gao et al., 2018).
Themean concentration of total P (TP) in storm runoff from agricultural
watersheds is generally higher than in urbanized watersheds, and both
are higher than natural or even cultivated forests (Chen et al., 2015).
However, our understanding of the contributions of different sections
of the river to specific P forms is still limited.

Dams and their reservoirs increase hydraulic retention time and
thus modify both the nature and amount of P exported downstream
(Lu et al., 2016; Maavara et al., 2015; Maavara et al., 2020). On the
one hand, there is increased algal uptake of P in the less dynamic
water retained behind dams, often as algal blooms, and some of
this particulate organic P is released downstream of the dam. On
the other hand, the reservoirs behind the dams are locations where
particulate matter, including authigenic algae and P adsorbed onto
particles, tend to settle and deposit. The resulting P-rich sediments
represent a long-term store of potentially bioavailable P and some
fraction can later be released into the water column, including via re-
suspension during large storm flow (Dynesius and Nilsson, 1994;
Withers and Jarvie, 2008).
2

In addition to the various biogeochemical processes affecting envi-
ronmental change in river systems in tropical and subtropical regions,
there is the additional effect of climate change. It is now clear that one
effect of climate change in these regions is an increase in extreme
weather events such as storms and droughts, which will become more
severe and frequent (Eccles et al., 2019). These events in turn affect
the total P flux and its speciation into the river and from the river into
the coastal system (Chen et al., 2015; Paerl, 2006).

The expansion of urbanization and rapid local economic develop-
ment (particularly intensive agriculture in thewatershed)will generate
more P-rich anthropogenic waste, including sewage and agricultural
discharges which will increase P flux into and through the watershed
(Van Drecht et al., 2009). As a result, the JiulongRiver ecosystemwill re-
quire stricter environmental management to control the effects of in-
creased eutrophication on ecosystem functions and deterioration of
water quality (part of which is used as domestic water sources), and
to reduce harmful effects on the adjacent Xiamen coastal system (N.
Chen et al., 2018). A better understanding of the P sources and various
biogeochemical processes occurred in the different sections of the
river is essential to produce better science-based management deci-
sions to achieve a more sustainable river ecosystem.

In this study we determined P species changes along the Jiulong
River system, including adsorbed phosphorus (AP), particulate inor-
ganic phosphorus (PIP), particulate organic phosphorus (POP), total
particulate P (TPP), dissolved inorganic phosphorus (DIP), dissolved or-
ganic phosphorus (DOP), and dissolved total P (DTP) during the wet
season and dry season in 2018. The aim was to identify major sources
of P pollution into the river and their P characteristics by identifying
sub-catchments with a single dominant source of P pollutant inputs.
By following the changes down the river during the wet and dry sea-
sons, we can summarize the main biogeochemical processes affecting
P in different river sections. We also conducted detailed sampling dur-
ing a storm in the summer of 2019 and used the changes in P speciation
with discharge to identify important P sources which were flushed out
of the system at these times of increased water flow. Finally, we deter-
mined the P flux from the river system to the head of the estuary and
discussed how this varies between wet and dry seasons and affected
by individual storms.

2. Materials and methods

2.1. Description of study site

The Jiulong River Watershed is located in S.E China and has a catch-
ment area of 1.47 × 104 km2 (Fig. 1). Typically the combined freshwater
export to the coast of the twomain tributaries is 1.24× 1010m3 y−1; the
North JiulongRiver (NJR) exports about two-thirds of this discharge and
theWest Jiulong River (WJR) exports one-third (Y.N. Chen et al., 2018).
In the study year (2018) the annual discharge was reduced to
7.2 × 109 m3 y−1. The North River and West River have lengths of
274 km and 172 km, and drainage areas of 9640 km2 and 3940 km2, re-
spectively. The watershed is within the Asian monsoon climate belt
with the wet season from April to September (when 58% of rainfall oc-
curred in 2018) and October to March comprising the dry season.

The upper reaches of the West River are dominated by intensive
Pomelo orchards which receive heavy applications of inorganic fertil-
izers and manure. Downstream of these orchards, the main river chan-
nel and its three tributaries pass through land with more mixed
agriculture, as well as towns and villages which discharge domestic
and some industrial waste into the river system. The lowest reaches of
the river receive agricultural runoff from crop lands and finally pass
through Zhangzhou City (population 0.8 million), which discharges its
treated and raw domestic waste into the river. The North River is longer
and has a higher flow. The upper reaches of the NJR flow past Longyan
City (population 0.7million) to Zhangping County, receivingurban sew-
age effluent and animal waste from a large number of pig farms. In the
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Fig. 1. Map of the Jiulong River Watershed showing the sampling sites. W and N indicates sampling sites in the main stream of the West River and the North River. River sections
(Agriculture, West Urban river, North Urban river, Reservoirs) marked by color dots were sampled in wet (July) and dry (November) season of 2018. Additional tributary sites and
sewage effluent sites were sampled in dry season (baseflow condition) to track the potential source of P to main stream. High resolution storm observation was conducted at stations
N15 (JD) and W13 (ZS) in June 11–13, 2019.
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middle section, a number of hydroelectric dams have been constructed
in the river channel, forming cascade reservoirs whose function in part
is to regulate river flow and sediments, thereby reducingwater velocity
and suspended particles (Lu et al., 2018). The lowerNJR iswider, receiv-
ing tributaries which flow through populated towns. The NJR ends at
the Jiangdong Reservoir (JD), an important drinking water source for
the Zhangzhou and Xiamen urban areas.
3

2.2. Meteorological and hydrological condition during study period

Two samplings along the river networks were performed in July
(wet season) and November (dry season) of 2018. The average temper-
ature and Antecedent Precipitation Index (API), which is the weighted
cumulative amount of daily rainfall in the 14 days before the sampling
time in July was higher than in November (29.4 °C, 24.2 mm and
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22.4 °C, 11.5mmrespectively), as shown in Table 1. Daily NJRmean dis-
charge in July (108m3 s−1) was higher than in November (62.4m3 s−1)
while the WJR discharge was higher in the dry season (53.1 m3 s−1)
compared to the wet season (35.6 m3 s−1). By contrast, the monthly
mean discharges in both rivers were rather similar in the wet and dry
seasons (Table 1). A storm event was sampled from June 11 to 13,
2019, at exits from the NJR (JD/N15) and WJR (ZS/W13) (Fig. 1). The
daily rainfall during the storm was recorded as 29.3 mm, 16.0 mm and
19.6 mm in the nearest meteorological station in Zhangzhou. Peak dis-
charge during the storm was 2052 m3 s−1 in the NJR and
516.9 m3 s−1 in the WJR.

2.3. Sampling and lab analysis

A total of 29 stations were sampled, with 15 stations in the NJR and
14 stations in the WJR (Fig. 1). Of these stations, seven were character-
ized as Urban source sites (North Urban: N1–N4; West Urban: W10,
W12–W13), four as Agriculture source sites (Agriculture; W2–W5)
and four as Reservoir sites (N8–N11) (Fig. 1). The justification and char-
acterization of sites as Urban, Agriculture and Reservoir is explained in
detail in Section 4.1. Briefly, Urban represents sites in which the domi-
nant source of P pollution was from domestic sewage, Agriculture
sites are where the dominant source of P pollution was from non-
point source fertilizers applied to fields and/or orchards, and Reservoir
sites are stations sampled in the reservoirs which exist in the main
channel of the North River. Additional tributary sites and sewage outlet
points were sampled in the dry season (baseflow condition) to provide
additional information to characterize the nature of the sources of P pol-
lution to the main river. Surface (0.5 m) water was collected by a 5 L
plexiglass sampler for analysis of nutrient forms. Water samples were
measured in-situ for physio-chemical indicators, including dissolved
oxygen (DO), pH and water temperature using a portable multi-
parameter water quality tester (WTW, Germany).

Storm runoff was collected from June 11 to 13, 2019 at themouth of
the NJR (site JD) and WJR (site ZS) continuously (one sample every
1–3 h) using an auto-sampler (GEM+ SMA-S, China). Several samples
at the mouth of NJR were unfortunately not collected from 11th 15:00
to 12th 11:00 during the rising hydrograph and maximum flow due to
instrument malfunction.

Water samples were divided in two and then filtered through GF/F
filters (0.7 μm). The filtrate was stored at 4 °C and the filters stored fro-
zen at−20 °C before analysis. One of thefilterswas oven-dried at 105 °C
to constant weight to determine suspended particulate matter (SPM).
The oven-dried filters were combusted at 550 °C for 1.5 h and extracted
with 1 mol L−1 HCl to determine TPP as phosphate. Another filter was
extracted into 15 mL Milli-Q water and a subsample (5 mL) taken to
measure AP. 5 mL of 3 M HCl (Guarantee Reagent) was then added to
a final concentration of 1 M HCl and a subsample taken to measure
the PIP. Thefiltratewas analyzed for dissolved nutrients. DTPwas trans-
formed to phosphate with 4% alkaline potassium persulfate. All
pretreated phosphate samples and DIP were analyzed as soluble reac-
tive phosphate (molybdate blue reaction) by segmented flow
Table 1
Summary of Antecedent Precipitation Index (API), daily and monthly river discharge for
the two sampling periods (July and November 2018).
Adapted from Perrone and Madramootoo (1998).

River Sampling
date

API
(mm)

Daily mean discharge
(m3 s−1)

Monthly mean
discharge (m3 s−1)

North River 20 July 26.9 104.8 151.0
10 November 8.3 62.4 143.9

West River 20 July 21.4 35.6 45.7
8 November 14.6 53.1 47.5

Note: Antecedent Precipitation Index (API) = ∑kiPi, where Pi are precipitation 1, 2,…, i
(i= 14) days prior to the event and k is a constant (k=0.85). Three soil antecedentmois-
ture conditions were classified according to API value. Condition I (dry): 0 ≤ API ≤ 15mm;
Condition II (average): 15 ≤ API ≤ 30 mm; Condition III (wet): API > 30 mm.
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automated colorimetry (San++ analyzer, Germany). Ammonium
(NH4-N) and nitrate (NO3-N + NO2-N) were analyzed by the same in-
strument. Dissolved inorganic nitrogen (DIN) was the sum of ammo-
nium and nitrate (see the parallel study by Lin et al. (2020)). DOP was
the difference between DTP and DIP, while POP was the difference be-
tween TPP and the sum of AP and PIP. The precision for measurements
was determined by repeated determinations of 10% of the samples and
the relative error was 3–5%. For quality control in the laboratory, a stan-
dard reference material provided by the National Environmental Pro-
tection Agency was used to check instrument performance, within
−1% to +4% deviations from the standard concentrations.

2.4. Data analysis

The partition coefficient of P (Kd) was calculated by Eq. (1).

Kd ¼ AP½ �= SPM½ � ð1Þ

where, [AP] was the concentration of phosphate desorbed from the par-
ticles by adding MQ water (μg P L−1) and [SPM] was the original con-
centration of particulate matter in the river water (mg L−1).

In addition, we calculated the fraction of inorganic DIP that was
adsorbed onto particles by Eq. (2).

Adsorbed fraction %ð Þ ¼ AP½ � � 100= AP½ � þ DIP½ �ð Þ ð2Þ

where, [AP] was the concentration phosphate desorbed from the parti-
cles by addingMQwater (μg P L−1) and DIPwas the original concentra-
tion of phosphate in the river water (μg P L−1).

The daily fluxes of P to the head of the estuary were calculated using
the concentrations measured at the exits of NJR and WJR (JD/N15 and
ZS/W13) and associated river discharge (Eq. (3)).

Fi ¼ Ci � Qi � 24� 3600� 10−3 ð3Þ

where, Fi is the flux of P during the observation period (kg day−1), Ci is
the concentration of P (μg P L−1), and Qi is the daily mean river dis-
charge on the sampling date (m3 s−1). River discharge during the sam-
pling periods was obtained from two hydrological stations (Punan
Station (PN) in NJR and Zhengdian Station (ZD) in WJR) (Fig. 1), which
were extrapolated to the sampling sites using the ratios of the drainage
area between sampling sites and hydrological stations.

To determine P fluxes during the storm event on June 11–13, 2019,
hourly discharge was multiplied by the corresponding concentration
for each time point. Total P flux (kg P day−1) was estimated as daily
mean P load (kg P) normalized by the duration of the storm.

3. Results

3.1. Spatial and seasonal variation of P species among river sections

During the sampling periods, water temperature in the wet season
(29.0–32.6 °C) was higher than in the dry season (23.6–25.5 °C)
(Table 2). In general, dissolved oxygen (DO) was oversaturated in the
wet season except for the averageNorthUrban siteswhichwere slightly
undersaturated. During the dry season, the average DO content was
somewhat lowerwith only theWestUrban oversaturated. The reservoir
stations were saturated and the Agriculture and North Urban were un-
dersaturated. The pH ranged from6.8 to 8.7with lower values occurring
in the Agriculture river section, especially in the dry season.

Overall the concentrations of TPP and DTP in theNJR decreased from
maximum values of ~75 μg P L−1 TPP and 125–150 μg P L−1 DTP in the
upper reaches to a minimum value in themiddle reaches (N10–N12 for
TPP and N8–N9 for DTP) (Fig. 2), and then a slight increase downstream
towards the mouth of the river. The concentration of TPP in the WJR
fluctuated more widely than in the NJR and generally increased from
upstream to downstream. The concentration of DTP along the WJR
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remained roughly constant with slightly higher concentrations during
the wet season than in the dry season (Fig. 2).

3.2. Characterization of the P speciation of the major pollution sources to
the river channel and seasonal changes

In order to characterize the P speciation of themost important pollu-
tion sources to the river channel, three river sections were identified as
having a single dominant source of nutrient pollution (Fig. 1). These
were the headwaters of the West River (Agriculture source), the head-
waters of the North River (North Urban source) and the lower West
River channel as it passed through Zhangzhou (West Urban source).
The data presented in Table 2 shows the average concentration of mea-
sured P species for these stations during both the wet and dry season
sampling. We chose to use the dry season (baseflow condition) values
to characterize the individual pollution sources. The TP of the Agricul-
ture source was 114.7 ± 13.1 μg P L−1 of which 33.4 ± 11.5 μg P L−1

was as TPP and 81.3 ± 9.4 μg P L−1 was as DTP. The POP/TPP and PIP/
TPP fractions were rather similar at ~40% while almost all of the DTP
was as DIP (Fig. 3). TheWest Urban source had similar TP to the Agricul-
ture source (115.2 ± 35.8 μg P L−1) but different speciation with much
higher TPP (70.7 ± 11.5 μg P L−1) most of which was POP (Fig. 3). The
DTP was almost entirely DIP. The North Urban source in the dry season
had somewhat higher TP, and intermediate TPP compared with the
West Urban source (Table 2). Most of the TPP was PIP with a rather
low amount of POP. Approximately 60% of the DRP was DIP with the
rest as DOP (Fig. 3). The AP/TPP fractionwas higher in all sources during
the dry season than during the wet season.

Kd is a measure of the ability of SPM to reversibly adsorb phosphate
onto the surface of particles. In the Jiulong River there were major in-
creases in Kd in the Urban sources between the dry season and the
wet season while Kd remained relatively constant in the Agriculture
source (Table 3). Similarly, there was a higher proportion of DIP
adsorbed onto particles during the dry season compared with the wet
season. In general, the TP concentration was also higher during the
wet season than the dry season while the TPP was of a similar range
to that in the dry season.

In order to estimate the effect of impoundment in cascade reser-
voirs in the main channel of NJR, we compared the P speciation in
the river upstream and downstream of the reservoirs with samples
collected within the cascade reservoirs (Table 4). In both the wet
and dry seasons, the DTP was considerably reduced in the reser-
voirs compared to samples taken in the river adjacent to the reser-
voirs (27.1–34.5 μg P L−1 compared with 34.9–68.6 μg P L−1).
During the dry season most of the DRP was as DIP in the reaches ad-
jacent to the reservoirs but the fraction was reduced within the res-
ervoirs (Fig. 4). At the same time, the relative amount of POP as a
fraction of TPP increased in the reservoirs compared to the waters
arriving from upstream (Table 4, Fig. 4). The proportion of AP/TPP
remained relatively constant through the reservoir sites during
the dry season. There were similar patterns in the wet season
with most of the DRP reaching the reservoirs as DIP, which was re-
duced in the reservoir, while there was a higher proportion of POP
in the reservoirs compared to the in-coming water. The AP concen-
tration, Kd and fraction attached to particles were lower for almost
all samples during the wet season compared with the dry season
(Table 3).

3.3. Temporal variation of P species at river mouths during a storm event
in 2019

Concentrations of SPM and P species changedwith river discharge in
the WJR during the storm event (Fig. 5). For the WJR, SPM (mg L−1)
doubled at the beginning of the rising hydrograph and then dropped
for the remaining rising hydrograph. There was then a dramatic in-
crease at the beginning of the falling hydrograph, which remained
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Fig. 2. Changes of concentrations of SPM and phosphorus speciation along the North and West Jiulong River in the wet (July) and dry (November) seasons in 2018.
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constant though somewhat scattered at 3 times the initial value. TPP
followed SPM closely with an increase at the beginning of the storm, a
decrease for the remainder of the rising hydrograph followed by a
rapid increase during the falling hydrograph. As with SPM and TPP
there was an increase in PIP and POP at the beginning of the
hydrograph, a decrease during the main section of the increasing
hydrograph and then an increase at themaximumandduring the falling
hydrograph. In contrast to TPP and SPM, the values for POP and PIP fluc-
tuated somewhat during the falling hydrograph. DIP and DOP were dif-
ferent from the other P species. During the storm DIP increased rapidly
at the beginning of the rising hydrograph, and then dropped back al-
most to pre-storm concentrations at the maximum storm flow. How-
ever, this decrease was later in the storm than the decrease in TPP.
Having reached a minimum value at the peak of the hydrograph, it
then increased again at the beginning of the falling hydrograph to a
new steady state for the rest of the falling hydrograph. DOP also be-
haved differently from all other P species in that its concentration
remained relatively constant throughout the entire storm. AP was a
minor component of TP. The AP pattern broadly followed changes in
TPP (and not DIP) in that it dropped as TPP and PIP dropped during
the rising hydrograph from around 9.3 μg P L−1 and then increased at
6

the maximum flow, before remaining constant at a new steady
state value of 8.2 μg P L−1 during the falling hydrograph. For the
whole storm event in WJR, DTP dominated in TP (70%) while TPP
had a relatively small fraction (30%) compared with NJR (52% DTP
and 48% TPP).

The pattern of the storm in the NJR was more difficult to follow be-
cause the sampler failed during the increasing hydrograph and themax-
imum flow period, which were the regions of maximum change in the
WJR (that is, the pattern for the rising hydrograph and maximum flow
were lost) (Fig. 6). In general, the pattern was similar to that observed
in the WJR. In particular the SPM on the falling hydrograph was higher
than for the baseflow before the storm (and approximately twice as
high as WJR). TPP increased at the beginning of the rising hydrograph
and reached a steady state value on the falling hydrograph which was
higher than baseflow. PIP and POP also started to increase at the begin-
ning of the rising hydrograph and reached a new higher value on the
falling hydrograph. In contrast to the WJR, the values for PIP and POP
in the NJR were stable on the falling hydrograph. DIP also started to in-
crease on the rising hydrograph and reached a new stable higher value
on the falling hydrograph. The pattern for APwas also similar to that for
the WJR.
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Fig. 3. Phosphorus fractions measured in different river sections which are dominated by particular types of source activities.

X. Yuan, M.D. Krom, M. Zhang et al. Science of the Total Environment 769 (2021) 144658
3.4. The concentration and flux of baseflow and stormflow P speciation to
the head of estuary

The concentrations and fluxes of P species at river mouths (stations
ZS and JD) during the wet and dry seasons were taken to be average
baseflow values flowing from the catchment to the head of the estuary
(Table 5 and Fig. 7). The dominant form of P leaving the watershed was
as TPP, representing 55–57% of the TP from theWJR and 57–65% leaving
the NJR. As noted above, the water flow during wet and dry seasons are
relatively similar due to the regulation of dam reservoirs in the river,
and thus thedifferences influxes are dominated by changing concentra-
tions. Storm flow is much higher than normal river flow, and as a result
P flux was greater in the NJR than in the WJR, and event mean concen-
tration (EMC) of P species were larger in the stormflow period com-
pared to the background (baseflow) period.

3.5. N:P ratios under baseflow and storm flow conditions

The molar ratios of DIN to DIP differed between river sections and
between seasonal sampling and storm observation (Fig. 9). In general,
the N:P ratio in the WJR was higher than in the NJR. Agriculture and
Table 3
Kd values and adsorbed fraction by river section in the wet (July) and dry (November) season

Period Agriculture

Kd (μg mg−1)

Wet season (July 2018) 0.70 ± 0.62
Dry season (November 2018) 0.69 ± 0.21

Period Agriculture

Adsorbed fraction (%)

Wet season (July 2018) 26.5 ± 12.6
Dry season (November 2018) 41.1 ± 2.7

Note: data shown as mean ± one standard deviation for Agriculture (W2–W5), North Urban (

7

West Urban sources had the largest N:P ratios (relatively high DIN)
among all river sections. For the NJR, the N:P ratio was elevated from
the upstream to reservoirs (relatively low DIP) and decreased in the
downstream. Higher N:P ratios were found in the dry season than in
the wet season for the Agriculture, West Urban and North Urban rivers,
while a higher ratio occurred in thewet season for the reservoirs. In ad-
dition, a higher N:P ratio in storm runoff at exits of theWJR (W13) and
the NJR (N15) was observed in the rising hydrograph than in the falling
hydrograph of storm flow.

4. Discussion

4.1. Characteristics and source tracking of river P

The sources of nutrient pollution in the JiulongRiver system are com-
plex, as they are in many such densely populated catchments. The
sources include agricultural, industrial and domestic waste inputs and
both point and non-point sources (Yu et al., 2015). In a parallel study
of N pollution in the Jiulong River watershed (Lin et al., 2020), the
sources of pollution were simplified into two major types. The first was
agricultural runoff, which was non-point source pollution in which the
s of 2018.

North Urban West Urban Reservoir

0.35 ± 0.21 0.19 ± 0.15 0.09 ± 0.07
1.78 ± 0.80 1.96 ± 0.90 0.37 ± 0.10

North Urban West Urban Reservoir

12.5 ± 5.9 20.5 ± 10.2 9.1 ± 4.4
26.3 ± 12.7 68.2 ± 6.4 36.6 ± 11.9

N1–N4), West Urban (W10, W12–W13) and Reservoir (N8–N11, N15).



Table 4
Comparison of the concentrations of mean phosphorus species between the reservoir and upstream and downstream sites in the North River.

Season River section TP DTP DIP DOP TPP AP PIP POP SPM (mg L−1)

(μg P L−1)

Wet season (July 2018) Upstream 91.8 ± 17.1 68.6 ± 6.0 49.7 ± 3.9 18.9 ± 5.0 23.2 ± 15.8 2.1 ± 1.2 11.9 ± 7.7 9.1 ± 7.0 8.7 ± 5.2
Reservoirs 54.2 ± 9.5 34.5 ± 11.6 22.2 ± 11.1 12.3 ± 8.4 19.7 ± 15.0 0.6 ± 0.3 5.5 ± 2.9 13.6 ± 12.0 5.9 ± 2.2
Downstream 67.5 ± 2.0 49.9 ± 16.6 24.5 ± 15.5 25.3 ± 4.4 17.6 ± 14.6 0.6 ± 0.1 5 ± 1.7 12.1 ± 13.2 7.0 ± 2.3

Dry season (November 2018) Upstream 69.2 ± 17.0 46.9 ± 19.6 36.1 ± 27.1 10.8 ± 7.6 22.3 ± 4.8 4.0 ± 1.0 9.8 ± 5.5 8.6 ± 5.3 10.8 ± 6.5
Reservoirs 48.6 ± 22.4 27.1 ± 8.3 15.8 ± 10.3 11.3 ± 4.8 21.5 ± 17.0 2.6 ± 1.1 5.4 ± 2.2 13.4 ± 15.6 7.2 ± 2.2
Downstream 58.5 ± 7.5 34.9 ± 9.4 19.8 ± 12.7 15.2 ± 5.9 23.6 ± 15.3 5.0 ± 2.2 5.1 ± 2.5 13.6 ± 10.8 11.1 ± 4.4

Note: data shown as mean ± one standard deviation for upstream (N5–N7), reservoirs (N8–N11) and downstream (N12–N14).
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major source was excess fertilizers applied to fields and orchards and
subsequently discharged into the upper West River. This was character-
ized by a NO3-N/DIN fraction close to 100%. This high ratio was due both
to nitrate in the originally applied fertilizer and to nitrification in the
fields converting NH4-N in the fertilizer to NO3-N. The second major
source of external pollution to the JiulongRiverwas domestic sewage ef-
fluent discharged either directly or indirectly from secondary sewage
treatment works. The characteristic of sewage effluent is that there is a
relatively higher fraction NH4-N of DIN in the discharge as it reaches
the river. This category of waste could also include waste from domestic
sewage in towns and villages as well as major cities and might also in-
clude waste from intensive pig farms.

In this study, a similar division of pollution sources was developed by
identifying sub-catchments which have a single dominant pollution
source. This division was used to develop characteristics of the P specia-
tion of these twomajor pollution sources into the Jiulong River. The head-
waters of the West River are dominated Pomela orchards; according to
our survey, these orchards receive intensive applications of chemical fer-
tilizers including phosphate (~100 kg P ha−1) mainly in May–July (wet
season) and January (dry season). Here we sampled the upper tributary
(W2–W5) in November 2018 to characterize the P pollution being
supplied by agricultural pollution to theWest River. The TP of this source
was 114.7 ± 13.1 μg P L−1, TPP was 33.4 μg P L−1 with an SPM of 12.9 ±
0.2 mg L−1 (Table 2). In the same stations, Lin et al. (2020) reported that
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the proportion of nitrate (NO3-N) to dissolved inorganic nitrogen (DIN)
was greater than 99%, which is characteristic of non-animal agricultural
pollution. For these stations the DIP/DTP fraction was 96% and the POP/
TPP fraction was 30% (Table 2, Fig. 3). This pattern seems reasonable for
a P pollution source that was mainly excess potentially soluble inorganic
fertilizer being flushed off the fields into the river channels. The relatively
low amount of organic P could be due to plant debris in the river channels
and/or remnant organic P from the manure added to the field in January.
However, it should be noted that none of the river P in this study, even
from an agricultural area which is almost entirely Pomela orchards, are
totally from one source, and there could also be some domestic sewage
from the small farming communities in the catchment. An important ad-
ditional factor in the flushing of P pollution into the river channels is the
amount of SPM, which is generally related to soil erosion (Zuijdgeest and
Wehrli, 2017). For those agricultural stations when the TPP: SPM
ratio ≥ 2.0 μg mg−1, the POP/TPP fraction range was 6%–30%, while
when the TPP: SPM ratio < 2.0 μg mg−1, the mean POP/TPP fraction
was 37%. This implies that when there was more soil erosion (higher
SPM) therewas also relativelymore organic P eroded into the river chan-
nels. The fraction of DIP adsorbed onto particles was relatively constant
between the wet and dry seasons, and Kd was intermediate between
the values from the Urban sources in the dry and wet seasons (Table 3).

In contrast to agricultural pollution, domestic sewage has a relatively
high proportion of NH4-N (Lin et al., 2020). Herewe selected the sites in
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pared with the upstream (N5–N7) and downstream (N12–N14) sites.
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Fig. 5. Evolution of river discharge, SPM and P species during the observation of storm event at ZS station of West Jiulong River in June 11–13, 2019.
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which NH4-Nwas relatively higher and there was the presence of point
source discharges from domestic sewage works. We chose two type
areas, one of which in the lower West River catchment was located
close to the outlet of the wastewater treatment plants from Zhangzhou
(n=3) (stationsW10,W12 andW13). At these stations theNH4-N/DIN
fraction was 5.6 ± 2.8%, the TP and SPM was rather similar to the Agri-
culture source (Stations W2–W5), 115.2 ± 35.8 μg P L−1 and 10.6 ±
2.0 mg L−1. However, the P speciation was very different. The TPP was
more than double at 70.7 ± 13.8 μg P L−1, with the organic P phases
much higher, POP was 42.1 ± 15.3 μg P L−1 and DOP was 14.3 ±
11.9 μg P L−1, which were 3.5 and 4.5 times higher than in the Agricul-
ture source. Sewage effluent contains a high fraction of organic matter
even after secondary treatment and this is the source of the higher frac-
tion of organic P into the river channel. It was observed thatmuch of the
SPMwas organic particles (>3.5mg P of POP per gramof SPM) in Urban
sites (W12, W13) in contrast to the Agriculture source (<1.0 mg P of
POP per gram of SPM).
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Fig. 6. Evolution of river discharge, SPM and P species during the observation of storm event
conducted in the rising flow period due to auto-sampler malfunction.
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The North Urban source was not collected adjacent to single
major sewage effluent discharges as was the case for the West
River. Stations N1–N4, which were used to define the North Urban
source, were collected in the main river channel as it passed through
Longyan, an area with high population density and intensive pig
farming. It was defined as North Urban based mainly on the fraction
of NH4-N, which was greater than 20% (Lin et al., 2020). The TP and
SPM of this source was rather higher than the West Urban source
(138.7 ± 39.1 μg P L−1) while the SPM was slightly lower at 7.3 ±
4.7 mg L−1 (Table 2). As with the West Urban, the TPP was much
higher than the Agriculture source at 55.2 ± 17.1, as was the DOP
at 17.0 ± 11.6 μg P L−1. Somewhat surprisingly, the POP was rather
low at 8.7 ± 14.5 μg P L−1 (Table 2), possibly because this source
was more diffuse (non-point source) compared with the West
Urban source and so although the ammonium remained high, some
of the POP had been converted into DIP by microbial action and
other decay.
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at JD station of North Jiulong River during June 11–13, 2019. Measurement was not fully



Table 5
Concentration and flux of P species during seasonal sampling at the exits from the North River and West River to head of estuary.

Period Station TP DTP DIP DOP TPP AP PIP POP

Concentration (μg P L−1)

Wet season (July 2018) N15 49.7 17.5 4.9 12.6 32.2 0.5 5.2 26.5
W13 100.1 43.0 15.9 27.1 57.1 4.7 10.5 42.1

Dry season (November 2018) N15 50.5 21.9 12.6 9.3 28.6 4.0 4.1 20.5
W13 155.8 69.6 41.7 27.9 86.2 21.4 8.3 56.5

Period Station TP DTP DIP DOP TPP AP PIP POP

Flux (kg P day−1)

Wet season (July 2018) N15 475.3 167.4 46.9 120.6 307.9 4.6 50.2 253.2
W13 324.1 139.4 51.5 87.8 184.7 15.3 33.3 136.2

Dry season (November 2018) N15 311.8 135.1 77.8 57.4 176.7 24.7 25.4 126.7
W13 754 336.7 201.8 135.0 417.3 103.4 40.4 273.6
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When comparing the agricultural and urban sources during the wet
warm season (July) with the dry (November) season, it was found that
there was comparatively little difference for the West Urban source
(Table 2),whichwas themost homogeneous source (domestic sewage ef-
fluent from point sources). While the effluent had slightly less TP (102 ±
12.0 μg P L−1) compared with the dry season (115.2 ± 35.8 μg P L−1),
other parameters such as TPP, PIP, POP, and DTP were quite similar
(<15% deviation). In contrast, the Agriculture and North Urban source
were considerably different during the wet warm season. In particular,
in both sources there was a higher fraction of organic P species in the
wet season. Thus, for the Agriculture source the TP was 38% higher
(with most of the difference being POP) which was more than double
the TP in the dry season, while DOP was more than 12 times higher.
Since this difference could not be due to changes in chemical P fertilizer
added, it was concluded that this was due to organic P being eroded
from the fields (manure is added to the fields in January) or washed out
of drainage channels and/or village sewage systemsas the amount of rain-
fall increased. Similarly, there was more total P (30% higher) in the North
Urban source in the wet season than in the dry season. This was also
mainly due to an increase in POP (3.3 times higher) and DOP (1.8 times
higher) though in the case of North Urban, DIP also increased by ~30%. It
is more difficult to assign a cause to these differences since the North
Urban is less homogeneous, though for the explanation may be similar
to that for the Agriculture source, namely that organic matter is eroded
from fields or washed out of drainage channels and sewage systems.

4.2. Hydro-biogeochemical changes in P speciation found in the river
channel

There were systematic changes in P speciation in the North River
downstream of the four urbanized stations (N1–N4) in the upper
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reaches of the river (Fig. 2). There was a large decrease in TPP, DTP,
PIP, and DIP but a smaller decrease in POP and DOP. This spatial pattern
was largely due to dilution by tributaries which had lower levels of
contamination. The pattern in theWest Riverwasmore complexmainly
because some of the stations were inside tributaries. There were sub-
stantial pollution sources downstream of the initial intensive agricul-
tural locations and thus P was added in some places and diluted in
others. In addition to these external changes affecting the P chemistry,
there are also biogeochemical changes occurring within the river chan-
nel itself.

Once P reaches themain river channel, DIP can be removed from the
water column by inorganic adsorption processes and by biological up-
take. In this study the inorganic uptake processes were estimated by
the determination of Kd and the fraction adsorbed. It was found that in
the dry season 26%–68% of the DIP was adsorbed onto SPM (Table 3).
In aquatic systems it is considered that this adsorbed P remains poten-
tially bioavailable and if DIP is removed by biological uptake processes,
it can be replaced by inorganic adsorbed P (Slomp, 2011). This process
was seen in the reservoirs (see below). In the wet season, the fraction
of phosphate adsorbed onto particles was considerably less than in the
dry season (Table 3) even though there was only a small decrease in
SPM (Table 2). At the same time, the amount of SPMdecreased substan-
tially from the Urban sites (N1–N4) to the downstream. This was due to
less P being adsorbed onto the particles, since the DIP in the water col-
umnwas approximately the same. It is possible to speculate that during
thewet season the nature of the particles in thewater columnmayhave
been different, with a higher PIP:POP ratio. However, since no detailed
study of the nature of these particles was made it is not possible to
know why there was less P adsorbed.

Phosphate can be biologically uptaken into POP. However, therewas
no systematic change in POP downstream of the major sources in the
North River, while in the West River there were fluctuating values of
POP. It is not possible to determinewhether biological uptake processes
were minor in the Jiulong River (maybe due to light limitation in the
turbid water or simply that there were so many complex interactions,
including dilution by tributaries, microbial decomposition, sedimenta-
tion, etc.). Therefore, no clear pattern of changes in POP in the river
channel could be seen. In order to determine the rate of biological up-
takewithin thewater column it would be necessary to carry out a series
of biological rate experimentswhichwas beyond the scope of this study.

There are a number of dams across the North River channel which
cause reservoirs to form behind them (N8–N11). It is characteristic of
reservoirs that the water flow is reduced and so SPM is sedimented
out. Since thewater column is less turbid there is increased phytoplank-
ton growth and thus P uptake (Maavara et al., 2015; Maavara et al.,
2020). In this study, we compared the stations immediately upstream
(N5–N7) and downstream (N12–N14) of the reservoirs to determine
whether the effect of the reservoirs on P chemistry could be seen
(Table 4). During the dry season there was a small decrease in SPM in
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the reservoirs compared to the adjacent stations (10.9 ± 5.0 mg L−1

compared with 7.9 ± 2.5 mg L−1). There was also a decrease in DIP
and AP and an increase in POP, which is likely associatedwith increased
phytoplankton uptake of P in the reservoirs (Lu et al., 2016). TPP
remained essentially constant at 23.0 μg P L−1 in part because the
amount adsorbed on particles decreased, likely due to release and bio-
logical uptake. During the wet season we observed a similar pattern as
SPM decreased from 8.7 to 5.9 mg L−1. There was also a decrease in
DIP and AP and an increase in POP while TPP decreased substantially.
These changes in P chemistry are consistent with particulate matter
being sedimented out and increased biological uptake of P in the reser-
voirs. This pattern can be seen despite the confounding factors such as
small tributaries reaching the river and at least some recycling of P
from the sediment within the reservoirs.

4.3. Effect of storms on the cycling and discharge of P down the river system

The pattern of P speciation through the storm in the WJR in June
2019 (Fig. 5) provides information on the nature and location of anthro-
pogenic P mobilized by the increased river flow. At the beginning of the
storm there was an increase in SPM with its associated particulate P
(TPP, PIP and POP), likely due in part to resuspension of particulate P
in the river channel aswell as rapid soil erosion from the adjacent fields.
There was a tight correlation between TPP and SPM throughout the in-
creased flow of the storm (TPP = 0.6561 × SPM + 11.26, R2 = 0.95,
p < 0.01), which implies a single type of SPM being mobilized during
storm flow. During this early phase of the stormDIP also increased, pos-
sibly due to remobilization from sediment pore waters. However, it is
more likely to be due to phosphate being washed off the fields, espe-
cially since the length of the increase in DIP was longer than that of
the particulate P phases. Particulate P decreased presumably due to di-
lution during the rising hydrograph (Fig. 5). It is also noted that DOP did
not increase during this early phase of the storm. Pollution from agricul-
tural sources contains a relatively high DIP: DOP ratio, suggesting that
the initial effect of the stormwas towash excess fertilizer P from surface
agriculturalfields. However, rather rapidly the TPP decreased on the ris-
ing hydrograph, which implies that the SPM was being diluted by in-
creased water flow. At maximum flow all P species (dissolved and
particulate) were somewhat diluted by the increased amount of water
being fluxed down the river. However, for all P species there was an in-
crease again in the falling hydrograph with higher concentrations of
TPP, POP, PIP, and DIP than were present before the storm (Fig. 5).
This is likely due to interflow driven release of stored P from surface
soils and other longer-term sources compared to the initial flux from
the fields. It is not known how long this increase was sustained after
the peak of the storm passed since sampling stopped ~24 h after peak
discharge and the system had not returned to baseflow. AP is generally
considered to be regulated by a rapid equilibration between DIP and
particulate matter. In this storm the AP was a similar steady state
early in the storm and during the falling hydrograph, and AP only de-
creased for a short period during the rising hydrograph when SPM
and particulate P decreased and DIP remained higher, suggesting that
the storm had mobilized new SPM which had not yet reached equilib-
rium with DIP. The pattern for NJR was consistent with that observed
for WJR (Fig. 6) but due to the missing data during the rising
hydrograph andmaximum flow it is not possible to confirm this pattern
in detail.

Similar to previously reported patterns of nutrient export via storm
flow (Bowes et al., 2005; Chen et al., 2012; Chen et al., 2015; House and
House andWarwick, 1998), a hysteresis effect was also observedwith P
concentrations at the discharge point being different on the rising and
falling limbs of the hydrograph (Fig. 8). In general, most P species
showed an anticlockwise trajectory around the high flow period in
WJR, indicating a flushing of P pollutants from the polluted areas close
to the sampling station (W13), resulting in a sharp increase at the be-
ginning of the storm and subsequently P species fromsecondary sources
11
during the falling hydrograph. This is different from NJR samples in a
previous storm where DRP and DOP showed a clockwise trajectory
(Chen et al., 2015). The difference implies a dilution of within channel
P by increased storm runoff caused by the delay of remote P sources
in the upper North River reaching the sampling station at the exit
from the NJR.

Storm size impacts the dynamics of river P concentration, composi-
tion andflux (Table 6). The P flux of NJRwas higher thanWJRbecause of
the greater water flow, and the EMC of WJR was greater than the NJR
due to the greater baseflow P concentrations in theWest River draining
an intensively fertilized agricultural orchard area (upper WJR) and
highly populated area close to the sampling station in the lower WJR
(Table 6). Phosphorus fluxes and EMC were generally lower in the
smaller storm (June 2019) than the larger storm (July 2013) (Chen
et al., 2015). For NJR in June 2019, greater DIP: DTP (0.78) and lower
TPP: TP (0.51) flux ratios were found compared to the larger storm in
2013 (Table 6), suggesting relatively more DIP (more washout with
less dilution) and less TPP (less soil erosion) export during the less in-
tensive storm.

The baseflow exiting theWest River during normal flow is similar
in nature to the West Urban source with higher POP than PIP in the
particulate fraction and higher DOP compared with DIP in the wet
season, and lower DOP compared with DIP in the dry season
(Fig. 7). This pattern is expected since the West Urban source fluxes
into the river near its mouth. By the time water from the Agriculture
source has reached the mouth of the river it has been transformed by
processes within the river channel and by addition and dilution of
pollutants in the channel downstream of this important source. The
dominant form of P leaving the North River catchment is as organic
P (53% POP and 25% DOP for the wet season, Fig. 7). This represents
a net transformation of P from the dominantly inorganic P in the
North Urban source at the headwaters of the catchment to thewaters
flowing out of the catchment at N15. An important vector of these
changes is biological uptake of P within the river channel, including
the reservoir at station N15. However, as with the West River (and
indeed also all modern rivers) the actual combination of addition
and dilution processes into the channel and internal P cycling is com-
plex and varies with seasons and water flow.

The fluxes out of the catchment are much greater during the storm
than under baseflow, with the TPP and DTP being greater than an
order of magnitude higher during storm flow from the NJR, which itself
is 2–3 times higher than that from theWJR (Table 6). This is character-
istic of the JiulongRiver, andmost other rivers, in that by far the greatest
daily flux of nutrients occurs during storm flow (Correll et al., 1999;
Mok et al., 2019). Depending on the frequency of storms, this represents
a disproportionately high fraction of the total flux of nutrients out of the
catchment to the coast (Gao et al., 2018).

The DIN:DIPmolar ratio within the Jiulong River system (Fig. 9), and
particularly in the river channels identified as Agriculture and West
Urban sources, was well in excess of the canonical Redfield ratio of
16:1 and even in excess of the much higher DIN:TDP ratio of
53–250:1 suggested by Maberly et al. (2002) as leading to P limitation.
These data confirm the importance of P as an (and often the) important
nutrient in controlling the degree of eutrophication in the river system.
This pattern of high N:P ratio in pollutant sources exists in many other
river systems including the Yangtze (Liu et al., 2018) and Ruhr
(Westphal et al., 2020). Liu et al. (2018) identify the need to reduce ag-
ricultural fertilizer use and have better urban wastewater management
in agreement with this study. However, often the reduction in total nu-
trient load into a river system can result inmore extremeP limitation, as
often the reduction in nutrient load (particularly from point source
sewage treatment works) has been more effective in reducing P than
N (Viaroli et al., 2018; Westphal et al., 2020). These results emphasize
further the need for science-based management decisions if the
problem of human-induced eutrophication in river systems is to be
alleviated.
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Fig. 8. Relationship between P species and discharge in the WJR sampling during a storm event (June 11–13, 2019).
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5. Conclusions

In this study, the sampling of the whole Jiulong River system was
carried out in both the wet and dry seasons to explore P speciation
and cycling processes. Two major anthropogenic P sources (agriculture
12
waste and urban effluent) were characterized by detailed sampling
from mainly single source subcatchments in the dry season. The Agri-
culture source (upper WJR) had the highest P concentration, which
was mainly DIP from excess fertilizer being washed from the fields. In
contrast, the West Urban source (sewage effluent in lower WJR) had a



Table 6
Summary of phosphorus fluxes and concentrations of the storm events at the exits from the North and West Jiulong River (NJR and WJR).

Items Storm event River TP DTP DIP DOP TPP AP PIP POP Reference

P flux (kg P day−1) 2019.6 WJR 3482 2384 1905 478 1099 210 489 399 This study
2019.6 NJR 10,162 5006 3914 1093 5156 623 2337 2196 This study
2013.7 NJR 195,410 84,002 18,153 65,760 111,498 ND ND ND Chen et al., 2015

EMC (μg P L−1) 2019.6 WJR 130.1 89.1 71.2 17.9 41.0 7.9 18.3 14.9 This study
2019.6 NJR 87.6 45.0 34.1 10.9 42.7 5.3 19.4 17.9 This study
2013.7 NJR 533 220 47 173 313 ND ND ND Chen et al., 2015

Baseflow (μg P L−1) 2019.6 WJR 94.6 66.0 44.0 22.0 28.6 9.3 10.7 8.7 This study
2019.6 NJR 69.9 42.3 29.9 12.4 27.6 4.1 13.7 9.8 This study
2013.7 NJR 306 264 83 181 42 ND ND ND Chen et al., 2015

Note: ND: not detected. EMC: eventmean concentration. Baseflow is themeasured concentration at the start of storm (refer to Figs. 5–6). Stormevent in June 2019was smaller in size than
storm C, which occurred in July 2013 (refer to Chen et al. (2015)).
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much higher proportion of organic P, both particulate (POP) and dis-
solved organic P (DOP).We observed amajor transformation of P speci-
ation in the reservoirs in the main NJR where total particulate P (TPP)
and DIP decreased while POP increased due to increased sedimentation
of P-rich particles and biological uptake causing a conversion from DIP
to POP. All P species increased at the beginning of the storm, followed
by a decrease on the risinghydrographdue to dilution. The final concen-
tration of all P species was higher in the falling hydrograph than during
baseflow, confirming that storms increase the flux of P out of the catch-
ment. During the storm, P was initially washed off the fields while dur-
ing the falling hydrograph P increased due to interflow and other
longer-term sources. This research confirms the importance of human
activities in the Jiulong River watershed, which have substantially al-
tered P sources, cycling and export under baseflow and stormflow.
Our data identifying and characterizing the major pollutant sources in
the two branches of the Jiulong River are necessary if we are to develop
science-based management schemes to control the harmful effects of
increased P and the resultant eutrophication in the river system and
the adjacent coastal area.
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