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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Analysing transformation fluxes is 
essential in formulating mitigation 
measures. 

• Temperature has bigger effects on 
phosphorus during winter than in 
summer. 

• Changes in controlling parameters will 
affect the entire river stretch. 

• Afforestation and deforestation affect a 
shorter river length than other 
measures. 

• The STW effluent affects a longer river 
length.  
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A B S T R A C T   

There is a need to understand what makes certain targeted measures for in-river phosphorus load reduction more 
effective than others. Therefore, this paper investigates multiple development scenarios in a small lowland 
polluted river draining an urban area (The Cut, Bracknell, UK), using an advection-dispersion model (ADModel- 
P). A comparative analysis is presented whereby changes in concentrations and fluxes of soluble reactive 
phosphorus (SRP) and organic phosphorus (OP) have been attributed to specific transformations (mineralization, 
sedimentation, resuspension, adsorption-desorption, and algal uptake) and correlated to controlling factors. 
Under present day conditions the river stretch is a net source of SRP (10.4 % increase in mean concentration) 
implying a release of previously accumulated material. Scenarios with the greatest impact are those based on 
managed reduction of phosphorus load in sources (e.g., 20 % increase in afforestation causes an in-river SRP and 
OP reduction of 1.3 % to 12.6 %) followed by scenarios involving changes in water temperature (e.g., 1 ◦C 
decrease leads to in-river SRP reduction around 3.1 %). Measures involving increased river residence time show 
the lowest effects (e.g., 16 % decrease in velocity results in under 0.02 % in-river SRP and OP reduction). For 
better understanding downstream persistence of phosphorus pollution and the effectiveness of mitigation 
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measures the research demonstrates the importance of establishing when and where reaches are net adsorbers or 
desorbers, and whether sedimentation or resuspension is important.   

1. Introduction 

Recent evidence reveals a continuing vulnerability of rivers world-
wide, due to problems attributed to elevated nutrient loads, including 
phosphorus, in the context of anthropogenic pressure, land-use change 
and effects of climate change (Angello et al., 2021; Guo et al., 2019; 
Mack et al., 2019). Investigations on mitigation measures predict posi-
tive effects of the riparian shading increase, technical improvements, 
agricultural extensification (Mack et al., 2019), forest land increase, 
infiltration basins (Fonseca et al., 2018), water reservoirs (Gruss et al., 
2021), vegetation restoration (Xin et al., 2019) and self-purification 
enhancement (Babamiri et al., 2021). A combination of measures may 
be needed in highly polluted rivers, as reduction in point source 
pollutant load (such as wastewater recovery facilities or polluted trib-
utaries) alone have proved to be insufficient (Angello et al., 2021). It is 
noted, though, that precipitation, wet periods, and intensification of 
land use (such as extending impervious surfaces in developed areas, and 
agricultural activities) may offset the benefits of these purposeful 
management actions aimed to reduce the in-stream phosphorus load 
(Ryberg et al., 2018). Also, the impervious surface increase correlates 
with increased runoff volume and water quality degradation (Fonseca 
et al., 2018). On the other hand, during dry warm months, nutrient 
release processes are significantly dominant at catchment scale (Gruss 
et al., 2021). 

A common emphasis is the critical need to implement targeted 
measures to reduce the anthropogenic stress on waterbodies, which 
would decrease the nutrient load originating outside the stream. Notably 
and especially in urbanising catchments, the role of Nature-based So-
lutions for improving water quality amongst other environmental in-
dicators is increasingly recognised; with a need to understand what level 
of interventions is required and whether effects are exclusively local or if 
more widespread consequential benefits are achievable downstream 
(Hutchins et al., 2021). In this context a series of opportunities are 
emerging. Firstly, there is a need to improve understanding of causal 
factors in the realm of long-term behaviour and impact (Wong et al., 
2018), such as urban factors (Angello et al., 2021; Ryberg et al., 2018), 
suspended particulate matter (Ji et al., 2022), soil moisture, antecedent 
period streamflow, vegetation cover or water temperature (Guo et al., 
2019), considering the relationship of such factors with climate change 
(Zhang et al., 2021). Further, the means to manipulate these factors 
should be proposed as part of pollution mitigation measures. For this, an 
essential step is the comprehension of pollutant fate in the river system 
because it facilitates understanding what makes certain mitigation 
measures more effective than others. From this perspective, in relation 
to phosphorus, some of the specific knowledge gaps are: (i) under-
standing and estimation of adsorption-desorption, (ii) the relation be-
tween adsorption and algal blooms, (iii) the representation of event 
fluxes. In these directions a high modelling resolution would reveal 
more knowledge (e.g., Determan et al. (2021) underline the importance 
of high-frequency data for algal bloom control) and would help identify 
if any lack of knowledge thereof hinders the selection of the best 
pollution mitigation and water quality improvement measures (e.g., 
Acuña et al. (2019) demonstrated that high-frequency monitoring will 
improve the best management practices). 

A high temporal and spatial resolution model for in-river P transport 
(ADModel-P, Timis et al. (2022)) has been successfully developed for the 
fast-flowing rural upland River Swale, England where results show that 
transformation processes are an important contributor to in-river P dy-
namics. The model showed conversion of OP to SRP via mineralization 
to be very important in River Swale, together with sedimentation, 
resuspension, uptake, and adsorption-desorption. As driven by readily- 

available data, there is scope to apply ADModel-P elsewhere, because 
the need for a better understanding of in-stream nutrient dynamics is 
sustained by strong arguments in multiple studies, such as Kranji 
reservoir in Singapore (Chua et al., 2012), Severn River in UK (Parsaie 
and Haghiabi, 2017), urban streams in Melbourne, Australia (Imberger 
et al., 2011), the Oliwski Stream, Poland (Matej-Lukowicz et al., 2020) 
or The Cut, Bracknell (Halliday et al., 2015; Wade et al., 2012). 
Although rarely problematic in rivers such as the Swale, algal blooms are 
widespread worldwide and it is important to modify the modelling 
approach to better account for its contribution. In this way the 
ADModel-P approach is well-placed to fully represent the interplay be-
tween nutrient sources, mitigation actions and the progressive down-
stream development of pollution impacts and their abatement through 
intervention. On a wider extent, advection-dispersion models and 
especially the detailed spatial-temporal approach (such as the applica-
tion of ADModel-P), which became less common during latest years, 
may help in-depth investigations in the above-mentioned case studies, 
targeting directions discussed by Timis et al. (2022), which also mention 
valuable recent studies. Advection-dispersion modelling improved the 
modelling performance even in the case of complex scenarios, such as 
branch- or loop-type river networks (Fardadi Shilsar et al., 2023). 

The Cut is a heavily impacted system that receives approximately 50 
% of its annual P catchment load from urban discharges (Halliday et al., 
2015). The Cut river channel is typical of an urban modified channel (e. 
g., concrete river bed), degraded and disconnected from floodplains 
(reviewed by McGrane, 2016) and for example conceptualized by 
(Walsh et al., 2005) the urban stream syndrome. Generally, nutrients 
(including SRP and OP) and other pollutants are likely to have elevated 
concentrations in urban rivers. Due to high nutrient concentrations The 
Cut status is classified as “poor” by the EU Water Framework Directive 
and there is ecological vulnerability of anoxia under increases in organic 
loading, water temperature, or urban expansion (Halliday et al., 2015). 
Moreover, Wade et al. (2012) emphasize the complexity involved in 
managing and designing efficient P-reduction strategies. The Cut is a 
relevant case study for point-source dominated rivers, highly affected by 
human effluents. The capacity for retention or release of P in channels is 
related to both the long-term loading of P from upstream sources (e.g., 
effluents) and the geochemical composition of the bed sediment (e.g., 
presence of suitable binding sites for adsorption, more specifically 
binding to iron or aluminium oxides, and co-precipitation with calcite). 
This can then be related to findings from monitoring studies identifying 
where and when riverbeds act as sources or sinks (e.g., Jarvie et al., 
2005; Halliday et al., 2015). By deepening its understanding, valuable 
insight is gained for catchments that face similar pressures. 

In this context the present research seeks to understand the in-river 
behaviour of inorganic and organic phosphorus (SRP and OP), 
including transformations and fluxes of in-stream sinks and sources. The 
objectives of this research are (1) the application of ADModel-P 
(detailed Advection-Dispersion Model for in-river phosphorus trans-
port, Timis et al. (2022)) for The Cut, in order (2) to analyse several 
methods for the reduction of the in-river phosphorus load, and (3) 
identify the most effective methods by understanding the behaviour of 
SRP and OP. 

2. Study area and field data 

The Cut is situated on south-east England and drains an area of 124 
km2 (Fig. 1a). It flows north-eastwards from Bracknell, where the 
headwaters are situated, and joins the Thames. In the middle and lower 
reaches of The Cut significant input of treated sewage effluent is 
received in the main channel (at Bracknell, Ascot, and Maidenhead) and 
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via the tributaries (Halliday et al., 2015; Wade et al., 2012). The 
investigated stretch is located mainly in the middle section, between 
Frampton's Bridge, Binfield Road (MP1, Fig. 1b and Supplementary 
Table S1), and Paley Street (MP6), measures 8.19 km length and con-
tains 11 monitoring points: 6 in the mainstream (MP1 to MP6) and 5 in 
the tributaries and point sources (S2 to S6). The stretch was divided into 
5 reaches (R1 to R5). Its typical parameters are presented in Fig. S1. 

The field data consists of a 12-month time series (October 
2013–September 2014) for the water flow, water temperature, and ra-
diation, at hourly resolution, plus concentrations of OP and SRP at a 
lower resolution (Supplementary Fig. S1). At MP6 samples have a 
weekly frequency, while at MP1 and in other sites the resolution is lower 
(monthly). For the four tributaries and the storm sewer outfall, the water 
flow was available as time series, whereas in the absence of compre-
hensive data the SRP and OP concentrations were considered constant. 
In the case of Bracknell STW, the OP and SRP concentrations were 
collected fortnightly while the water flow are more frequent, containing 
daily observations throughout 2014. 

3. Methodology 

ADModel-P has been calibrated and verified for The Cut, and further 
used to simulate eight scenarios involving modified controlling factors 
and phosphorous sources, to illustrate possible river development. A 
comparative analysis has been performed and results presented. 

3.1. ADModel-P background 

ADModel-P (Timis et al., 2022) uses an analytical solution for the 
one-dimensional advection-dispersion equation, to describe the phos-
phorus dynamic transport along a river in the case of continuous point 
discharge from multiple point sources. The ADModel-P architecture is 
captured in Supplementary Fig. S2. Inputs consist of parameters 
describing the river channel (e.g., channel width, river bed slope, 
location of sources and monitoring points) and variables expressing 
controlling factors (e.g., water flow, water temperature, seasonality) 

along with the SRP and OP concentrations measured at MP1, in the 
tributaries and at the sources. Outputs consist of concentrations of SRP 
and OP along the river at a space resolution of 40 m and a time reso-
lution of one hour. The proposed set of transformations considered to 
explain the variation of SRP and OP are mineralization, sedimentation, 
resuspension, algal uptake, and adsorption-desorption. Process rates are 
of zero or first order to SRP and OP (depending on transformation), with 
rate constants estimated using a set of empirical coefficients (noted with 
M and R) to express the rate constant dependency on controlling factors 
(water temperature, water flow and seasonality). This transformations 
model will be transposed to The Cut from the River Swale application 
(Timis et al., 2022) by calibrating the empirical coefficients (M and R) 
for mineralization, sedimentation, resuspension, and adsorption- 
desorption, while the algal uptake will be expressed in a newly modi-
fied manner. The SRP uptake estimations rely on the solar radiation, 
water temperature and SRP concentration as controlling factors for the 
net algal growth rate, the Chlorophyll-a concentration, and the nutrient 
fraction in the algae cells (α, assumed to remain constant throughout the 
year). The net algal growth rate results after gross algal growth rate 
undergoes excretion, dark respiration and photosynthesis, and mortal-
ity. These processes are expressed in relation to the controlling factors 
through an optimum curve model. This approach implies an optimum 
value for temperature, solar radiation, and SRP concentration which if 
not attained or surpassed, will result in an inhibiting effect of the 
respective process. In this way, the aforementioned factors limit or 
accelerate the algal uptake. All constraints for the assumed biological 
transformations were defined using values from previous research 
(Bowie et al., 1985; Kowe et al., 1998). 

Considering the spatial variability of phosphorus compounds trans-
formations in relation to the river channel and environmental parame-
ters heterogeneity it may be reasonable to argue the opportunity of a 2D 
model application, which would capture the cross-section variability as 
well, compared to a 1D model. The calibration of a 2D model involves all 
field data the 1D model needs, plus measurements across the channel (e. 
g., for concentration, temperature) and the estimation of cross-section 
profiles of key parameters (e.g., velocity, dispersion coefficients). The 

Fig. 1. The Cut Catchment (a, from Halliday et al., 2015) and the simplified conceptual representation of the study area (b). The Cut stretch under investigation is 
marked with the green box. 
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above-presented field data for The Cut allowed the confident application 
of a detailed 1D model, easy transferable to other river stretches, to 
allow investigating how the urban river subjected to pollution will 
answer to pressures. On the other hand, the difficulties related to a 2D 
model would generate transferability issues related to a 2D approach 
due to low availability of data in most river stretches. 

3.2. ADModel-P calibration to The Cut. Procedure 

The field data was split into two independent sets, each comprising 
continuous time series from all four seasons of the year: 60 % for cali-
bration and 40 % for verification. Initially, the key model parameters, 
including dispersion coefficient, transformation rate coefficients, water 
velocity, travel time, and seasonality factor (values offered for The Cut 
in Supplementary Fig. S1), were estimated according to ADModel-P 
techniques (Timis et al., 2022). This first estimation of SRP and OP 
shows relatively satisfactory fit between the predicted concentration 
and measurements. The Nash-Sutcliffe efficiency (NSE) values of 0.67 
(SRP) and 0.42 (OP) for the conservative ADModel-P, indicate its good 
suitability to The Cut. The NSE values of 0.23 (SRP) and − 0.44 (OP) for 
the non-conservative ADModel using parameters optimized for River 
Swale reflects a significant difference between the transformations in the 
two rivers, indicating the need to calibrate the transformation model for 
The Cut. Further, during optimization simulations have been compared 
against field data to identify optimum values of the empirical co-
efficients for The Cut. The model performance was cross-checked by 
evaluating the predictions against the set of independent data kept for 
verification purpose, applying multiple model performance evaluation 
indexes (Timis et al. (2022)). 

3.3. The Cut development scenarios 

The output of ADModel-P calibrated for The Cut is further termed the 
default scenario. From this reference point, eight additional datasets 
have been generated to reflect development scenarios involving specific 
changes of controlling factors and the field situation (synthetically 
represented in Supplementary Table S2). 

Scenario 1 considers an increase of 20 % in the planted trees area in 
the catchment, resulting in a decrease of 12.6 % in the SRP and OP load 
(as estimated from evidence review of literature: Hutchins et al., 2023) 
for the upstream input, urban tributaries (Triple Bore, Temple Way), and 
storm sewer outfall. The P load for Bracknell STW and Jealotts Hill 
Stream remains unchanged. 

Scenario 2 considers the increase of the SRP and OP load by 12.6 % 
for all sources subjected to change in scenario 1. This scenario represents 
one of, or a combination of, decrease in the tree coverage in the catch-
ment and an increase in pollution sources. 

Scenarios 3 to 5 describe the behaviour of the river in situations of 
water temperature changing throughout the entire year by +1 ◦C, +2 ◦C, 
and -1 ◦C respectively. Values of temperature changes have been esti-
mated based on previous findings revealing an increase in rivers water 
temperature by 1–2 ◦C in Russia since 1998 (Magritsky et al., 2023) and 
the projected changes in temperature for 2030 and 2050 up to 2 ◦C 
involved in a River Thames suspended sediment transport investigation 
(Bussi et al., 2016). It is remarked that scenarios 3 to 5 consider only the 
influence of water temperature change on specific contributions and 
influences of transformations on the phosphorus load. For a compre-
hensive analysis on the influence of climate change additional variables 
must be considered (e.g., such as the factors considered by Bussi et al. 
(2016)). 

Scenario 6 considers the channel widening by 50 % apart from R2 
(the widest reach), resulting in a decrease of water depth by 20 % and 
velocity by 17 %, increasing the residence time (Duró et al., 2016). 

Scenario 7 considers an increase in population in the urban area, 
causing an increase in the Bracknell STW effluent by 20 %, keeping the 
same SRP and OP concentration levels. 

Scenario 8 considers the modifications in the SRP and OP mass flux 
associated to the STW in the case of severe rainfalls. Over the 10 % 
exceedance rate (Q10) for the water flow (1.3 m3/s for The Cut) the 
sewage water is associated with a higher mass flux of SRP and OP 
(increased by 100 % to 300 % depending on the water flow), as illus-
trated in the Supplementary Fig. S3. During scenario 8 events the 
amount of SRP and OP increases significantly due to additional dis-
charges, non-point sources and STW bypass systems (as STW may be 
unable to process the entire quantity of water received from the system) 
or uncontrolled outflows (Suchowska-Kisielewicz and Nowogoński, 
2021). In some cases, this water is partially processed (e.g., separation of 
large solids) and further split in two flows: one to follow the treatment 
flux in the STW and the other one towards a bypass system to be either 
stored in large buffer tanks (awaiting the later processing) or directly 
discharged into the river. 

4. Results and discussions 

4.1. Results of ADModel-P application to The Cut. Default scenario 

During the simulated period of time the performance for SRP is better 
than OP (Fig. 2 and Fig. 3), according to multiple model performance 
indices (Nash Sutcliffe efficiency (NSE), Percent bias (PBIAS), Modified 
coefficient of determination (bR2), Root mean square to observations 
standard deviation (RSR), and Kling-Gupta Efficiency (KGE) presented 
in the Supplementary Table S3). Fig. 2 and Fig. 3 show the concentra-
tions of SRP and OP (measured and simulated); their transformations 
rates and the controlling factors (water flow and temperature). 

For both, SRP and OP the performance is improved compared to the 
previous application of ADModel-P to River Swale, as discussed in Sec-
tion 4.3. Despite the good NSE values (0.78 for SRP and 0.52 for OP) the 
model doesn't fully capture the short-term temporal variability espe-
cially in mid-summer, early autumn, and winter, with larger relative 
errors for OP occurring in three occasions (December 2014, April 2014, 
and August 2014). Also simulated acute high concentrations (e.g., in 
October 2013 for SRP and in June 2014 for SRP and OP) are not 
captured by the infrequent periodic monitoring and therefore it is rather 
difficult to assess the model performance on such occasions. During the 
event in June 2014 the very high input of OP from sources S5 and S6 
(Fig. S9b) is correlated with an increase in temperature (Fig. S1c) cause 
the sharp increase of mineralization. SRP and OP measurements in the 
main channel only capture the beginning of the event due to lower 
monitoring frequency. Though, previous investigations based on high 
frequency monitoring data (Halliday et al., 2015) provide evidence of 
similar phosphorus concentration short lift spikes in the summer in The 
Cut main channel, below S5, which may be a sort of event of the same 
type ADModel is simulating. On the other hand, previous research 
identified an upper end of published mineralization rates of 0.088 mg/L 
h (Prentice et al., 2019), while the peak mineralization rate estimated by 
ADModel-P in The Cut is 0.013 mg/L h. Better simulation performance 
occurs during autumn and spring compared to summer and winter. SRP 
is slightly underestimated at the beginning of winter 2013 and over-
estimated during the rest of the winter, while OP is either under or over- 
estimated during most of the wintertime, without a clear general ten-
dency. On the other hand, during summer SRP mismatches are less 
apparent than for OP, which shows maximum underestimation (28 July 
2014) and overestimation (16 June 2014) and contributes to the higher 
value of PBIAS for OP (15.1 %) and RSR value slightly close to the 
threshold. The greatest mismatches coincide with model estimates of 
large in-stream OP sources relative to sinks. Resuspension (0.0673 mg/L 
h on 16 June 2014, respectively 0.0502 mg/L h on 28 July 2014, 
Fig. 3d), the transformation with the greatest impact on OP, is being 
boosted by the high seasonality factor (0.943 on 16 June 2014, 
respectively 0.467 on 28 July 2014) and sedimentation exhibits rela-
tively low values (0.0319 mg/L h on 16 June 2014, respectively 0,0479 
mg/L h on 28 July 2014, Fig. 3c). 
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4.2. Comparative analysis of scenario results 

4.2.1. Directions and magnitude of predicted change 
Scenario 1, the default scenario, and scenario 2 represent an 

increasing load gradient. Similarly, scenario 5, the default scenario, 
scenarios 3 and 4 represent an increasing temperature gradient. For both 
these stressor gradients, comparative visualisation of quartiles at the 
monitoring points along the river consistently show linear stressor- 
impact relationships in the case of SRP and OP (Supplementary 
Fig. S4). For the load gradient the concentration response is notably 
steepest (at MP1) for the upper quartile. 

The contribution of transformations to the SRP and OP fluxes is 
consistent across all scenarios (default and possible developments, with 
values included in Table 1 and visual representation in Supplementary 
Fig. S5). Resuspension and sedimentation are the main contributors to 
the variability of OP, while SRP is mainly affected by adsorption- 
desorption. On the other hand, the conversion of OP to SRP via miner-
alization has a relatively low impact on OP but an important impact on 

SRP, compared to the uptake, which has extremely low values compared 
to all other transformations. Uptake will not be further discussed due to 
its minimal contribution to the variability of SRP compared to other 
transformations. 

The scenarios with most overall impact on both OP and SRP involve 
phosphorus load change in the sources (scenarios 1, 2, 7 and 8) (Fig. 4). 
Scenarios 3, 4 and 5 involving changes in the water temperature have a 
significant impact on SRP (Fig. 4a), especially via adsorption- 
desorption. On the other hand, scenario 6, involving an increased resi-
dence time (by 16.6 % velocity reduction) due to river widening, ex-
hibits little to no effect on either P species. The mean concentration 
reduction, under 0.02 % at each MP, is caused by little difference in OP 
sedimentation and SRP adsorption-desorption (Table 1). To better 
demonstrate the relative impact of scenario implementation, the net 
fluxes are presented for adsorption-desorption (Fig. 5 and in Supple-
mentary Fig. S6), while the percentage difference in fluxes is presented 
for mineralization and sedimentation (Supplementary Fig. S7). Wider 
discussion in provided further along the paper. 

Fig. 2. The simulation of hourly SRP and SRP transformations at MP6 (October 2013–September 2014). (a) SRP concentration: measured and simulated; (b) OP 
mineralization rate to SRP; (c) SRP adsorption and desorption rate; (d) SRP algal uptake rate; (e) water temperature; (f) water flow. 
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4.2.2. How do temperature and water flow affect downstream impacts of 
interventions? 

In the case of the temperature-controlled scenarios (3–5, and) the 
lesser impact on OP compared to SRP, happens because temperature- 
controlled transformations (adsorption-desorption and mineralization) 
have a greater impact on SRP compared to OP (Fig. 4 and Table 1). The 

linear variation of SRP is consistent with the temperature change (3.2 % 
change in concentration for +1 ◦C to 6.3 % for +2 ◦C, Fig. 4a) and re-
mains almost constant along the entire river stretch. A decrease in 
temperature leads to an increase in adsorption (scenario 5 in Fig. 5), 
while an increase by +1 ◦C and +2 ◦C, sets desorption as the predomi-
nant process (scenarios 3 and 4). These changes in fluxes are explained 

Fig. 3. The simulation of hourly OP and OP transformations at MP6 (October 2013–September 2014). (a) OP concentration: measures and simulated; (b) OP 
mineralization rate to SRP; (c) OP sedimentation rate; (d) OP resuspension rate; (e) water temperature; (f) water flow. 

Table 1 
ADModel-P for The Cut: coefficients and transformation rates (positive adsorption–desorption indicates adsorption; negative values indicate desorption).  

Variable Scenario/ 
Process 

Mineralization Sedimentation Resuspension Adsorption- 
desorption 

Algal uptake 

Coefficient M M 0.11 10 0.1 9.27 NA 
Coefficient R R 0 0 0.795 8.26 NA 

Rate (MP1 to MP6), mg L-1 day-1 Default 
7.50 10− 3 to 
0.31 0.11 to 6.32 0.80 to 1.81 − 20.10 to 4.14 

2.08 10− 10 to 
7.20 10− 3 

Mass flux corresponding to the default (calibrated scenario) and 
each future development scenario for 40 m upstream MP6,  
kg year− 1 

Default 56 863 1780 − 446 0.42 
Scenario 1 55 852 1780 − 433 0.38 
Scenario 2 57 873 1780 − 448 0.38 
Scenario 3 58 862 1780 − 946 0.41 
Scenario 4 60 862 1780 − 1438 0.42 
Scenario 5 54 863 1780 67 0.37 
Scenario 6 56 862 1780 − 445 0.38 
Scenario 7 60 920 1864 − 543 0.38 
Scenario 8 59 893 1780 − 414 0.38  
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on one hand, by the temperature influence and on the other hand by the 
magnitude and the timing of the P load discharges. 

4.2.2.1. Adsorption-desorption. The logarithmic dependency of the rate 
constant to temperature (Supplementary Fig. S8a) is set by the cali-
brated M and R. For The Cut, R sets 10 ◦C as threshold temperature 
between net adsorption and net desorption and M determines the slope 
(thus, the process magnitude and sensitivity to change). The steeper 
slope between 0 ◦C and 10 ◦C indicates that the most sensitive seasons to 
a temperature variation for the Cut are the colder ones whereas the 
warmer seasons are less sensitive. In the default scenario. in R1 the 
resulting yearly net flux is adsorption, whereas downstream MP2 
desorption is dominant and more accentuated (Fig. 5). This is mainly 
caused by the temporal variation of the P load discharges and the water 
flows, rather than the effect of temperature alone, as temperature is 
assumed spatially invariant, because The Cut stretch is relatively short 
(8.197 km), and temperature measurements were available at MP3 only. 
Despite the lower winter SRP along R1 (Supplementary Fig. S9), the 
predominant flux is adsorption due to the high flows occurring. How-
ever, this is no longer valid for the lower reaches where desorption 

predominates. This change is mainly caused by the high P load effluents 
discharged from Bracknell STW when temperatures are above 10 ◦C. 
This switch is readily observed (Fig. 5) as an abrupt drop between MP3 
and MP4 at the location of Bracknell STW. 

4.2.2.2. Mineralization. The same line of argumentation applies to 
mineralization. Its dependency to temperature is logarithmic (Supple-
mentary Fig. S8b), and the largest sensitivity is observed between 2.5 ◦C 
and 9 ◦C, during colder seasons. Mineralization at MP1 is the most 
impacted by temperature change (− 4.7 % for scenario 3 and − 8.6 % for 
scenario 4) and MP4 is the least impacted (− 3.8 % for scenario 3 and −
7.3 % for scenario 4), (Supplementary Fig. S7a), due to high winter flows 
and smaller contribution of sources in the upper reaches compared to 
lower reaches (Supplementary Fig. S9b). However, at lower reaches 
fluxes are slightly less sensitive to a temperature change due to the 
STW's discharges. The same flux variation pattern is maintained for each 
temperature driven scenario, underlying the effect of sources on the 
mineralization fluxes. 

To summarize, these variations of adsorption-desorption and 
mineralization explain the bigger effects of changes in water tempera-
ture on P concentrations during colder months compared to warmer 
months. 

4.2.3. Urbanization expansion and phosphorus transformations 
The scenarios regarding modified STW discharged effluent assessed 

for a population increase (scenario 7) or overflows due to severe rainfalls 
(scenario 8) highlight the significant impact of this source. Its contri-
bution affects the last two reaches and results in an enrichment of OP, 
between 2 % to 3.4 % and of SRP, from 3 % to 4 % (Fig. 4). 

If the STW effluent flow increases by 20 % due to urbanization 
(scenario 7), the OP resuspension is also elevated (with 4.7 % to 5.4 % 
Supplementary Fig. S5), because the water flow (controlling factor for 
resuspension) modifies. This is the only scenario in which resuspension 
is affected. The frequent high P load STW discharges during summer 
boost mineralization (7.4 % to 8.2 %) to higher degree than those of 
sedimentation (6.3 % and 6.7 %), (Supplementary Fig. S7). The rela-
tively lower sedimentation rates are caused by the increased effluent 
flows, which reduce in turn the amount of sedimented OP. However, 
despite the elevated resuspension and lowered sedimentation, the 
higher STW discharge enriches the river with more SRP compared to OP. 
This effect is caused by increased desorption and mineralization. In case 
of increased polluted effluents resuspension, desorption and minerali-
zation are important and particulate P (OP) and SRP are elevated. 

Because STW's overflows due to severe rainfalls (scenario 8) occur 
mainly during cold seasons, the additional P load discharged during 
these events is mostly adsorbed. This results in a decrease in the yearly 
adsorption-desorption flux (Fig. 5). Mineralization and sedimentation 
fluxes are also increased during overflows, but the sedimentation is 
relatively less affected than mineralization due to the high flows asso-
ciated to severe rainfalls. 

4.2.4. The spatial effects of interventions 

4.2.4.1. The impact of afforestation and deforestation. Scenarios 1 and 2 
reveal how a P load change at the upper reaches (R1 to R3, altogether 
approximately 1.2 km long) affects the lower reaches (altogether 
approximately 7 km long). The afforestation in R1 to R3 (scenario 1) 
showed a reduction in P load of 12.6 % at R1, and progressively lower 
reductions downstream (Fig. 4), because from R4 downwards the P load 
of the STW's discharge and the downstream tributaries are not affected 
by afforestation. Moreover, another important factor that diminishes the 
impact of changes in P load is the mixing with the downstream higher 
flows (5 to 10 times higher than in the upper reaches). The effect on the 
transformation fluxes is a consequent reduction due to adsorption- 
desorption, mineralization, and sedimentation, being first order with 

Fig. 4. SRP and OP concentration percentage change at monitoring points (MP) 
during scenarios: positive values denote reduction; negative values 
denote increase. 

Fig. 5. Adsorption-desorption net flux estimated at a resolution of 40 m.  
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respect to OP and SRP concentration. Decreases in adsorption fluxes at 
the upper reaches and desorption fluxes at the lower reaches arise 
(Supplementary Fig. S6). Sedimentation and mineralization fluxes pre-
sent reduction patterns along the stretch similar to that of OP mean 
concentration (Fig. 4b). As it is zero order with respect to the OP con-
centration, resuspension is not affected by the P load change. However, 
for an increase in the phosphorus input due to deforestation (scenario 2), 
the response of the river system mirrors the one in scenario 1, displaying 
the enrichment effect of OP and SRP (Fig. 4). 

4.2.4.2. The impact of urban expansion. In contrast, the effects of urban 
expansion or of overflows are more severe when considering the caused 
long-distance changes (Fig. 4). The OP and SRP enrichment is 2 to 4 
times larger than that for deforestation. This finding is of particular 
importance for The Cut because it reveals the great impact of Bracknell's 
STW effluents onto the river system and indicates which and why some 
mitigation measures involving the STW can be more effective than 
others. 

4.2.4.3. The impact of controlling factors along the entire river stretch. The 
correlation between temperature and the P load discharges can result in 
an amplification of a specific type of transformation (e.g., adsorption- 
desorption), while the water flow has a direct effect on the global 
magnitude of the process regardless of P concentrations. 

In summary, afforestation and deforestation have a greater impact on 
SRP compared to OP. Upper reaches, where the P load input and the 
sources are changed due to afforestation and deforestation, are impacted 
more compared to the lower reaches which are highly influenced by the 
STW and tributaries, not affected by these measures. The degree of 
change in the input P load influences the extent to which the river length 
is affected. Afforestation and deforestation affect a shorter river length, 
the STW effluent affects a longer river length, and changes in controlling 
parameters will affect the entire river stretch. 

4.3. Comparison with other studies 

The relationship between seasonality and nutrients (including 
phosphorus) has been investigated by Matej-Lukowicz et al. (2020) in 
two dissimilar catchments from Poland, revealing higher concentrations 
of total phosphorus (TP) in the small urban catchment, especially during 
summer (correlated with increased rainfalls causing runoff), compared 
to the agricultural catchment (where lower concentrations could be 
caused by dense vegetation and reduced soil erosion). The application of 
ADModel-P for the urbanized The Cut generally reveals medium range 
TP concentrations during summer (excepting one occasion of high 
concentrations correlated with high flows), compared to higher con-
centrations during autumn and winter. Similarly, the previous applica-
tion of ADModel-P for the rural River Swale reveals generally lower TP 
during summer, compared to other times of the year and high concen-
trations during colder seasons and at high flows. On the other hand, Bol 
et al. (2018) observed high phosphorus concentrations during summer 
and increased total annual loads due to high flows during winter in 
agricultural catchments in Northwest Europe. 

The applications of ADModel-P bring significant advance, as the 
transformation model provides an understanding of the magnitude of 
each process (mineralization of OP to SRP, sedimentation of OP, resus-
pension of OP, algal uptake of SRP, and adsorption-desorption of SRP) 
with the help of process rates and transformation fluxes, facilitating 
correlations to controlling factors or to possible events or developments 
in the catchment. Moreover, an improved prediction performance is 
exhibited for The Cut (e.g., NSE values of 0.76 for SRP and 0.52 for OP), 
compared to River Swale (0.62 for SRP and 0.47 for OP). Different 
process rates and fluxes are observed in the two rivers for the simulated 
periods (Table 2), as well as different extent of relative contribution 
from each transformation process to the overall SRP and OP dynamics, 

which reflects the dissimilar nature of the river stretches. 
The most remarkable differences are the very low contributions of 

uptake and mineralization in The Cut, while in River Swale minerali-
zation has an important contribution. In both rivers the most prominent 
transformations are resuspension with respect to OP and adsorption- 
desorption with respect to SRP, in agreement with Kinouchi et al. 
(2012) finding that adsorption is likely the dominant phosphate sink in a 
Japanese river. In River Swale adsorption is predominant across all 
simulated periods of time, exhibiting larger values at lower tempera-
tures and lower values at higher temperatures, while in The Cut 
adsorption is more prominent at low temperatures during late autumn to 
mid-spring (November 2013 to April 2014), and desorption is predom-
inant during the rest of the year (October 2013 and May 2014 to 
September 2014). In River Swale and The Cut, uptake is the least 
prominent process. The Cut has far greater relative contribution of point 
source pollution and shows a higher relative contribution of SRP to TP 
than the Swale. This is consistent with Aissa-Grouz et al. (2018) who 
identified a predominant share that the SRP flux has on TP flux in a river 
dominated by WWTP effluent. 

Existing literature also reports values of fluxes for phosphorus only 
or in correlation to specific sources or processes using field data or 
models. Below, such findings are compared to our findings. 

Jarvie et al. (2005) investigated the interaction of bed sediments 
with the river water in the Hampshire Avon and Herefordshire Wye 
catchments using field measurements and a conceptual reach-based 
model. For 15 locations across these basins mean SRP concentrations 
varied considerably (12–439 μgL− 1). All these sites drained largely rural 
agriculturally dominated land uses and showed SRP concentrations 
lower than the Cut but similar to the Swale. Snapshot estimates of SRP 
fluxes (from sampling campaigns repeated three times) were equated to 
changes in SRP concentration. Changes in SRP concentration ranged 
from strong uptake (157 μgL− 1 in Stretford Brook (Wye)) to slight 
release (8.1 μgL− 1 in Ebble (Avon)). In comparison, ADModel-P esti-
mates suggest net SRP uptake of 88 μgL− 1 in the Swale and net release of 
47 μgL− 1 in the Cut (as derived from Table 2). Release of legacy phos-
phorus appears more important in the Cut than elsewhere. 

Adhikari et al. (2010) reported P fluxes between 22 kg/day and 135 
kg/day at the outlet of the watershed for Pike River (Vermont, USA and 
Quebec, Canada), showing a magnitude between The Cut and Swale 
(Table 2). Neal et al. (2010) reported SRP fluxes between 0.08 t/year 
and 497 t/year at four sampling sites in the Thames, the Thame, and the 

Table 2 
Comparative view of SRP and OP fluxes and transformations for River Swale and 
The Cut during ADModel calibration and evaluation.   

Flux, kg day− 1 km− 1 Rate, mg L− 1 day− 1 

Swale The Cut Swale The Cut 

Mineralization 367 4 
0.03 to 
2.39 

0.0075 to 
0.31 

Sedimentation 306 59 
0.19 to 
1.37 

0.11 to 6.32 

Resuspension 611 122 0.02 to 
1.29 

0.80 to 1.81 

Uptake 181 0.03 0.03 to 
0.34 

0 to 0.0072 

Adsorption- 
desorption 1747 − 30 

0.00 to 
3.80 

− 20.1 to 
4.14  

Average simulated 
concentration through the 
outlet, mg L− 1 

(conservative/ non- 
conservative) 

Average flux through the 
outlet, kg day− 1  

Swale The Cut Swale The Cut 

SRP 
0.209/ 
0.131 

0.452/ 
0.499 170 41.3 

OP 
0.149/ 
0.145 

0.147/ 
0.133 

310 14.3  

M. Borota et al.                                                                                                                                                                                                                                 



Science of the Total Environment 927 (2024) 171958

9

Kennet (UK). Lower average fluxes are estimated with ADModel at the 
outlet for The Cut (15.07 t/year) and River Swale (62.19 t/year). 

When compared to other research work related to P fluxes ADModel- 
P is highlighted by (1) the detailed representation of fluxes associated to 
SRP and OP transformations (mineralization, sedimentation, resus-
pension, uptake, and adsorption-desorption); (2) the capability to show 
SRP, OP and transformations fluxes at different space resolution, 
adjusted to the case study (e.g., 40 m for The Cut and 4.8 km for River 
Swale); (3) the capability to estimate a total flux for the entire river 
stretch for SRP, OP and each of the transformations; (4) the capability to 
correlate these types of fluxes to changes in sources, controlling factors, 
green and grey developments in the river area. All of this, employing 
easily attainable field data (e.g., water flow, water temperature). 

4.4. Recommendations 

The research has served to highlight priorities for further research in 
The Cut and more widely in other rivers where similar understanding 
has been gained: (a) focused monitoring to further validate findings (e. 
g., river bed experiments/mesocosms to quantify adsorption- 
desorption); (b) focused model calibrations (e.g., ADModel) before/ 
after changes in pollutant loadings and/or at sites along spectrum of 
pollutant loading which can be insightful for better understanding the 
magnitude and impacts of legacy pollution; (c) bringing together the 
modelling approach for phosphorus with simulation of other nutrients 
(nitrogen and carbon) and therefore making holistic systemic assess-
ments of river ecosystem metabolism and oxygen dynamics in stressed 
urban rivers; (d) modelling and data-driven analysis of long term 
(monitoring) and/or large scale (spatially extensive) datasets to under-
stand long term trends and geographical differences in P dynamics; (e) 
when planning mitigation measures if a specific type of transformation 
is of interest or it is to be avoided, the ADModel findings from the Cut 
demonstrate potential for P discharges to be planned based on the pre-
dominant transformations of the current season (set by the dependency 
to temperature) and the water flow (which can reduce the magnitude of 
processes even if the discharged concentration is high). In this way the 
river environment can be better protected against the most harmful ef-
fects of pollution inputs. 

5. Conclusions 

This paper described the calibration of ADModel-P to The Cut and 
the in-stream phosphorus behaviour in cases of future river catchment 
development scenarios. ADModel brings the possibility to estimate the 
impact of the P discharges on specific transformation fluxes because it 
describes the relationship of each of transformation rate to the tem-
perature and water flow as controlling factors. Overall, over a one-year 
period the model simulated a weekly time-series of observations at the 
downstream end of an 8.19 km2 acceptably. Estimates showed that 
resuspension and sedimentation are the dominant fluxes, and their 
variability is related to river flow. Net adsorption-desorption is also 
important: adsorption predominates in winter and desorption in sum-
mer, compared to River Swale where adsorption is prominent during all 
seasons. 

The analysis of possible future scenarios made the key findings 
below.  

1. The river is mostly impacted by changes in the phosphorus load in 
the sources, and afforestation brings significant benefits. These kinds 
of measures affect SRP and OP, most markedly in reaches where 
sources are directly contributing. A 20 % increase in afforestation in 
the first three reaches would lead to SRP and OP reduction between 
1 % and 12.6 %. The differences between SRP and OP are due to 
resuspension (a major contributor to OP variability) not being 
affected, while adsorption-desorption (the main contributor to SRP 
variability) only exhibits minimal changes. Only the mineralization 

and sedimentation fluxes suffer significant modifications in case of 
afforestation and deforestation.  

2. The change in temperature affects SRP very substantially while OP is 
less affected. A temperature rise would lead to enrichment in phos-
phorus along the entire river stretch via SRP desorption and OP 
mineralization to SRP, while the water cooling by 1 ◦C (e.g., by ri-
parian shading) would lead to lower OP and SRP concentration.  

3. Although not involving a projected deterioration in effluent quality, 
the scenario of increase of sewage discharge due to population in-
crease exhibits a greater detrimental impact on the river phosphorus 
content than the scenario in which untreated sewage overflow is 
discharged in the river in periods of major rainfall. Both scenarios 
increase SRP to a slightly larger extent than OP. The scenario in 
which river widening is considered shows almost no effect on the 
SRP or OP concentrations and transformation fluxes.  

4. Generally, resuspension and sedimentation are the main contributors 
to the variability of OP, while SRP is mainly affected by adsorption- 
desorption. The conversion of OP to SRP is less significant, while the 
SRP uptake is insignificant. 

It has been observed that a thorough analysis of transformation 
fluxes along the river stretch is essential in the demarche of formulating 
effective P-reduction measures. In this case using a detailed mathe-
matical model offers an effective and inexpensive method, demon-
strating that targeted P-load reduction measures should address 
decreasing specific phosphorus transformation fluxes by influencing 
their controlling factors in an effective manner. 
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