
Supplementary Information 

SI 1. INCA-PEco supplementary equations documentation 

INCA-PEco is a semi-distributed model, which simulates the flow of water, sediment, phosphorus, 
dissolved oxygen and biochemical oxygen demand through the terrestrial system, to river reaches, 
differentiated by landuse type. In-stream simulation of river flow, phosphorus (dissolved and 
particulate), sediment, dissolved oxygen, biochemical oxygen demand and phytoplankton are made by 
accounting for inputs from land, upstream, sewage effluent, sediment interactions and biological 
processes. Mass fluxes are solved as systems of linked first order differential equations (ODEs), through 
one or more sub-catchments comprised of one or more different land use types, up to a network of 
multiple reaches. A mass balance is imposed at all sub-catchment and river reach boundaries, operating 
on multiple scales: a cell level for each individual land use; a sub catchment level for multiple land use 
inputs and transport of nutrient fluxes along river reaches; and a network scale for total loads from all 
sub-catchments. 

INCA-PEco is driven primarily by a time series input of soil moisture deficit (SMD), hydrologically 
effective rainfall (HER), air temperature (Tempair) and precipitation (PPTN). In the model, HER is 
converted to a flux (HERf) (m3 s-1 km-2) using the equation: HERf = ,  × 𝐻𝐸𝑅         Eqn 1 

It must be considered, however, that not all precipitation falling to the ground is immediately available 
in liquid form, and that delayed additions of water from snowmelt to the soil can significantly impact 
hydrology in some regions. The liquid portion of PPTN (rainfall plus snowmelt, or PPTNr+s) is therefore 
calculated by taking into account the proportion of precipitation falling as snow (SnowPpt) , the 
proportion of snow which is melting (SM) and a user defined rainfall correction factor (RRCorrect). PPTN = ,  × R  PPTN − Snow + 𝑆𝑀    Eqn 2 

SnowPpt is calculated by defining a temperature threshold (RRtemp), above which all precipitation falls as 
rain; and a separate temperature threshold (RStemp) below which all precipitation falls as snow: 𝑖𝑓 Temp  ≥  R ∶  Snow = 0         Eqn 3 𝑖𝑓 R  <  Temp  < R ∶  Snow = R × PPTN –  –     Eqn 4 𝑖𝑓 Temp  ≤ R ∶  Snow = R × PPTN        Eqn 5 

Snowmelt (SM) is calculated as the minimum of either water lost from the snowpack through snowmelt, 
or the snow water depth equivalent (SnowDeqv): 𝑆𝑀 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 R (Temp − R ), Snow      Eqn 6 

Where SnowDeqv is calculated as that from the previous timestep (SnowDeqv0); the quantity of 
precipitation falling as snow (SnowPpt), snow melt (SM), and evaporation from the snowpack (SnowEvap). Snow =  Snow + Snow − 𝑆𝑀 −  Snow      Eqn 7 



And SnowEvap is determined as the minimum of precipitation falling as snow (SnowPpt), and the potential 
snow evaporation rate (RPotEvap), which itself is a user defined constant. Snow = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 Snow  , R        Eqn 8 

Terrestrial equations 

SI 1.1. Hydrology 

INCA-PEco enables the user to define any number of terrestrial ‘land use’ classes, each of which 
supports three primary water stores; quickflow (QF), soil water (SW) and groundwater (GW). Flow out of 
a terrestrial store is equal to the store volume divided by the residence time constant for the store. 
Water moves between water stores through the processes of infiltration excess, saturation excess and 
percolation. Total flow from each landuse class to the stream is calculated by multiplying outflow rates 
from each store (m3 s-1 km-2) by the proportion of the subcatchment area made up of that landuse class 
(LU%) and the subcatchment area (Ca). Total flow to the stream is calculated by summing the totals 
from each store. Q _ = ∑ 𝐶𝑎  %  ×  (1 − 𝐵𝐹𝐼) × 𝑄       Eqn 9 Q _ = ∑ 𝐶𝑎  %  ×  𝑄         Eqn 10 Q _ = ∑ 𝐶𝑎  %  ×  𝑄        Eqn 11 

 

Where BFI is the user defined base flow index (0-1), as developed at the Centre for Ecology and 
Hydrology (Gustard et al., 1992). The BFI quantifies the proportion of stream flow derived from 
groundwater. Fluxes of water, sediment, phosphorus, dissolved oxygen and biochemical oxygen demand 
are transferred directly from their landscape unit to their associated river reach; but cannot move 
between landscape units. 

SI 1.1.1 Soil water drainage and retention 

In INCA-PEco, the soil box is split into three volumes depending on whether they are able to contribute 
to runoff; that which drains and percolates through to the groundwater, that which contributes to 
runoff (i.e. that which is above a saturation excess threshold); and that which is retained and stored as 
soil water. The user may set a minimum outflow discharge of soil water which the model then sustains 
at all times (sustSW), although the use of this minimum flow does break the water balance. 

a) Soil Drainage  

Change in soil water flow over time, including saturation excess discharge is calculated as a function of 
incoming HERf, minus soil outflow (QSW_out) and the soilwater residence time constant (TSW) ; 

_  =  _          Eqn 12 

Where Q _ = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑢𝑠𝑡 , Q _       Eqn 13 

And the change in total soil drainage volume over time is calculated as: 



_  =  86,400 HER −  Q _        Eqn 14 

Drainage flow from the soil water box is then input to groundwater flow; although this flow (QSW ) is a 
measure of soil water after losses from saturation excess have be taken into account. This adjusted soil 
flow is calculated through the user defined parameter (Satmax), which depicts the threshold soil water 
flow at which saturation excess occurs; or in other words depicts the field capacity of the soil zone. 𝑄  = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 Q _ , Sat        Eqn 15 

b) Soil Retention 

The volume of water retained (VSW_retention) within the soil is calculated using the soil moisture deficit 
timeseries. V _  = 10 ×  R _ (SMD − SMD)     Eqn 16 

From this, the total volume of water present in the soil can be calculated as the sum of the volume 
draining, and that retained: V  = V _ + V _        Eqn 17 

SI 1.1.2 Quickflow and infiltration excess, and saturation excess 

When precipitation falls onto the ground at a rate faster than it can infiltrate (infiltration excess) , or 
when water volumes within a soil box exceed its total holding capacity (saturation excess) , surface 
overland flow is generated; termed ‘quickflow’ in INCA-PEco. Quickflow rates are therefore controlled 
by the quick box residence time constant (TQF ) and inputs from infiltration excess overland flow (QIE) 
and saturation excess (QSE), and by outputs from overland flow (QQF) to the river:  =             Eqn 18 

Or, change in quickflow volume (VQF) as:  = 86,400 Q + Q −  Q       Eqn 19 

The input time series of HER (converted to HERf) is used to determine the infiltration rate; although 
PPTNr+s or a hybrid timeseries may alternatively be used. Infiltration is calculated as: Q  =  IE% 𝐻𝐸𝑅 −  𝑄       Eqn 20 

Where Infiltration rate (QInfiltration) = I  , 1 − 𝑒 .   
   Eqn 21 

The excess proportion of water moving from the soil through to direct runoff via saturation excess is 
calculated using the user defined parameter (Satmax; Eqn 15), which sets the threshold of soil water flow 
for saturation excess. 𝑄  = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑄 _ −  Sat , 0       Eqn 22 

SI 1.1.3 Groundwater and percolation 



All groundwater inputs are derived from percolation from the soilwater box. Groundwater flows are 
controlled by the residence time constant (TGW). Similar to soilwater, thresholds of groundwater flow 
can be set to sustain a specified minimum constant (SustGW), although again the decision to set a 
minimum flow will alter the water balance. Water flowing out from the groundwater zone inflows to the 
river.  =  (   )         Eqn 23 

Where Q =  𝑚𝑎𝑥𝑖𝑚𝑢𝑚 (Sust ,   Q )    Eqn 24 

And change in groundwater volume (VGW) is calculated as:  = 86,400 (BFI x Q )  − 𝑄     Eqn 25 

SI 1.2 Soil erosion 

Equations for soil movement in INCA-PEco are derived from INCA-Sed (Jarritt and Lawrence 2007, Lazar 
et al., 2010) . The model initiates sediment movement through splash detachment and flow erosion 
processes, and subsequently transports the sediment via direct runoff.  

SI 1.2.1 Splash detachment 

The mass of material made available via splash detachment during a timestep (MSplashDet) can be either 
directed by the user (Eqn 26), or calculated by the model. In the user specified equation, MSplashDet is 
calculated using mass of rainfall flux (HERf), user-specified scaling coefficients (RSSP), user-specified soil 
splash erosion potential (RSplashPot)  and a vegetation cover coefficient (Rvegetation);  

M =  R  × 𝐻𝐸𝑅 × 10 R × 86400 × 10    Eqn 26 

 

where Rvegetation is a value between 0 - 10; with 0 representing bare soil, and 10 indicating the soil has a 
complete and continuous vegetation cover. The user specifies growing seasons for vegetation in the 
model (Eqn 51), outside of which it is assumed that vegetation cover is zero (Rvegetation = 0). Controls are 
placed upon the equations (Rvegetation) to ensure that an Rvegetation of 0 cannot occur during plant growth 
periods (Eqn 51) or under conditions of low soil splash erosion potential (Rsplashpot), and that splash 
detatchment cannot occur during growth periods when Rvegetation is 10, or when the ground is covered in 
snow.  

SI 1.2.2 Transport capacity 

The maximum mass of material that can be transported from the terrestrial store to the river is 
calculated in equation 27. This term is important as it controls the flow erosion rate. To perform the 
calculation, the total pathway length over which sediment is transported must first be defined, using the 
reach length (L) and the subcatchment area (Ca): 𝑀 = 𝑅  × × − 𝑅 × 86,400      Eqn 27 



 

SI 1.2.3 Flow erosion 

The rate at which sediment is detached from the soil store due to flow erosion (MFlowErosion) is driven by 
sediment transport capacity (MTC), sediment splash detachment (MSplashDet) and a function (k) of soil 
erosion potential (SEP). 

M = 1 −        Eqn 28 

 

 

Where  𝑘 = R ×  R  × − R × 86,400    Eqn 29 

 

When the mass of sediment available in the sediment store (MSedstore) is greater than zero (  >0)  
or where the sediment store equals zero and that mobilized through splash erosion exceeds the 
transport capacity of the overland flow  (  ≤ 0 𝐴𝑁𝐷 M >  𝑀 ), the mass of sediment 
carried to the stream is equal to the sediment transport capacity (MTC). In this case, sediment changes in 
the sediment store are calculated as:  =   M −  𝑀         Eqn 30 

And here, the mass of sediment transported to the stream is calculated as: 

 MSedOut = 𝑀            Eqn 31 

Otherwise, where the transport capacity is greater than the sediment mobilized in splash detachment, 
there is no change in the sediment store:     =  0           Eqn 32 

In these conditions, MSedOut =  𝑀 +  𝑀       Eqn 33 

The total mass of sediment transported to the reach from all different landuse classes is calculated by 
summing outputs from all classes: 𝑀 =  𝐶𝑎 % 𝑀 

            Eqn 34 

SI 1.2.4 Grain sizes 

Five soil grain size categories are modelled in INCA-PEco; clay (0-0.002mm); silt (0.002-0.06 mm); fine 
sand (0.06-0.2mm); medium sand (0.2-0.6mm) and coarse sand (0.6 – 2mm). In the terrestrial phase, for 
each landuse type the user enters size grain size distributions (%s) across the 5 categories. The size 
distributions are combined to calculate a weighted average soil texture for the entire subcatchment, and 



used to estimate the median grain size distribution of the output of sediment mass. This makes the 
assumption that the transported soil aggregates have the same particle size distribution as the parent 
soils. 

SI 1.3 Phosphorus  

There have been multiple iterations of the INCA-P model, but each had a common theme whereby 
phosphorus is simulated in a sum of ‘dissolved’ and ‘particulate’ forms; or in the case of soil and 
groundwater, a combination of labile and inactive. Dissolved phosphorus may move between quickflow, 
soil and groundwater stores in hydrological drainage. Particulate phosphorus is simulated only within 
the quickflow store but may be moved laterally through sediment erosion and transport pathways; and 
labile phosphorus is simulated only within groundwater and soil stores. Phosphorus may move between 
dissolved and particulate (or labile) phases within each store through processes of desorption and 
sorption, controlled by Freundlich isotherms.  

Total phosphorus (TP) is input into each of the terrestrial stores in either a solid or liquid form, by user-
specified inputs of fertilizer and atmospheric deposition.  To simulate these, periods of fertilization 
(start: Fstart) and duration (Fdur) are set by the user; specific to each landuse type. Where the model date 
occurs within the range of Fstart + Fdur, solid, phosphorus inputs (kg ha-1 day-1) to the model include: 𝑀 =  𝑅 +  𝑅 +  𝑅 +        Eqn 35 

And 𝑀 =  𝑅 +  𝑅 +  𝑀        Eqn 36 

Where  𝑀 =  𝑅       Eqn 37 

For dates occuring outside of the fertilisation period, inputs are simply: 𝑀 =  𝑅 +           Eqn 38 

And  𝑀 =  𝑀          Eqn 39 

Solid inputs of P are added to the solid soil store, and liquid inputs to the soil water.  

SI 1.3.1 Phosphorus in soil and soilwater 

Soil phosphorus is divided into two components: a) that which is water soluble or ‘labile’, and which is 
available for sorption reactions; and b) the unavailable inactive mineral or recalcitrant organic form. The 
store of labile P can change over time, due to inputs of solid P (MsolP), adsorption of phosphorus from 
the soil water, and breakdown of inactive mineral or organic P over time. Outputs occur through erosion 
and transport to the river reach, or through immobilization back to inactive P. = 100 ×  𝑀 +   + 𝑅 𝐶 𝑀 − 𝑀 − 𝑅 𝐶 𝑀   
           Eqn 40 

A user-defined saturation threshold may be set for the maximum concentration of labile phosphorus 
permitted within the soil (Rlabsat), where: 



If ≥ 𝑅 ∶ 𝑀 =  𝑅  × 𝑀       Eqn 41 

In this case, the excess P is added to the soil water TDP (equation 44). In turn, the inactive P store 
receives inputs from immobilization of labile soil P; with outputs from erosion and weathering.  = 𝑅 𝐶 𝑀 − 𝑀 − 𝑅 𝐶 𝑀    Eqn 42 

In the liquid phase, phosphorus is represented as total dissolved phosphorus (TDP). Changes in TDP 
mass are calculated as total liquid inputs (MliqP), minus outputs of portions which are sorbed to the soil 
labile P mass, those taken up by plant growth and those removed through hydrological flow pathways 
(i.e. soil drainage). TDP drained from the soil may transfer to direct runoff through saturation excess 
flow, or to groundwater via percolation. 

When the volume of water in the soil water store is >0, then: 

_ = 100 ×  𝑀 −    − 𝑃 −   × _ × _     Eqn 43 

However where there is no water in the store, TDP cannot be removed through drainage, and the 
change in TDP mass is simply: 

_ = 100 ×  𝑀 −    − 𝑃       Eqn 44 

If the mass of labile P in the soil is greater than the user-defined saturation threshold (Rlabsat), then total 
mass of TDP in the soil water is calculated as : 𝑀 _ = 𝑀 _ ( ) +  𝑀 −  (𝑅 × 𝑀 )      Eqn 45 

It is here that the additional labile P (from equation 40) is added to the soilwater store as TDP. The 
concentration of TDP (mg/l) in the soilwater is calculated from the mass as: 𝐶 _ = 10  × _         Eqn 46 

a)  Soil P sorption processes 

The change in mass of P sorbed to the soil over time (Msorbed), is calculated as being proportional to the 
difference between the soil water TDP concentration and the concentration at which no adsorption or 
desorption occurs; otherwise known as its equilibrium phosphorus concentration zero value, or EPC0 
Calculating this change in mass is achieved using a version of the Freundlich isotherm derived from 
House and Denison (2000): =  10 ×  𝑅 𝐶 _ − 𝐸𝑃𝐶 ,    𝑉    Eqn 47 

It has been found that the EPC0 of soils and sediments are dynamic, and that affected by long term 
accumulation or loss of labile P stores. In INCA-PEco therefore, a dynamic EPC0 is calculated, which is 
dependent upon the mass of P in the labile store: 

If the Msoil>0 and Mlabile >0 and soil P sorption coefficient (Rscsoil) is > 0  



𝐸𝑃𝐶 , =  ×         Eqn 48 

Otherwise  𝐸𝑃𝐶 , =  𝐶 _         Eqn 49 

b)  Plant growth and temperature dependency of processes 

Within the soil water, TDP can be taken up by plants, which requires specification of growth start dates 
(Gstart) and duration (Gdur), growth rates and nutrient requirements. User-specified annual maximum 
daily or annual uptake values (kg m-2 day-1) are provided for plant growth, which the plants may not 
exceed. TDP uptake calculated for a date occurring outside of the growth period, or for a period after 
which the maximum uptake quantity has been exceeded, is calculated as zero. In this event, excess P 
would remain in the soil water as TDP. Otherwise: 𝑃 = 𝑚𝑖𝑛 10 × 𝑅 𝐶  ×  𝐼  × _ , 100 × 𝑅  Eqn 50 

Where Igrowth is a seasonal plant growth index, defined as: 𝐼 = 𝑅 +  𝑅  𝑠𝑖𝑛 (𝐷𝑂𝑌 − 𝐺 )      Eqn 51 

A temperature factor ‘Ct’ is used in plant growth, and in chemical immobilisation and mineralisation 
equations. This factor increases reaction rates under conditions of increasing temperature.  

 𝐶 = 𝑇𝑒𝑚𝑝           Eqn 52 

Ct is therefore dependent on a time-series of soil temperature, which is calculated from air temperature 
using the Rankinen et al (2004) model. 

𝑇𝑒𝑚𝑝 = 𝑇𝑒𝑚𝑝 +      (𝑇𝑒𝑚𝑝 − 𝑇𝑒𝑚𝑝 ) 𝑒 Eqn 53 

Where dsoiltemp is the depth at which soil temperature is calculated (0.2m), and HeatCap is the combined 
specific heat capacity from freezing, thawing and soil:  

If Tempsoil0
 > 0: Ca = Ksoil; otherwise: Ca = Ksoil + Rfreeze     Eqn 54 

And where dsnow is the snow depth (cm) calculated from the snow water equivalent (equation 7) using a 
user defined water equivalent factor’ (Rweqv) 𝑑 =  ×          Eqn 55 

A minimum air temperature threshold can also be set for the process of immobilisation. Should the air 
temperature falls below this value, Ct = 0 

SI 1.3.2 Phosphorus in groundwater 

TDP is input to groundwater through desorption from the aquifer matrix, and via percolation from the 
soil water. Similar to processes occurring in the soil water phase, adsorption and desorption are 



governed by the dynamic EPCo and Freundlich isotherm. The aquifer mass involved in P sorption 
reactions is calculated as: 

Maquifer = 109RMaquifer         Eqn 56 

And the change in P sorbed in groundwater over time as: 

_ =  10 × 𝑅 𝐶 _ − 𝐸𝑃𝐶 , 𝑉   Eqn 57 

Where both the groundwater mass of sorbed P, and the groundwater P sorption coefficient are greater 
than zero, the EPC0,GW is defined as: 𝐸𝑃𝐶 , =  _  _        Eqn 58 

Otherwise: EPC0gw = CTDPgw 

And again, similar to within the soil, a saturation excess threshold can be set within the groundwater 
aquifer (Raqsat), where the excess P remains as TDP in the groundwater aquifer. 

If _ ≥ 𝑅 : 𝑀 =  𝑅  × 𝑀      Eqn  59 

Therefore the total change in TDP mass within the groundwater is calculated as that which has 
percolated down from the soilwater, minus that which has sorbed (and temporarily inactivated) to the 
aquifer, minus that which has drained out of the aquifer: 

_ =   ×  × _ −  _ −    × _   Eqn 60 

 

And If _ ≥ 𝑅 : 𝑀 _ =  𝑀 _ ( ) + 𝑀 _ −  𝑅  × 𝑀    Eqn 61 

The final TDP concentration in the groundwater water column is therefore: 𝐶 _ = 10 _         Eqn 62 

       

SI 1.3.3 Phosphorus in quickflow 

Uniquely in direct runoff compartment of the model, no transformation between dissolved or solid 
bound P-phases are simulated. Instead in this phase phosphorus is modelled as dissolved (TDP) and 
particulate (PP) phosphorus, each in isolation of one another.   

1.3.4.1 Dissolved phosphorus:  

TDP inputs to the quickflow compartment come only from saturation excess flow, originating from the 
soilwater. An assumption is made that the TDP concentration of the saturation excess water is equal to 
that of the soilwater. Although water from infiltration excess is added to the quickflow zone, no 



phosphorus concentration is included in this flow input; and as a result, any IE water additions 
effectively dilute the saturation excess concentrations. Change in TDP quickflow mass is calculated as: 

_ = 86400  × _ −   × _       Eqn 63 

Where the concentration of TDP is calculated as 𝐶 _ = 10  _  and TDP is output directly to 

the stream.  

The fluxes of TDP exported to the river from each landuse class (kg km-2) is calculated by summing 
exports from soilwater, quickflow and groundwater: 𝑀 =  86400  × _ +   × _ +   × _  Eqn 64 

And the total TDP mass exported to the river reach is calculated by summing totals from each landuse 
class within each subcatchment:  𝑀 =  𝐶𝑎 % 𝑀 

      Eqn 65 

1.3.4.2 Particulate phosphorus 

The mass of particulate phosphorus (PP) carried in the quickflow compartment is characterized from the 
mass of sediment, labile phosphorus and inactive phosphorus eroded from the soil water (equation 39). 
As fine-grained particles will typically hold higher quantities of P than coarse grained ones, an 
‘enrichment’ factor allows the user to characterize their PP concentrations by soil type. Within each 
landuse class, the flux of particulate phosphorus (kg km-2 day-1) is calculated as: 𝑀 =  𝑅 × 𝑀 (   )      Eqn 66 

The total mass of PP exported from the land to the stream is calculated by summing the total sediment 
exported from each landuse class: 𝑀 =  𝐶𝑎 % 𝑀 

      Eqn 67 

SI 1.4 Biological oxygen demand 

A key new feature of INCA-PEco is the ability to simulate both biochemical oxygen demand (BOD) and 
dissolved oxygen (DO) in terrestrial and aquatic phases. For each landuse category, the user enters an 
initial soil water BOD concentration (mg/l). The soil water BOD concentration can be reduced by a user-
specified daily decay rate, and through inputs of organic material onto the land, e.g., manure and plant 
residue, at user specified times and durations throughout the year.   

Change in soil water BOD mass (MBOD_SW, g km-2) is therefore calculated as BOD additions associated with 
organic material, fertiliser (RBODfert, g km-2 d-1), a BOD decay rate, and advective transport out of the soil 
water box: 
 _ = 𝑅 − 𝑅 _ × 𝑟𝑇 × 𝑀 _ − 86400 ×  𝑄 _  × _  Eqn 68 



Where rT is a soil temperature factor, similar to that in equation 51; which increases the rate of BOD 
decay under higher temperatures: 𝑟𝑇 = 1.07( )          Eqn 69 

Similarly, in the groundwater store, initial conditions are specified by the user. Change in groundwater 
BOD mass (MBOD_GW, g km-2 day-1) is equal to BOD additions from percolation of soil water, decay of BOD 
and advective transport out of the groundwater phase. Where BOD percolating from the soilwater is 
calculated as: 𝑀 = 𝐵𝐹𝐼 ×  𝑄 𝑥 𝑀 _  × 86400       Eqn 70 

And BOD groundwater flux from each landuse category: 

  

_ = − 𝑅 _ × 𝑟𝑇 × 𝑀 _ −  × _ ×  Eqn 71 

Biological oxygen demand is not simulated in direct runoff as it is assumed that any surface runoff will 
be sufficiently aerated to have a BOD of zero. 

Fluxes of BOD exported to the river from each landuse class (kg km-2) are calculated by summing exports 
from soilwater and groundwater: 𝑀 =  86400  × _ +  × _      Eqn 72 

And the total BOD mass exported to the river reach calculated by summing totals from each landuse 
class within each subcatchment:  𝑀 =  𝐶𝑎 % 𝑀 

       Eqn 73 

  SI 1.5 Dissolved oxygen  

Unlike for phosphorus and BOD, the user simply specifies a ‘DO concentration constant’ for soil water 
(RDO_SW), groundwater (RDO_GW) and quickflow (RDO_QF) boxes. Daily flux within a landuse class is therefore 
associated with advective flow: 

_ = 𝑅 _  × 86400 ×  𝑄 _   ×  ( _ )       Eqn 74 

_ = 𝑅 _  × 86400 ×  𝑄   ×  ( _ )      Eqn 75 

_ = 𝑅 _  × 86400 ×  𝑄   ×  ( _ )      Eqn 76 

 

The flux of DO exported to the river from each landuse class (kg km-2) is calculated by summing exports 
from soilwater, groundwater and quickflow: 



𝑀 =  86400  × _ +   × _  +  × _    Eqn 77 

 

And the total DO mass exported to the river reach calculated by summing totals from each landuse class 
within each subcatchment:  𝑀 =  𝐶𝑎 % 𝑀 

       Eqn 78 

 

Aquatic equations 
SI 1.6 in-stream hydrology 

Within each reach, the change in flow, volume, depth and width of a water body are tracked using a 
version of the Manning’s equation. The use of this method in the INCA suite of models is unique to 
INCA-PEco and INCA (ON)-THE and is adapted from recent changes made to the PERSiST model (Futter 
et al., this issue). 𝑣 = 𝑛 × 𝐻𝑅 × 𝑆          Eqn 79 

Where n (Manning’s roughness) and S (stream bed slope) are user defined parameters, and HR 
(hydraulic radius) is calculated as reach cross sectional area (Ar) divided by reach wetted perimeter (Pr). 
The cross sectional area is determined using the stream depth (D), and average width of the channel 
taken at the stream bed (Wsed) and at the stream surface (Wsur) 𝐴 = 𝐷           Eqn 80 

And reach Pr is calculated as a function of Wsed, Wsur, and D: 

𝑃 = 𝑊 + 2   + 𝐷         Eqn 81 

A constant relationship between channel depth and Qreachout is determined through user-defined values 
of ‘c’ and ‘f’:  𝐷 = 𝑐 × 𝑄            Eqn 82 

And similarly between Qreachout and stream surface width using constants a and b: 𝑊 = 𝑎 × 𝑄            Eqn 83 

Present day in-stream water storage (Sreach) is calculated using the previous day’s volume (Sreach0), and 
net infow (QreachIn), accounting for reach residence time. QreachIn is the sum of upstream inputs, terrestrial 
inputs from quickflow, groundwater and the soilzone; and effluent discharge minus abstraction: 𝑆 = 𝑆 𝑒  × + 𝑅𝑇 × 𝑄 × 1 − 𝑒  ×

    Eqn  84 

Where 𝑅𝑇 =   ×          Eqn 85 



Reach outflow (Qout) is therefore calculated as: 𝑄 =          Eqn 86 

SI 1.7 In-stream sediment 

Inputs of suspended sediment to the river reach include surface runoff (eqn 34), from direct point-
source inputs such as sewage treatment works, or from optional additional bank erosion (termed 
‘background sediment release’ in the model). Depending on the balance between stream bed 
entrainment factors, shear velocity and the grain size of the available sediments; suspended sediments 
may settle out and accumulate on the stream bed, or be entrained from the bed into the water column. 
Previous versions of INCA made assumptions that flow was governed only by gravity (i.e. slope); that the 
channel cross section was rectangular, and that river reaches were uniformly mixed. With the 
integration of the new Manning’s formula, the model is no longer reliant upon this first assumption. 

SI 1.7.1 bed sediment entrainment 

Sediment within the river is tracked independently by grain size (clay, silt and fine-, medium-, and 
coarse- sand). First the maximum grain size which can be entrained (Gmax) is determined, using the reach 
shear velocity (Vshear), which is determined by acceleration through gravity (g), water depth (D), channel 
slope (S), and a user-specified deviation from the ‘ideal’ channel characteristic (Vdev). 

Where 𝐺 = 9.9941 (𝑉 ) .         Eqn  87 

And 𝑉 =  𝑔𝐷𝑉 𝑆         Eqn 88 

The Gmax is used to calculate the proportion of each size class that can be entrained for a given shear 
velocity. Entrainment is considered impossible where Gmax is less than the smallest diameter of a 
particular size class (Ent% = 0). If Gmax > the largest grain diameter of the class, all sediment of that class is 
movable (Ent% = 1). The grain size distributions within a class are assumed to be uniform; and where 
Gmax is between the smallest and largest grain size, proportional entrainment within that class range is 
calculated. The moveable bed sediment mass (Mmov) is therefore determined as: 𝑀 = 𝑀 × 𝐸𝑛𝑡%          Eqn 89 

Where Mbed is the total bed sediment mass (kg) available on that particular day.  

Moveable bed mass and the amount of sediment which is entrained are not however the same thing. 
Calculations of entrainment additionally take into consideration stream power (Sp m-2) and bed friction 
(rf): 𝑀 = 𝑅  × 𝑀  × 𝑆  × 𝑟  × 86400       Eqn 90 

Where Sp is calculated as a function of water density, acceleration due to gravity, stream depth, velocity 
and slope: 𝑆 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  × 𝑔 × 𝐷 × 𝑣 × 𝑆        Eqn 91 

Where Rentsf is a user defined scaling factor, designed to enable the scaling up of processes, and bed 
friction (rf) is a function of stream hydraulic radius , compared to that of a perfect pipe  



 𝑟  =            Eqn 92 

Where hydraulic radius used in the bed friction equation (HRsed) is defined as: 𝐻𝑅 = 2 × 𝑊2𝐷 × 𝑊  

And where 𝐻𝑅 =   
         Eqn  93 

SI 1.7.2 bed sediment deposition 

A terminal settling velocity (vterm) determines the point at which suspended sediment settles from the 
water column to the river bed. This velocity is dependent upon gravity, density of sediment (2650 kg m-

3) the median particle diameter of suspended sediment (Gmed) and fluid viscosity (fv): 𝑣 =  ( )× ×        Eqn 94 

A combination of the terminal settling velocity and the total mass of suspended sediment available are 
used to calculate the mass of sediment deposited (MsedDep). 

Where 𝑀 =  𝑣  ×   × 86400        Eqn 95 

Where Msus is the mass of sediment available at the start of the time-step. 

SI 1.7.3 Background sediment release 

During low flow conditions, trapped sediment may still be released from vegetation patches, from 
between larger pebbles and boulders, and from depressions in the stream bed. The INCA-PEco model 
has a ‘background sediment release’ function to allow the user to simulate such release of sustained 
suspended sediment concentrations during low flow conditions. As this function is designed to 
characterize fine grained sediments observed during baseflow, it releases only particles within the clay 
grain-size fraction. Two user-defined parameters, termed ‘background scaling factor’ (Bsf) and 
‘background non-linear coefficient’ (Bnl) are used to release clay as a function of reach flow: 𝑀 = 𝐵𝑠𝑓 × 𝑄           Eqn 96 

Concurrent mass balance accounting is performed for each grain size category at each time step, by 
considering the entrainment and deposition of each grain size class; so that the bed sediment flux is:  = 𝑀 − 𝑀           Eqn 97 

And the total flux in suspended sediment is dependent on inputs into and out of the reach, entrainment, 
sedimentation, background sediment release, point source effluent, and reach residence time:  = 𝑀 + 𝑀 + (𝐿 × 𝑊 )𝑀 − 𝑀 + 𝑀 + 𝑀 − ×𝑄 × 86400            
           Eqn 98 



SI 1.8 Instream Phosphorus 

In the aquatic phase, phosphorus is represented as TDP and PP, and is simulated separately in the water 
column (WC) and the stream bed (SB). Exchange may occur between the two stores (stream bed and 
water column) either through direct movement of TDP from bed sediment pore-water into the overlying 
water column (pore-water flushing); or through mobilization and settling of PP between stream bed 
sediments and the water column (particle suspension and deposition). Within each store, phosphorus 
may also transform between TDP and PP using Freundlich isotherms. Equations are solved 
independently for each reach. 

SI 1.8.1 Phosphorus in the water column 

a) Dissolved phosphorus 

TDP is added to a reach from upstream and terrestrial and inputs (eqn 65), and from user-defined 
sewage effluent. Outputs occur via abstractions and reach outflow.   , = 𝑀 _ + 𝑀 + 𝑀 + 𝑀 −  𝑀 − 𝑀 −  ,    Eqn 99 

A user defined saturation threshold is included however (CPsatwc), to prevent P from adsorbing to 
suspended sediment ad infinitum. Should the concentration of PP in the water column (as a fraction of 
total suspended sediment mass) exceed this threshold, then the excess P is added to the water column 
as:  

  , = 𝑀 _ ( ) +  𝑀 _ −  𝐶 _ × 𝑀       Eqn 
100 

The concentration of TDP in the water column (mg/l) is expressed as:  𝐶 _ = 10  × _           Eqn 101 

Where TDP outflow from the reach (MTDPout) is calculated as a function of advection: 𝑀 = 86400 × _ ×         Eqn 102 

The change in mass of P adsorbed to suspended sediments in the water column is calculated in a similar 
manner to that in the terrestrial phase (Eqn 47). The theory applied is that change in mass of P sorbed to 
suspended sediments over time (Msorb_WC), is proportional to the difference between the water column 
TDP concentration and the water column EPC0 value.  

_ = 10 × 𝑅 _ 𝐶 _ − 𝐸𝑃𝐶 ,    𝑆     Eqn 103 

And where if the Msus>0 and MPP_WC >0 and the water column P sorption coefficient (RSF_WC) is > 0  𝐸𝑃𝐶 , =  _ ×  _         Eqn 104 

Otherwise  𝐸𝑃𝐶 , =  𝐶 _         Eqn 105 



Finally, the exchange of TDP between the water column and stream bed pore waters (MTDPex) is 
calculated as: 𝑀  =  10 × 𝑅 %  ×  𝑆  𝐶 _ − 𝐶 _      Eqn 106 

b) Particulate phosphorus 

PP is input to a river reach from the terrestrial phase (Eqn 65), upstream reaches, sewage effluent, and 
entrainment from stream bed PP (Eqn 84). It is removed via abstraction, particle settling, de-sorption, 
abstraction and through outflow from the reach.  _ = 𝑀 _ + 𝑀 + 𝑀 +  _ + 𝑀 − 𝑀 − 𝑀 −  𝑀  Eqn 107 

Again, that saturation threshold (CPsatwc) for PP cannot be exceeded however, and therefore: 

if  _  ≥ 𝐶 _ : 𝑀 _ =  𝐶 _  × 𝑀     Eqn 108 

Both entrainment and deposition of PP are controlled by reach sediments, where entrainment and 
deposition are assumed to be zero where the mass of bed sediment and suspended sediment 
(respectively) are nil. Otherwise:   𝑀 = 𝑀  __ 𝐿 × 𝑤         Eqn 109 

And  𝑀 = 𝑀  _   𝐿 × 𝑤       Eqn 110 

The mass of PP output from the reach is calculated as: 𝑀 =  × _ ×        Eqn 111 

And the final concentration of PP in the water column is expressed as: 𝐶 = 10 _          Eqn 112 

SI 1.8.2 Phosphorus in the bed sediment 

a) Dissolved phosphorus 

TDP exchange between stream bed sediment (SB) and the water column (WC) may move in either 
direction, depending on the concentration of pore water and concentrations in the overlying water 
column (Eqn 106). This exchange, in addition to the change in P sorbed to the stream bed determines 
the bed sediment TDP concentration:  _ = −𝑀  −         Eqn 113 

And, as in the water column, if the mass of PP in the stream bed (as a fraction of total bed sediment 
mass) is greater than the user-defined maximum allowable phosphorus: sediment in the stream bed (kg 
P/kg sed), then:  

 𝑀 _ = 𝑀 _ ( ) +  𝑀 _ −  𝐶 _ × 𝑀      Eqn  114 



P sorption in the stream bed is calculated through Freundlich isotherms and EPC0 concentrations, in an 
identical fashion to that applied to the water column sorption reactions (Eqn 103-195): = 10 ×  𝑅 _ 𝐶 _ −  𝐸𝑃𝐶 ,    𝑆     Eqn  115 

Where if the Mbed>0 and MPP_SBbed >0 and the stream bed P sorption scaling factor (RSF_SB) is > 0  𝐸𝑃𝐶 =  _ ×  _        Eqn 116 

  

Otherwise  𝐸𝑃𝐶 , =  𝐶 _        Eqn 117   

The concentration of TDP in the porewater (CTDP_SB) is calculated taking into account the porewater 
volume (Vpw), where: 𝑉 = 𝑤 × 𝐿 × 𝑅  × 𝑅 ∅       Eqn  118 

So that: 𝐶 _ = 10 × _         Eqn 119 

b) Particulate phosphorus 

In the stream bed, PP may be lost through entrainment or de-sorption, and gained through deposition 
or adsorption:  

_ =  +  𝑀 − 𝑀       Eqn 120 

 

Again here the saturation threshold limits the amount of P which can be adsorbed onto bed sediments: 
    

Where  _  ≥ 𝐶 _ : 𝑀 _ =  𝐶 _  × 𝑀      Eqn 121 

SI 1.8.3 Soluble reactive phosphorus in the water column 

While only two fractions of phosphorus are explicitly modelled in INCA (PP, TDP), and of course the sum 
of their parts TP; INCA-PEco does have a function with which to derive a more bioavailable component, 
soluble reactive phosphorus (SRP). Several options are available, although all assume a constant 
relationship over time with another (proxy) parameter. 

Either 𝐶 _ = 𝐺𝑟𝑎𝑑 :  × 𝐶 _ + 𝑌 :       Eqn  122 

 Or  𝐶 _ = 𝐶 _ + 𝑅𝑎𝑡 :  × 𝑂𝑏𝑠      Eqn  123 

Planned future improvements in INCA-PEco will explicitly model SRP, DHP, and organic matter, to 
include time-varying relationships between TDP and SRP; mobilization of SRP from the stream bed 
through microbial communities, and interactions between Fe and anoxia. 



SI 1.9 Instream biochemical oxygen demand: 

Organic compounds which are present in the water column may reduce concentrations of dissolved 
oxygen (DO) as they decay and oxidise. The demand that this decaying organic matter puts upon the DO 
concentration is known as the biochemical oxygen demand. Determination of changes in BOD mass 
within the water column (MBOD_WC) are therefore essential for determination of water column DO. 
Essentially they represent the amount of oxygen used in respiration by micro-organisms during their 
consumption of organic matter (Cox, 2002). The rate at which biochemical oxidation occurs is assumed 
to be proportional to the amount of organic matter remaining in the water; therefore, BOD can be used 
as a proxy for a waterbody’s organic matter content (Cox, 2002). In INCA-PEco inputs of BOD are from 
upstream reaches, the land phase (Equation 70), wastewater treatment effluent (MBODww) and 
contribution of dead phytoplankton to BOD (BODphyto). Reach outputs are via settling of BOD (BODsettle) 
and advection: 

   _ = 𝑀 + 𝑀 + 𝑀 + 𝐵𝑂𝐷 − 𝐵𝑂𝐷 −   _  ×   

Eqn 124 

 

As phytoplankton die, the oxidation of their decaying matter takes up oxygen from the water column. In 
INCA-PEco this mass of phytoplankton oxygen demand is included in the BOD as ‘phytoplankton BOD’ (g 
BOD km-2). Where RPhytoBOD is a user defined parameter of the dead algae contribution to the BOD (mg O2 
µg chl a-1 day-1) and CPhytoDeath is concentration of phytoplankton dying per day (µg chl a day-1).  𝐵𝑂𝐷 =  𝑅 𝐶       Eqn  125 

As organic matter settles and is buried within the bed sediment, it is deactivated as a source of oxygen 
demand. It is possible however that the decaying organic matter could later be re-suspended, and re-
integrated as a BOD input. Therefore, in INCA-PEco, the amount of BOD which has been buried (g O2 km-

2 day-1) is calculated using a net settling velocity (burial minus resuspension) of m day-1 which varies with 
reach depth 𝐵𝑂𝐷 =   𝑀 _          Eqn 126 

Where Rnetv is a user defined parameter. 

SI 1.10 Dissolved oxygen  

Within the water column, changes in mass of DO (g km-2) are calculated by taking into consideration the 
major sources and sinks of DO in rivers (Cox; 2002) including influx from upstream reaches (MDOus g km-2) 
and the land phase (MDOtotal g km-2), phytoplankton oxygen contributions (DOphytox, g O2 km-2 day-1) , and 
re-aeration (DOatmox, g O2 km-2 day-1). Outputs of DO are from uptake through BOD (MBOD_decay_WC, g km-2) 
sediment oxygen demand (DOsod, g O2 km-2 day-1), and advection. Temperature is perhaps the most 
significant driver of DO concentration in water, and as such is a key factor in each equation. 



 _ =  𝑀 +  𝑀 + 𝐷𝑂 −  𝐷𝑂 + 𝐷𝑂 − 𝑀 _ _ −  × _  ×         Eqn 127 

And the concentration of dissolved oxygen expressed as 

 𝐶 _ = 10  × _           Eqn 128 

To ensure that BOD cannot cause the DO to become negative, oxygen loss is set to zero if there is 
insufficient DO to satisfy the BOD requirements. DO is also limited to 300% of the DO saturation value 
(DOsat%): 𝐷𝑂 % = _  ×          Eqn 129 

Where the absolute concentration at which the water column becomes saturated with DO is dependent 
upon the following relationship with water temperature (ref?): 𝐴𝑏𝑠 = 14.652 − 0.41022 × 𝑇𝑒𝑚𝑝 + 0.0079910 × 𝑇𝑒𝑚𝑝 − 0.000077774 ×  𝑇𝑒𝑚𝑝  
           Eqn  130 

SI 1.10.1 Atmospheric re-aeration 

Inputs of DO through atmospheric re-aeration (DOatmox) can be calculated either by the model, or set 
using a user-defined parameter. In both cases, re-aeration is a function of the rate that aeration occurs 
(DOatmox/day), the total concentration of DO which the water column can hold (Abssat) and the DO mass 
currently within the water column (MDOwc): 𝐷𝑂 =  𝐷𝑂 / ×  𝐴𝑏𝑠 − 𝑀 _      Eqn  131 

Where the user defines parameters for input into re-aeration; the DOatmox/day parameter is defined as: 𝐷𝑂 / = 𝑅 × 1.024       Eqn 132 

The model calculated version is dependent upon water temperature, depth and velocity. Where Tempwc 
is <30oC, the following equations are used: 𝐷𝑂 / = 1.7535  ∅ .×( . ) . × . × ∅ × .( . ) . . 12.0   Eqn 133 

Where 𝐹𝑟 =  (  × . ) .         Eqn 134 

And 𝑇∅ = 9.68 + 0.054 (𝑇𝑒𝑚𝑝 − 20)      Eqn 135 

And 𝐸 = 𝑆 × 𝑣 × 9.806        Eqn 136 

And 𝑇∅ = 0.976 + 0.0137 × (30 −  𝑇𝑒𝑚𝑝 ) .      Eqn 137 

In the event that water temperatures cross the 30oC threshold, equations from one of Owens et al 
(1964), O’Connor and Dobbins (1958) or Churchill et al (1962) are implemented, dependent upon depth 
and velocity as per Cox (2002). Where stream depth is less than or equal to 0.74m then : 



𝐷𝑂 / = 5.3327 × 𝑣 . × 𝐷 . × 1.0241     Eqn 138 

Where stream depth is greater than 0.74m and reach velocity is less than or equal to 1.28m s-1 then : 𝐷𝑂 / = 3.952 × 𝑣 . × 𝐷 . × 1.016     Eqn 139 

Otherwise :  𝐷𝑂 / = 5.014 × 𝑣 . × 𝐷 . × 1.0241     Eqn 140 

SI 1.10.2 Phytoplankton respiration and photosynthesis: 

Oxygen contributions from algae (DOphytox) are calculated as a function of O2 supplied by photosynthesis 
(DOptsyn, g O2 km2 day-1) and used up through respiration (DOptresp, g O2 km2 day-1): 𝐷𝑂 =  𝐷𝑂 − 𝐷𝑂        Eqn 141 

Thresholds rates of ‘low’ (𝐷𝑂 ) and ‘high’ (𝐷𝑂 ) rates of photosynthesis are applied, 
determined by the phytoplankton concentrations and daylight hours (Solarhours); where 𝐶 < : 𝐷𝑂 = 𝑆𝑜𝑙𝑎𝑟 .  × 𝐷𝑂 × 0.0317 𝑥 𝐶     Eqn 142 

Otherwise: 

 𝐷𝑂 = 𝑆𝑜𝑙𝑎𝑟 .  × 𝐷𝑂 1.585 +  𝐷𝑂 0.0317 × 𝐶 − 50    

           Eqn 143 

Where 𝐷𝑂 =  𝑅 1.08       Eqn 144 

And 𝐷𝑂 =  𝑅 1.08        Eqn 145 

Removal of DO through phytoplankton respiration (DOptResp) is determined by phytoplankton 
concentration (equation 140), and a user defined respiration slope and offset: 𝐷𝑂 =  𝑅 + 𝑅 × 𝐶 1.08   Eqn 146 

SI 1.10.3 Sediment respiration (sediment oxygen demand) 

Chemical oxidation of compounds may occur within riverbed sediments where organic matter is 
incorporated in the channel bed, exerting a significant oxygen demand and influencing the in-stream 
DO. This ‘uptake’ of dissolved oxygen is expressed as: 𝐷𝑂 = 𝑆𝑒𝑑 ×  _.  _        Eqn 147 

Where Sedox is determined by a user defined rate of oxidation (Rox) and by the temperature of the water 
column: 𝑆𝑒𝑑 = 𝑅  ×  1.08        Eqn 148 

SI 1.10.4 Biochemical oxygen decay rate 



Similarly in the water column, organic compounds may reduce DO concentrations as they decay and 
oxidise. A key removal mechanism of DO from the watercolumn is therefore associated with the MBOD_WC 

(Eqn 124).  𝑀 _ _ = 𝐵𝑂𝐷 × 𝑀 _      Eqn 149 

The specific quantity of DO removed by the BOD is calculated as being positively related to stream depth 
and temperature of the water column, where if the water depth is > 2.4m: 𝐵𝑂𝐷 = 𝑂𝑥𝑖𝑑 × 1.047      Eqn 150 

Otherwise 𝐵𝑂𝐷 = 𝑂𝑥𝑖𝑑 × . . × 1.047   Eqn 151 

Where ‘oxid’ is a user defined parameter, determining the speed at which organic matter is oxidized. 

SI 1.11 Phytoplankton 

The concentration of phytoplankton in the water column is critical to calculations of DO and BOD mass; 
considering the influence of phytoplankton respiration, photosynthesis and death on instream processes 
(Eqns 127 and 141). In INCA-PEco, phytoplankton is represented in units of chlorophyll (µg l-1) : =  𝐶 +  𝐶 −  𝐶      Eqn 152 

Unique to the simulation of phytoplankton in INCA-PEco, but inherent to the aquatic nature of their 
habitat, there are no direct land phase additions of phytoplankton to the watercolumn. Instead the 
model is first balanced by calculating the change in phytoplankton inputs from the upstream, minus the 
outputs from the downstream; referred to here as advection (CphytoAdv). 

𝐶 =  _  
 ×         Eqn 153 

Subsequently, inputs from phytoplankton growth, and outputs of phytoplankton death are then 
calculated. Due to the lack of land additions of phytoplankton, it is important that at least one upstream 
reach is set with an initial Cphyto >0, in order for phytoplankton growth to proliferate throughout the 
model. 

SI 1.11.1 Phytoplankton growth 

Response of phytoplankton to light, temperature and nutrient availability varies by species; e.g. diatoms 
will flourish in relatively Iow temperature and light conditions, provided sufficient nutrients are 
available. It would not be possible to account for this variability without simulating responses of 
individual species, e.g. in methods such as those applied in PROTECH (Elliot et al 2007). It is not the 
intention of the INCA-PEco to achieve simulations of the biomass of specific species of algae, but to 
provide a model capable of providing the BOD and DO concentrations as a result of phytoplankton 
community growth; as the former are currently the most critical concern regarding the health of 
waterbodies. The phytoplankton growth (CPhytoGrowth) equation has therefore been designed to enable 
the user to specify the extent to which a community of phytoplankton responds to each driver of light, 
temperature, nutrients and self-shading; and user-defined thresholds can be set to instigate and cut-off 



specific drivers. This makes the phytoplankton component of the model particularly adaptable to 
environments with seasonal blooms, ice-on and ice-off events, extreme light reductions, or extreme 
heat changes, and particular dominant blooms of specific species. This enables the user to specify where 
the phytoplankton community within each reach may be particularly sensitive, or not, to the availability 
of nutrients 𝐶 = 𝑅  × 𝐶  × 𝑟𝑇 × 𝑟𝑆𝑅 ×  ×   Eqn 154 

Where rT and rSR are designed to activate a threshold below which temperature and light become a 
limiting factor on algal growth; where: 

when 𝑇𝑒𝑚𝑝 < 𝑅𝑇𝑒𝑚𝑝 ;   𝑟𝑇 = 1.066      Eqn  155 

Otherwise 𝑟𝑇 = 1 

And when 𝑅 <  ∶ 𝑟𝑆𝑅 =        Eqn 156 

Otherwise 𝑟𝑆𝑅 =  1 

Where Rsolar is a user-defined threshold of light required for growth, expressed as a fraction of annual 
maximum solar radiation (0-1); and where SolarRad, and SolarRadMax are parameters calculated by 
INCA-PEco (Eqn 157 - 162). RSRPmax is a user defined threshold concentration of SRP at which 
phytoplankton growth is uninhibited by nutrient availability; where Rgrowth is a user defined rate of 
phytoplankton growth, and RphytoShade is the user-defined concentration of chl-a at which phytoplankton 
growth becomes self-limiting. 

Solar radiation is calculated using reach latitude and longitude, using equations from Cox, 2002: 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = (sin (𝑙𝑎𝑡)  × sin (𝑑𝑒𝑐)) − (cos (𝑙𝑎𝑡) × cos (𝑑𝑒𝑐) × cos(𝑡𝑖𝑚𝑒)) Eqn 157 

Where dec is a measure of solar declination, calculated as: 𝑑𝑒𝑐 = 0.39637 − 22.9133 × cos( 𝑑𝑒𝑐1) + 4.02543 × sin(𝑑𝑒𝑐1) − 0.3872 × cos(2 × 𝑑𝑒𝑐1) +0.052 × sin(2 × 𝑑𝑒𝑐1)        Eqn 158 

And where 𝑑𝑒𝑐1 = 360 ×          Eqn  159 

The solar elevation (Elevationsolar) can then be used to calculate the photosynthetically active radiation: 𝑆𝑜𝑙𝑎𝑟𝑟𝑎𝑑 = 𝑆𝑜𝑙𝑎𝑟  × 𝑅  × (sin 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 )     Eqn 160 

Where Raads is an atmospheric adsorption factor, calculated from Bras, 1990 as: 

𝑅 = exp −3 × 0.12 − 0.054 × 𝑙𝑜𝑔10    Eqn 161 

The 30 minute solar radiation values are then re-sampled to generate average daily solar radiation 
(Solarrad), using the formula: 𝑆𝑜𝑙𝑎𝑟𝑟𝑎𝑑 = 𝑀𝑒𝑎𝑛 (𝑆𝑜𝑙𝑎𝑟𝑟𝑎𝑑 )        Eqn 162 



SI 1.11.2 Phytoplankton death 

Death of phytoplankton (CPhytoDeath) is controlled by a user defined rate (day): 𝐶 = 𝐶  × 𝑅        Eqn 163 

 

 

 

 



SI2: Parameter table 

Location Parameter 
name 

Description Units Type 

Meteorology 

SMD Soil moisture deficit mm input 
SMDmax Maximum value in SMD input time series (must be set slightly higher) mm User def 
HER Hydrologically effective rainfall mm day-1 input 
PPTN Precipitation mm day-1 input 
Tempair Air temperature oC  input 
HERf Flux of hydrologically effective rainfall m3 s-1 km-2 calc 
PPTNr+s Rainfall flux + snowmelt m3 s-1 km-2 calc 
SnowPpt Precipitation falling as snow mm day-1 calc 
RRCorrect rainfall correction factor Unitless user defined 
RsCorrect Snowfall correction factor Unitless user defined 
SM Snowmelt mm day-1 calc 
RRtemp Temp above which all precipitation falls as rain oC user defined 
RStemp Temp below which all precipitation falls as snow oC user defined 
Rsdeg Degree day factor for snowmelt mm oC-1 day-1 user defined 
Rmelt Snow melt temperature oC user defined 
SnowDeqv Snow depth water equivalent mm calc 
SnowDeqv0 Snow depth water equivalent from previous day mm calc 
SnowEvap Water lost to evaporation from snow mm day-1 calc 
RPotEvap Potential snow evaporation rate mm day-1 user defined 

Terrestrial hydrology 
General 

QSW_land Total soil water flow to stream m3 sec-1  
LUclasses Class of landuse to which equation is applied unitless Categorical  
Ca Subcatchment area km2 User defined 
LU% Area of landscape in a subcatchment % User defined 
BFI Baseflow index Unitless User defined 
QSW Soil water flow (without saturation excess) m3 sec-1 km-2 calc 
Q GW_land Total groundwater flow to stream m3 sec-1 Calc 
Q GW Groundwater flow m3 sec-1 km-2 Calc 
Q QF_land Total quickzone flow to stream m3 sec-1 Calc 
Q QF Quickflow m3 sec-1 km-2 Calc 



Soil water 

Q SW_out Soil water flow and saturation excess m3 sec-1 km-2 Calc 
TSW Soil water characteristic time constant days User defined 
Sustsw Sustainable soil water flow m3 sec-1 km-2 User defined 
VSW_drain Soil water drainage volume m3 km-2 calc 
Satmax threshold soil water flow for saturation excess m3 sec-1 km-2 User defined 
VSW_retention Soil water retention volume m3 km-2 calc 
RSWretention Soil water retention volume constant Unitless User defined 
VSW Total soil water volume m3 km-2 calc 

Quick flow 

QSE  Saturation excess flow m3 sec-1 km-2 calc 
QIE Infiltration excess m3 sec-1 km-2 calc 
TQF Quickflow characteristic time constant days User defined 
VQF Quick flow volume m3 km-2 calc 
IE% IE proportion to quickflow Unitless User defined 
QInfiltration Infiltration rate m3 sec-1 km-2 calc 
Imax Max infiltration rate mm day-1 User def 

Groundwater Tgw Groundwater residence time days User defined 
SustGW Sustainable groundwater flow m3 sec-1 km-2 User defined 

Soil erosion 

MsplashDet Mass of sediment mobilised by splash detachment kg m-2 day-1 Calc 
RSSP Splash detachment scaling parameter s m-1 User defined 
RSplashPot soil splash erosion potential kg m-2 s-1 User defined 
Rvegetation Vegetation cover coefficient Unitless User defined 
MTC Sediment transport capacity kg km-2 day-1 Calc 
RTCsf Transport capacity scaling factor (a4) kg m-2 day-1 User defined 
RTCmax Transport capacity Direct runoff threshold (a5) m3 sec-1 User defined 
RTCcoeff Transport capacity non linear coefficient (a6) unitless User defined 
L Reach length m input 
MflowErosion Mass of sediment mobilised by flow erosion kg km-2 day-1 Calc 
RFEsf Flow erosion scaling factor (a1) s m-2 User defined 
RFEpot Soil type dependent flow erosion potential kg km-2 s-1 User defined 
RFEmax Flow erosion direct runoff threshold (a2) m3 s-1 User defined 
RFEcoeff Flow erosion non linear coefficient (a3) Unitless User defined 
MsedOut Mass of sediment transported to the stream (per landuse type)  kg km-2 day-1 calc 
MsedStore Store of detached sediment kg km-2 calc 



MtotalSedOut Total mass of sediment transported to the stream from subcatchment kg day-1 calc 

Phosphorus (general) 

Fstart Start date of fertiliser addition Julian Day User defined 
Fdur Duration of fertilizer addition Days User defined 
MsolP Sum of solid P inputs  kg ha-1 day-1 calc 
RSMan Solid P manure inputs kg ha-1 day-1 User 
RSFert Solid P fertiliser inputs kg ha-1 day-1 User 
RRes Plant residue solid inputs kg ha-1 day-1 user 
RsDep Annual atmospheric dry P deposition kg ha-1 year-1 user 
MLiqP Sum of liquid P inputs  kg ha-1 day-1 Calc 
RlMan Liquid P manure inputs kg ha-1 day-1 User 
Rlfert Liquid P fertiliser inputs kg ha-1 day-1 user 
MWDep Daily atmospheric wet P deposition kg ha-1 day-1 Calc 
HERfannual Annual total hydrologically effective rainfall flux m3 km-2 year-1 Calc 
Rwdepannual Annual atmospheric wet P deposition kg ha-1 year-1 user 

Phosphorus in soil 

Mlabile Total labile P mass in soil kg km-2 Calc 
Msorbed Mass of P sorbed as labile soil P kg km-2 Calc 
Rweather Weathering factor Day-1 User specified 
Ct Temperature factor unitless Calc 
Minactive Inactive P mass in the soil kg km-2 Calc 
Rimmob Immobilisation factor Day-1 User specified 
Msoil Soil mass kg km-2 User defined? 
Rlabsat Maximum soil labile P content kg P kg-1 sed-1 User defined 
MTDP_SW Mass of TDP in soil water kg km-2 Calc 
MTDP_sw(0) Mass of TDP in soil water from the previous day kg km-2 Calc 
Ruptake Plant P uptake factor m day-1 User specified 
Puptake Plant uptake of P from the soil water kg km-2 day-1 Calc 
CTDP_SW TDP concentration in soil water mg l-1 calc 
RSSc Soil sorption scaling factor Day-1 User defined 
FISW Soil Freundlich isotherm constant unitless User defined 
EPC0SW Soil EPC0 mg l-1 Calculated 
Rsc_SW Soil P sorption coefficient kg-1 soil User defined 
Igrowth Seasonal Plant growth index unitless Calculated 
Rmaxup Maximum daily plant P uptake kg ha-1 day-1 User specified 



Roffset Plant growth curve vertical offset Unitless User defined 
Ramp Plant growth curve amplitude Unitless User defined 
DOY Day of year  Julian day User defined 
Gstart Start date of plant growth period  Julian day User defined 
TempQ10 Change in rate with a 10o C change in temperature Unitless User defined 
TempQ10a Temperature at which the rate response is 1 oC User defined 
Rtherm Soil thermal conductivity W m-1 oC-1 user defined 
Tempsoil Current soil temperature oC Calc 
Tempsoil0 Soil temperature from the previous time step oC Calc 
Tempair0 Air temperature from the previous time step oC calc 
Rdamp Empirical damping parameter cm-1 user 
dsnow Snow depth cm calculated 
HeatCap combined specific heat capacity from freezing, thawing and soil 106Jm-3 oC-1 Calc 
Ksoil Specific heat capacity of soil 106Jm-3 oC-1 Calc 
Rfreeze Specific heat capacity due to freeing and thawing of soil 106Jm-3 oC-1 User specified 
dsoilTemp Depth at which soil temperature is calculated  meters Calculated 
Rweqv Water equivalent factor Unitless User defined 

Phosphorus in 
groundwater 

Maquifer Aquifer mass kg km-2 Calc 
RMaquifer Aquifer mass per m2 (depth x density) 103 kg-1 m-2 User def 
RGW_ssc Soil sorption scaling factor day-1 User defined 
CTDP_GW TDP concentration in groundwater mg l-1 calc 
EPC0_GW Groundwater EPC0 mg l-1 Calculated 
FIGW Groundwater Freundlich isotherm constant Unitless User defined 
RGWcoeff Groundwater P sorption coefficient kg-1 soil User defined 
MsorbedGW Mass of P sorbed as labile groundwater P kg km-2 Calc 
Raqsat Maximum aquifer solid P content kg P kg-1 sed User defined 
MTDP_GW TDP mass in groundwater kg km-2 Calc 
MTDP_GW(0) TDP mass in groundwater of previous day kg km-2 Calc 
CTDP_GW Concentration of TDP in groundwater mg l-1 calc 

Phosphorus in 
quickflow 

MTDP_QF TDP mass in quick flow kg km-2 Calc 
CTDP_QF TDP concentration in quick flow mg l-1 calc 
MTDPclass Total TDP mass per landuse class kg km-2 calc 
MTDPtotal Total TDP mass exported to river reach kg day-1 calc 



MPPclass Mass of PP exported to river reach per landuse class kg km-2 day-1 calc 
Rer Soil P enrichment factor unitless User defined 
MPPtotal Total PP mass exported to river reach kg day-1 calc 

Biochemical oxygen 
demand 

MBOD_SW Mass of BOD in Soil water  g km-2 Calc 
RBODfert Mass of BOD in organic materials  g km-2 User defined 
RSW_BODdecay BOD soil decay rate  g day-1 User defined 
rT BOD Temperature factor Unitless calc 
MBOD_GW Mass of BOD in the groundwater  g km-2 Calc 
MBODperc Mass of BOD percolating to the GW zone g km-2 Calc 
RGW_BODdecay BOD groundwater decay rate g day-1 User defined 
MBODLUclass Total mass of BOD exported river per landuse class kg day-1 km-2 Calc 
MBODtotal Total mass of BOD exported to river reach kg day-1 Calc 

Dissolved oxygen 

RDO_SW Initial DO soilwater concentration g l-1 User defined 
MDO_sw Mass of DO in Soil water g km-2 Calc 
MDO_GW Mass of DO in groundwater g km-2 Calc 
RDO_GW Initial DO groundwater concentration g l-1 User defined 
MDO_QF Mass of DO in quickflow g km-2 Calc 
RDO_QF Initial DO quickflow concentration g l-1 User defined 
MDOLUclass Total mass of DO exported river per landuse class g day-1 km-2 Calc 
MDOtotal Total mass of DO exported to river reach g day-1 calc 

Hydrology 

V Reach velocity m sec-1 Calc 
N Manning’s roughness coefficient unitless User defined 
HR Hydraulic radius m calc 
S River bed slope m m-1 User defined 
Ar Reach cross sectional area m2 Calc 
D Reach depth m calc 
Wsur Reach width at the surface m Calc 
Wsed Reach width at the bed sediment m calc 
Pr Reach wetted perimeter m calc 
C cQf Unitless User defined 
F cQf Unitless User defined 
A aQb Unitless User defined 
B aQb unitless User defined 



Sreach Current day’s volume m3 Calc 
Sreach0 Previous day’s reach storage m3 Calc 
RTreach Reach residence time days calc 
QreachIn Net reach inflow  m3 day-1 calc 
QreachOut Reach outflow m3 s-1 calc 

Instream sediment 

Gmax Maximum entrainable grainsize  m Calc 
Vshear Reach shear velocity m s-1 calc 
G Acceleration due to gravity  (9.9941) m s-2 constant 
Vdev Deviation from ideal channel characteristics unitless User defined 
Mmov Moveable bed mass kg m-3? Or per day? Calc 
Mbed Total bed sediment mass kg m-3? Or per day? calc 
Ent% Proportion of bed mass which is entrained fraction calc 
Ment Entrainable sediment mass kg m-3? Or per day? Calc 
Rentsf Entrainment Scaling factor (a8 in model) s2 kg-1 User defined 
Sp Stream power per unit area of stream bed J s-1 m-2 Calc 
rf Bed friction m-1 calc 
HRsed Hydraulic radius used in bed friction equation m calc 
DensityH20 Density of water (1000) kg m-3 constant 
HRmax Hydraulic radius of a pipe m Calc 
vterm Terminal velocity m s-1 Calc 
Densitysed Density of sediment (2650) kg m-3 constant 
Gmed Medium particle diameter m Calc 
Fv Fluid viscosity m s-1 Calc 
MsedDep Mass of suspended sediment deposited kg m-2 day-1 Calc 
Msus Mass of suspended sediment available  kg Calc 
Mbackground Background sediment released within a channel kg m-2 day-1 calc 
Bsf Background sediment scaling factor kg m-2 m-3 User defined 
Bnl Background sediment nonlinear coefficient unitless User defined 
MPS Sediment from a point source kg day-1 User defined 
Mup Mass of suspended sediment from upstream  kg day-1 Calc 

In-stream phosphorus 
(water column) 

MTDP_WC Mass of TDP in the water column kg calc 
MTP_US Mass of TDP input from upstream reach kg day-1 Calc 
MTDPeff Mass of TDP effluent  kg day-1 User defined 



MTDPex Mass of TDP exchanged between pore water and water column kg day-1 calc 
MTDPabs Mass of TDP abstraction kg day-1 User defined 
MTDPout Mass of TDP output from reach kg day-1 Calc 
dMsorbwc/dt Change in mass of P adsorbed to suspended sediment kg day-1 Calc 
MTDP_WC(0) Mass of TDP in the water column on previous day kg Calc 
MPP_WC Mass of PP in the water column kg Calc 
CPsat_WC Maximum P:sed ratio in suspended material kg P kg-1 sed User defined 
CTDP_WC Concentration of TDP in the water column mg l-1 Calc 
RSF_WC Water column sorption scaling factor day-1 User defined 
FIwc Water column Freundlich isotherm Unitless User defined 
EPCO_WC Water column equilibrium phosphorus coefficient mg l-1 calculated 
Rsc_wc Water column sorption coefficient kg-1 day-1 User defined 
MTDPex Exchange of TDP between water column and bed porewater Unitless calc 
REx% Fraction exchanged between the water column and stream bed day-1 User defined 
CTDP_SB Concentration of TDP in the stream bed porewater mg l-1 Calc 
MPP_US Mass of PP input from upstream kg day-1 calc 
MPPeff Mass of PP input from effluent kg day-1 User defined 
MPPent Mass of PP entrained from the stream bed kg day-1 Calc 
MPPdep Mass of PP deposited on the stream bed kg day-1 calc 
MPPabs Mass of PP abstraction kg day-1 User defined 
MPPout Mass of PP output from reach kg day-1 Calc 
MPP_SB Mass of PP in the stream bed kg Calc 
CPP_WC Concentration of PP in the water column mg l-1 Calc 

Instream phosphorus 
(stream-bed) 

MTDP_SB TDP mass in stream bed porewater kg Calc 
MTDP_SB(0) Mass of TDP in bed porewater on previous day kg Calc 
CPsat_SB Maximum P:sed ratio in bed material kg P kg-1 sed User defined 
dMsorbbed/dt Change in mass of P adsorbed to bed sediment kg day-1 Calc 
RSF_SB Stream bed sorption scaling factor day-1 User defined 
FISB Stream bed Freundlich isotherm Unitless User defined 
RSC_SB Stream bed sorption coefficient kg-1 day-1 User defined 
EPC0SB Stream bed equilibrium phosphorus coefficient mg l-1 calculated 
CTDP_SB Concentration of TDP in the stream bed porewater mg l-1 Calc 
Vpw Porewater volume m3  calc 



Rbeddepth Bed depth m User defined 
Rbedφ Bed sediment porosity Unitless User defined 

SRP 

CSRP_WC Concentration of SRP in the water column mg l-1 Calc 
GradSRP:TP Gradient of the user-defined regression line between SRP and TDP Unitless User defined 
YSRP:TDP Y-intercept of the regression relationship between SRP and TDP Unitless User-defined 
RatSRP:DPC Ratio of dissolved hydrolysable P to DO Unitless User defined 
ObsDOC Mean water column DOC concentration mg l-1 User-defined 

Instream BOD 

MBOD_WC Mass of BOD in water column g O2 km-2 calc 
MBODus Mass of BOD from upstream  g O2 km-2 Calc 
MBODWW Mass of BOD from wastewater effluent g O2 km-2 User-defined 
BODphyto BOD contribution from algae g O2 km-2 Calc 
BODsettle Rate of settling BOD g km2 day-1 calc 
RphytoBOD Contribution of dead phytoplankton to BOD mg O2 (μg Chla)-1 day-1 User-defined 
CphytoDeath Death rate of phytoplankton μg Chla l-1 day-1 calc 
Rnetv Net settling velocity of BOD m day-1 User-defined 

Instream DO 

MDO_WC Mass of DO in water column g km-2 calc 
MDOus Mass of DO from upstream g km-2 Calc 
DOphytox Rate of phytoplankton oxygen contribution g O2 km2 day-1 Calc 
DOsod Rate of chemical oxidation by bed sediments g O2 km2 day-1 calc 
DOatmox Rate of oxygen supply from re-aeration g O2 km2 day-1 calc 
Mbod_decay_WC BOD water column decay (quantity of BOD from decaying matter) g km-2 calc 
CDO_WC Concentration of DO in the water column mg O2 l-1 calc 
Tempwc Water column temperature oC calc 
Abssat Concentration at which DO becomes saturated in the WC mg O2 l-1 calc 
DOatmox/day Rate that atmospheric re-aeration occurs day-1 Calc (or user 

defined) 
DOsat% % saturation value for WC DO Unitless Calc 
Raer Rearation rate day-1 User defined 
DOptSyn Phytoplankton photosynthesis g O2 km2 day-1 Calc 
DOptRep Phytoplankton respiration g O2 km2 day-1 calc 
Solarhours Daylight hours Hours calc 
DOlowSyn Low rate of photosynthesis, when Chla < 50 mg l-1 kg O2 day-1 calc 
DOhiSyn High rate of photosynthesis, when Chla >= 50 mg l-1 kg O2 day-1 calc 



RlowSyn Algal photosynthesis rate (low Chla)  mg O2 (μg Chla)-1 day-1 User defined 
RhiSyn Algal photosynthesis rate (high Chla)  mg O2 (μg Chla)-1 day-1 User defined 
RphytOffset Phytoplankton respiration offset g O2 km2 day-1 User defined 
RphytoSlope Phytoplankton respiration slope mg O2 (μg Chla)-1 day-1 User defined 
Sedox Proportion of DO oxidised  unitless Calc 
Rox Sediment oxidation rate g m-2 day-1 User defined 
BODdecay_coefficient Rate of water column BOD decay g O2 km-2 day-1 calc 
Oxid Speed of oxidation day-1 User defined 

Phytoplankton 

CphytoAdv Advection of phytoplankton μg l-1 day-1 (Chl-a) Calc 
CphytoGrowth Growth rate of phytoplankton μg l-1 day-1 (Chl-a) Calc 
Cphyto_US Phytoplankton concentration from upstream reach μg-l (Chl-a) Calc 
Rgrowth Rate of phytoplankton growth day-1 User defined 
rT Phytoplankton growth temperature adjustment factor Unitless Calc 
rSR Phytoplankton growth light adjustment factor unitless Calc 
RSRPmax Threshold concentration of SRP at which phytoplankton growth is 

uninhibited by nutrient availability 
μg l-1 User defined 

RphytoShade Concentration of phytoplankton at which self-shading occurs μg l-1 User defined 
RtempAir Air temperature below which algal growth is limited oC User defined 
Rsolar Fraction of maximum annual solar radiation required for initiation of 

algal growth  (between 0 and 1) 
unitless User defined 

Solarrad Daily solar radiation lux calc 
SolarradMax Maximum annual solar radiation  lux calc 
RphytoDeath Rate of phytoplankton death day-1 User defined 
Elevationsolar Solar elevation degrees calc 
Solarrad30 Solar radiation in 30 minute intervals lux calc 
Lat latitude degrees Input parameter 
Dec Solar declination  degrees Calc 
dec1 Solar declination parameter unitless calc 
Time Time of day angle Calc 
Solarconstant Solar constant (1378) W m-2 Calc 
Raads Atmospheric solar radiation adsorption factor – Bras 1990 unitless Calc 

 

 



SI 3: Site map of a) Beaver River catchment boundaries, Ontario and b) Trent River catchment 
boundaries, UK. The black dot indicates the location of INCA PEco application. 
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SI.4. Kling and Gupta Efficiency statistics (sensitivity analysis) 

SI 4.1 Beaver Land phase analyses 



 

 

 

 

 

 



SI 4.2 Beaver River Reach analyses 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 



SI 4.3 Trent Land Phase analysis 

 

 

 



 

 

 

 

 

 

 

 

 



SI 4.4 Trent River Reach Analysis 
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