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Abstract 9 

Eutrophication is a widespread problem that is being tackled from many perspectives 10 

and the recently applied technology of constructed wetlands is being used in the 11 

treatment of eutrophic water. However, process-based models to simulate their 12 

performance are scarce, so in this work a mechanistic model was developed to simulate 13 

the removal of total suspended solids, phytoplankton and total phosphorus in free water 14 

surface constructed wetlands treating eutrophic water. The model represents the 15 

influence of the main factors of the biotope and biota on these water quality variables, 16 

and particular attention is paid to resuspension produced by wind and by avifauna. 17 

Likewise, the effect of emergent vegetation cover in sedimentation, resuspension and 18 

phytoplankton growth is included. Phytoplankton is considered to store phosphorus 19 

internally in order to use it when growing, and the contribution of phytoplankton 20 

concentration to the suspended solids budget is included. The software AQUASIM was 21 

used to calibrate and validate the model in two full-scale constructed wetlands treating 22 

eutrophic water from Lake l´Albufera de València (Spain) for three years. The 23 

simulated data and field measurements showed satisfactory adjustments for the three 24 

studied variables. The budgets obtained for each variable reveal that sedimentation and 25 

resuspension are the main processes in total suspended solids performance. 26 



Sedimentation of organic particulate phosphorus is the most important process in total 27 

phosphorus removal. The sum of the effect of resuspension by avifauna and by wind 28 

increases by more than 50% the quantity of solids that enters the water column. The 29 

model reveals that simulating the effects of the emergent vegetation cover and 30 

resuspension is crucial for representing the performance of the studied variables.  31 

 32 

Key words: suspended solids, phosphorus, phytoplankton, modelling, constructed 33 

wetland, avifauna. 34 

 35 

1.  Introduction 36 

Loss of water quality in natural water bodies has become a major environmental 37 

problem for decades and many initiatives aimed at recovering good environmental 38 

status have been carried out. Eutrophication is one of the most globally widespread 39 

problems and it is considered one of the main stressors on lakes (Ballatore and 40 

Muhandiki, 2002). In eutrophic water bodies, turbidity is a critical parameter that needs 41 

to be controlled in order to recover submerged aquatic vegetation and biodiversity 42 

(Scheffer et al., 1993). 43 

This issue has been approached from a wide range of perspectives, such as the 44 

termination of untreated sewage discharges or the improvement in wastewater treatment 45 

techniques. In other cases, eutrophic waters have been treated by using different 46 

engineered bioremediation technologies, including constructed wetlands (CWs) 47 

(Coveney et al., 2002; Wu et al., 2010).  48 

The modelling of CW performance was initiated with the development of first-order 49 

decay models (Kadlec and Knight, 1996; Stone et al., 2004), which were based on 50 



input/output data and the treatment processes were considered as a figurative black box. 51 

These models were simplifications of the complex wetland processes and more 52 

knowledge was needed in order to optimize the performance of CWs. Accordingly, 53 

multiple experiments and research have been carried out and a greater level of 54 

understanding has been achieved, partly due to the development of mechanistic or 55 

process-based models (Min et al., 2011). Mechanistic models use mathematical 56 

formulation to represent the processes that affect each variable inside a CW and are 57 

useful to clarify which are the key processes and how they work in CW performance. 58 

An intermediate model between these two types is the autobiotic model developed by 59 

Kadlec (1997), which provides a low-level mechanistic explanation of phosphorus 60 

removal processes in CWs by using a first order biomass-based rate.  61 

Over the last two decades, a great leap forward in mechanistic models for CWs has 62 

taken place (Meyer et al., 2015). Most of them were applied to simulate urban 63 

wastewater treatment in subsurface flow CWs (SSFCWs), e.g. Constructed Wetlands 64 

2D (CW2D) (Langergraber, 2001) and Constructed Wetland Model number 1 (CWM1) 65 

(Langergraber, et al., 2009), which are based on the mathematical formulation of the 66 

Activated Sludge Model series (ASMs) (Henze et al., 2000). Mburu et al., (2012) 67 

implemented CWM1 in AQUASIM and one of the most widely used application of 68 

models CW2D and CWM1 is the Wetland Module in HYDRUS software (Langergraber 69 

and Simunek, 2012). The model FITOVERT (Giraldi et al., 2010) also uses a 70 

biochemical module based on ASMs for simulating organic matter and nitrogen in 71 

SSFCWs. Likewise, a high level of detail is achieved, e.g. BIO_PORE model (Samsó 72 

and Garcia, 2013) is able to simulate biofilm growth and clogging in porous media. 73 

On the other hand, RWQM1 (Reichert et al., (2001)) is a mechanistic model also based 74 

on the structure of ASMs models where microalgae performance is simulated in rivers. 75 



Nevertheless, mechanistic models developed for free water surface constructed wetlands 76 

(FWSCWs) are less numerous, and those models developed for SSFCWs or river water 77 

quality cannot be directly used in these systems. Mulling (2013) deeply studied 78 

suspended particles removal in FWSCWs and determined the changes in the type and 79 

nature of these particles throughout the treatment. Besides physical, chemical and 80 

biological processes, FWSCWs maximize the interactions with the environment and the 81 

biota. In particular, some of the most influential factors in FWSCWs are related to wind 82 

action and bioturbation (Onandia et al. 2015), which are not included in the 83 

abovementioned models.  84 

Although some mechanistic models were developed for FWSCWs, interactions with 85 

biotope and biota are not strongly studied. A remarkable advance is the modelling 86 

developed in the stormwater treatment areas of Everglades National Park where 87 

particular attention was paid to phosphorus removal (Wang and Mitsch, 2000; Min et 88 

al., 2011). Other models were developed to simulate nitrogen, phosphorus and 89 

suspended solids from non-point source pollution (Chavan and Dennett, 2008) or from 90 

urban wastewater (Wang et al., 2012). 91 

In order to optimize eutrophic water treatment and total suspended solids (TSS) removal 92 

in FWSCWs, it is necessary to have available an appropriate mechanistic model where 93 

the main components involved are simulated.  94 

This study aims to develop a mechanistic model for FWSCWs treating eutrophic water 95 

in order to simulate the removal of TSS and its relation to phytoplankton and total 96 

phosphorus. This work is focused on TSS because increasing water transparency is an 97 

essential factor in achieving good ecological status in water bodies. The model will 98 

facilitate an overview of the CW´s performance within its environment since 99 

interactions with biota and biotope are included. For this reason, the model is calibrated 100 



and validated in two full-scale FWSCWs treating hypertrophic water (named FG1 and 101 

FG2). These FWSCWs are located in Tancat de la Pipa, a protected area near the 102 

eutrophic shallow Lake l´Albufera de València (Spain), where the high concentration of 103 

total phosphorus (TP) and TSS hinder the recovery of the good environmental status of 104 

the water body.   105 

This model will increase the understanding about the different processes that affect 106 

suspended solids, phytoplankton and total phosphorus by bringing to light how they 107 

work and to what extent they affect concentrations. In addition, the model could be used 108 

as a management and design tool to improve FWSCW´s performance. 109 

 110 

2.  Methods 111 

In this section a full appraisal of the mechanistic model is presented. Furthermore, the 112 

study site where the calibration and validation were carried out is described and the 113 

sensitivity analysis is set forth in detail.  114 

2.1.  Model description 115 

The proposed model is implemented in the software AQUASIM (Reichert, 1998). The 116 

model structure is based on processes reactions which are included in the software as 117 

dynamic processes. Components of the model are introduced as state variables and the 118 

rest of parameters are introduced as programme, constant, real list or formula variables.  119 

The mixed reactor compartment configuration is used and defined by the volume of the 120 

wetland, active variables, active processes, initial conditions and inputs. The variable-121 

order Gear integration technique is used to solve the differential equations (Reichert, 122 

(1998)).  123 



The model describes the processes, kinetics and stoichiometric coefficients that 124 

determine the performance of each component. The mass balance for each component is 125 

calculated by Eq. 1:  126 

 
d�VC��dt = Q
�C
�,� − Q
��C� + Q��C��,� ± Q��C��,� ± Q��C��,� + Vr�C� ( 1 ) 

 127 

where n=1,2…m, m is the total number of components, V (L) is the water volume, t (s) 128 

is time, Cn (mg L-1) is the outlet concentration of the component n, Qin (L s-1) is the inlet 129 

flow, Cin,n (mg L-1) is the inlet concentration of the component n, Qout (L s-1) is the 130 

outlet flow, Qrf (L s-1) is the direct rainfall flow entering to the system, Crf,n (mg L-1) is 131 

the concentration in the rainfall of the component n, Qet (L s-1) is the flow that leaves the 132 

system due to evapotranspiration, Cet,n (mg L-1) is the concentration in the 133 

evapotranspiration of the component n, Qgr (L s-1) is accounting for the gains or losses 134 

of the system by percolation to groundwater, Cgr,n (mg L-1) is the concentration in the 135 

percolation flow of the component n and rn (d
-1) is the reaction rate for the component n. 136 

Concentration of the component n in the evapotranspiration flow is assumed to be equal 137 

to zero. rn is calculated as shown in Eq. 2:  138 

 r� = � υ�,�r�
�

���  ( 2 ) 

 139 

where j=1,2…R, R is the total number of processes, υn,j is the stoichiometric factor for 140 

component n and process j, and rj (d
-1) is the reaction rate for process j. 141 

Components included in the model are shown in Table 1. Phytoplankton was included 142 

in order to study the contribution of its dry weight to the TSS budget and due to its 143 

relevance in the eutrophication process, and phosphorus was introduced because its 144 



particulate forms are linked to the performance of TSS and it is usually the limiting 145 

nutrient in eutrophic water.  146 

 147 

Table 1. Description of the components included in the model. 148 
Component Description Unit 

TIP Total inorganic phosphorus. mg P L-1 

OP Organic phosphorus. mg P L-1 

Pint Phosphorus accumulated inside the phytoplankton cells. mg P mg Chl a-1 

XP Phytoplankton biomass. mg Chl a L-1 

XTSS Total suspended solids. mg dw L-1 

 149 

The component XP represents the entire phytoplankton biomass and TP was calculated 150 

as shown in Eq. 3, where iPXp (mg P mg Chl a-1) is the content of phosphorus in 151 

phytoplankton tissues: 152 

 TP = TIP + OP + P
�� · X# + X# · i#%& 
( 3 ) 

 153 

Phosphorus is divided into organic and inorganic forms. OP concerns both particulate 154 

and dissolved forms and is subjected to the mineralization process (Figure 1). Inorganic 155 

phosphorus is divided into DIP (dissolved inorganic phosphorus) and PIP (particulate 156 

inorganic phosphorus) through adsorption/desorption equilibrium processes, which are 157 

linked to XTSS concentration depending on the partition coefficient (Kd, L mg-1) (Eq. 4). 158 

Luxury uptake of phosphorus is considered so XP stores DIP intracellularly following 159 

the mathematical expression used by Onandia et al. (2015). The capacity of XP for 160 

internal phosphorus storage is limited, so DIP uptake will only occur when P internally 161 

stored (Pint) is lower than the maximum storage capacity. Afterwards, Pint is used to 162 

form cellular tissue when phytoplankton grows. When XP decays, its content of 163 

phosphorous (iPXp and Pint) is released into the water column. Following the kinetic rate 164 



for internally stored compounds in ASM2 (Henze et al., 2000), the release of Pint is 165 

modelled as an individual process. Diffusion of DIP occurs between the top 10 cm of 166 

sediment layer and water column. It was modelled by modifying Fick´s first law by a 167 

coefficient of variation in the diffusion between water and sediments (Kdifu sed) that 168 

includes the effects of porosity and tortuosity of the sediment. 169 

XTSS, OP and PIP are subjected to sedimentation and resuspension processes, and XP is 170 

affected by sedimentation too, which are affected by emergent vegetation cover (VC). 171 

Based on the results obtained by Paudel and Jawitz (2012), DIP uptake by emergent 172 

vegetation was decided to be excluded from the model. It was considered that the 173 

enhancement that would be achieved in model simulations was not worthwhile with the 174 

increase in model complexity and uncertainty linked to additional parameters. 175 

 DIP = TIP − PIP = TIP · f) = 11 + k) · X,-- ( 4 ) 

 176 

 177 

Figure 1. Schematic diagram of the model developed in this study. 178 



Water velocity in FWSCWs is usually too low to cause resuspension so wind action is 179 

usually the most important factor involved in resuspension (Weyhenmeyer et al., 1997; 180 

Douglas and Rippey, 2000), adding bioturbation caused by avifauna and in some cases 181 

by icthyofauna (Kadlec and Wallace, 2009). Resuspension modelling varies from 182 

simple models where zero-order kinetics is used (Wang and Mitsch, 2000), to very 183 

detailed models where an exhaustive sediment characterization is needed (Chapra, 184 

1997). In order to find the balance between process comprehensiveness and field data 185 

obtained, resuspension is divided into two independent processes: resuspension caused 186 

by wind and resuspension caused by bioturbation.  187 

In relation to wind resuspension, a necessary condition for this process is that the 188 

wavelength of the wave caused by wind needs to have a magnitude at least double the 189 

water depth. Thereby, it is possible to obtain the minimum wind speed to cause 190 

resuspension (W0, m s-1) using an empirical equation developed for coastal 191 

oceanography that is commonly used for quantitative analyses about resuspension in 192 

shallow lakes (Nagid et al., 2001): 193 

 L = 1.56 20.77 · W · tanh 90.077 :9.8 · FW> ?@.>ABC
>
 ( 5 ) 

                                            194 

where L (m) is wavelength, W (m s-1) is wind speed and F (m) is the fetch. The fetch is 195 

the maximum distance that can be uniformly affected by speed and wind direction in a 196 

water body, and it is calculated taking into account wind direction, length and width of 197 

the FWSCW. According to the model proposed by Cózar et al. (2005) for TSS and 198 

turbidity in shallow lakes, TSS resuspension caused by wind is modelled through a 199 

correlation with daily maximum wind speed observed data (Eq. 6). Resuspension also 200 

releases P from sediment to the water column (Søndergaard et al., 1992), which depends 201 



on the P content in the sediments (iPsed, mg P mg dw-1) and is added as OP or PIP 202 

depending on Fpr (fraction of resuspended P recycled to OP) (Eq. 7 and 8). 203 

Resuspension by wind is not a dynamic process, but it is used to calculate the 204 

concentrations that this phenomenon causes by adding sediment to the water column, so 205 

it is considered as an input to the system.  206 

The trapping effect of particulate components by emergent vegetation is introduced in 207 

resuspension kinetics. According to Hosokawa and Horie (1992), an improvement in 208 

TSS removal was demonstrated in laboratory channels and CWs planted with 209 

Phragmites australis. Vegetation cover (i.e. the fraction of the CW surface covered by 210 

the projection of the aerial part of the plants) and Kveg resus (coefficient for trapping by 211 

emergent VC in resuspension processes) were used to model the effect of emergent 212 

vegetation in resuspension processes through the expression (1 - VC·Kveg resus) (Eq. 6-8). 213 

Resuspension by wind is zero when the CW surface is completely vegetated (VC=1) 214 

and is maximum when no vegetation is present (VC=0). 215 

Equations 6-8 were used to calculate XTSS, OP and PIP entering to the system by wind 216 

resuspension: 217 

 X,-- ��E�mg lI�� = α · WKδ�W, W
��1 − VC · KN�� ��E�E� 
( 6 ) 

 218 

 OP��E�mg P lI�� = α · WKδ�W, W
��1 − VC · KN�� ��E�E� · i#E�) · F&� 
( 7 ) 

 219 

 PIP��E�mg P lI�� = α · WKδ�W, W
��1 − VC · KN�� ��E�E�i#E�) · �1 − F&�� 
( 8 ) 

 220 

where W (m s-1) is maximum daily wind speed, α and β are parameters to be calibrated, 221 

while δ(W,W0) is a step function that determines the periods when the wind-induced 222 

waves cause resuspension (δ=0 if W<Wo and δ=1 if W>Wo). 223 



Table 2. Resuspension factor (RFi) for the different groups of birds observed in 224 
FWSCWs. 225 

RF Description  Examples of species  

10 Large birds that actively remove the substrate to 

feed. 

Phoenicopterus spp. 

9 Medium-sized birds that actively remove the 

substrate to feed. 

Platalea leucorodia 

8 Large fishing birds that remove the substrate. Phalacrocorax carbo 

7 Medium-sized waterfowl that feed on the 

substrate; large fisher herons. 

Anas platyrhynchos, Anas strepera, Ardea 

cinerea, Egretta alba, Tadorna tadorna 

6 Medium-sized waterfowl that do not feed on the 

substrate; herons that feed on the substrate; large 

waders; medium-sized waders that remove the 

substrate to feed. 

Anas acuta, Fulica atra, Fulica cristata, 

Limosa limosa, Netta rufina, Plegadis 

falcinellus, Recurvirostra avosetta 

5 Fisher herons; large size rallids; diving waterfowl 

that feed on the substrate. 

Ardea purpurea, Aythya ferina, Porphyrio 

porphyrio 

4 Small waterfowl that feed on the surface; waders 

and medium-sized rallids. 

Anas clypeata, Anas crecca, Anas penelope, 

Anas querquedula, Gallinula chloropus, 

Himantopus himantopus, Philomachos pugnax, 

Tringa erythropus, Tringa nebularia, Tringa 

stagnatilis, Vanellus vanellus 

3 Medium-sized fisher herons; medium and large 

swimming birds that do not remove the substrate; 

medium-sized fisher herons; great diving 

waterfowl that do not feed the substrate. 

Ardeola ralloides, Botaurus stellaris, Bubulcus 

ibis, Egretta garzetta, Ixobrychus minutus, 

Larus audouinii, Larus fuscus, Larus 

michahellis, Nycticorax nycticorax, Podiceps 

cristatus 

2 Waterfowl divers that do not feed on the 

substrate. 

Podiceps nigricollis, Tachybaptus ruficollis 

1 Small waders; swimmer birds that do not remove 

the substrate. 

Actitis hypoleucos, Calidris alpina, Calidris 

ferruginea, Calidris minuta, Calidris 

temminckii, Charadrius alexandrinus, 

Charadrius dubius, Charadrius hiaticula, 

Gallinago gallinago, Larus genei, Larus 

ridibundus, Lymnocryptes minimus, Porzana 

parva, Rallus aquaticus, Tringa glareola, 

Tringa ochropus, Tringa totanus 

0 Fishing birds that only affect waterbodies for 

fishing hauls; aquatic birds that do not feed or 

rest on it. 

Chlidonias hybrida, Chlidonias leucopterus, 

Chlidonias niger, Gelochelidon nilotica, 

Glareola pratincola, Mycteria ibis, Sterna 

hirundo, Sternula albifrons 

 226 



With regard to resuspension caused by bioturbation, bird activity is an influencing 227 

factor in sediment resuspension that increases TSS concentration in CWs (Greenway, 228 

2010; Martin et al., 2013). The amount of resuspension produced depends on the 229 

density and type of birds. Field observations reveal that some groups of birds such as 230 

passerine birds, that are small and light, have no impact on water quality. Others like 231 

flamingo (Phoenicopterus spp.) cause considerable sediment resuspension due to 232 

filtering action while feeding (Comín et al., 1997; Glassom and Branch, 1997). 233 

According to these observations, avifauna is divided into different groups of birds (i) 234 

depending on their affection to sediment resuspension and consequently a resuspension 235 

factor (RFi) is assigned to each group (Table 2). This classification takes into account 236 

bird size, feeding habits and ways of movement within the CW in order to estimate their 237 

impact on sediment resuspension.  238 

The effect of vegetation cover in avifauna resuspension is modelled as in resuspension 239 

caused by wind. 240 

Before introducing a mathematical expression for modelling resuspension caused by 241 

icthyofauna, an estimation of the magnitude of this process in Tancat de la Pipa, the 242 

area where the model was calibrated and validated, was carried out. The highest density 243 

of fishes was detected in the so-called Reserve Lagoon (Figure 1), where 33.33 kg ha-1 244 

were counted in April 2014, mainly Cyprinus carpio (data not published). Considering 245 

that 77.24·10-4 mg L-1 of TSS can be resuspended per each kg of Cyprinus carpio 246 

contained in one hectare (Tsanis et al., 1998), it was calculated that 0.26 mg L-1 of TSS 247 

could be resuspended by icthyofauna. Comparing with average TSS concentrations in 248 

Tancat de la Pipa (Martin et al, 2013), this quantity means less than 2% of TSS entering 249 

and leaving these FWSCWs. Given the low impact of icthyofauna resuspension in the 250 



system where the model was calibrated and validated, this process was not included in 251 

the model. 252 

Influence of vegetation cover on sedimentation processes of XTSS and the particulate 253 

fractions of TIP and OP was described using the expression (1 + VC·Kveg sed), where 254 

Kveg sed is the coefficient for trapping by emergent VC in sedimentation processes. The 255 

higher the vegetation cover, the greater the effect of trapping. 256 

Regarding phytoplankton biomass, it is usually measured as the concentration of 257 

chlorophyll a and its contribution to TSS concentration depends on its ratio dry 258 

weight:Chl a (iTSSXp). Light limitation in phytoplankton growth kinetics (GL) is 259 

simulated as described in Di Toro et al., (1971), where diurnal surface-light variation, 260 

light attenuation with depth and photoinhibition are included. Emergent vegetation 261 

cover is taken into account in order to model its influence in incident daylight intensity 262 

(Eq. 9). Spatial variation of light down through the water column is modelled by the 263 

Beer-Lambert law and the extinction coefficient is determined in accordance to XP 264 

concentration (Eq. 10).  265 

 GP = 2.718 · fk� · H Sexp :− I@IE eIWX·Y? − exp :− I@IE?Z · �1 − VC� 
( 9 ) 

 266 

 K� = K�@ + a%& · X# 
( 10 ) 

 267 

where f is the photoperiod (the fraction of daylight), Ke (m-1) is the extinction 268 

coefficient, H (m) is water depth, I0 (ly d-1) is the average incident daylight intensity, Is 269 

(ly d-1) is the saturating light intensity, Ke0 (m
-1) is the light attenuation coefficient of 270 

water and aXp (L mg-1 m-1) is the specific light attenuation coefficient of phytoplankton.  271 



Temperature influences OP mineralization, DIP diffusion, growth, decay and respiration 272 

of phytoplankton, and it is simulated with the Arrhenius equation (Eq. 11).  273 

 k, = k>@θ,I>@ ( 11 ) 

 274 

where kT (d-1) is process rate at temperature T, k20 (d-1) is process rate at 20ºC, θ is 275 

temperature coefficient and T (ºC) is temperature.  276 

Processes described in Table 3 are dynamic processes, while adsorption/desorption is a 277 

chemical equilibrium process that determines the relation between the measured 278 

component DIP and the calculated component PIP, in accordance with the partitioning 279 

coefficient, Kd.  280 

Parameters used are given in Appendix A. 281 

 282 



Table 3. Stoichiometric matrix and processes rates in the model. 283 

 Component → 
TIP Pint OP XP XTSS r  Process ↓ 

1. Mineralization of OP 1  -1   K\
� ]#θ\
� ]#,I>@ : DODO + k^]? OP 

2. Phosphorus uptake by XP -XP 1    P\_` �&�_W� : P\_` − P
��P\_` − P\
�? a TIP · f)k^b#�& + TIP · f)c 

3. Growth of XP  - iPXp/XP  1 iTSSXp G\_`θd,I>@ : P
�� − P\
�P\_` − P\
�? X# · GP 

4. Decay of XP iPXp (1-Fop)  iPXp ·Fop -1 - iTSSXp K�θ�,I>@X# 

5.  Lysis of Pint XP -1    K�θ�,I>@P
�� 
6. Respiration of  XP iPXp (1-Fop)  iPXp·Fop -1 - iTSSXp K��E&θ��E&,I>@ DOk^] %& + DO X# 

7. Sedimentation of XP    -1 - iTSSXp evE%&H g X# 

8. Sedimentation of XPIP -1     evE,b#H g TIP�1 − f)�h1 + VC · KN�� E�)i 

9. Sedimentation of OP   -1   evE]#H g OP · f#]#h1 + VC · KN�� E�)i 

10. Sedimentation of XTSS     -1 evE,--H g X,--h1 + VC · KN�� E�)i 

11. Resuspension by avifauna iPsed ·(1-Fpr)  iPsed ·Fpr  1 K_N
 ∑ N
 · RF
 

�@ A h1 − VC · KN�� ��Ei 

12. Diffusion 1     D@# · K)
�� E�) · θ)
��,I>@�PE�) − PIT · f)� 10.1 · H 



 

2.2.  Study site and experimental data 284 

The developed model was applied on the FWSCWs situated in Tancat de la Pipa, which 285 

is located at 39°21´51´´N-0°20´47´´O in Valencia, Spain. This set of CWs treats 286 

eutrophic fresh water from the adjacent lake known as L´Albufera and is divided into 287 

different units (Figure 2). Water continuously enters the FWSCW named as FG1 from 288 

point P0 and moves by gravity flow. FWSCWs FG1 (13509 m2) and FG2 (18240 m2) 289 

work in series and in both cases, water flows through four sluices of 0.3 m width, 290 

spaced every 30 m. Water depths in both systems remain between 0.15-0.25 m. 291 

Percolation was demonstrated to be negligible (Martin et al., 2013). Both units were 292 

planted with cattails in January-February 2009, with a density of 1 stem m-2. FG1 was 293 

harvested in October 2009, vegetation cover in FG2 started to drop in May 2010 and 294 

emergent vegetation was not recovered in any unit.  295 

 296 

Figure 2. Schematic representation of the study site. 297 



 

Monitoring was carried out from April 2009 to April 2012. During this period the 298 

system was operated with hydraulic loading rates (HLR) between 26 and 209 m year-1. 299 

The inlet was interrupted during October-November 2009, March and August 2011 due 300 

to maintenance operations. More details about the FWSCWs configuration and 301 

operation can be seen in Martín et al. (2013).   302 

Hydraulic monitoring was carried out by measuring water depths and velocities in each 303 

inlet sluices. Gauging sections consist of rectangular sections where free surface flow 304 

exists and velocities are gauged with a mini current meter (Rivers-Moore et al., 2006). 305 

Water samples were collected in points P0, P1 and P2 every two weeks since April 306 

2009 to October 2011, and monthly from November 2011 to April 2012 (n=64). These 307 

samples were analysed for total suspended solids (TSS), chlorophyll a (Chl a), total 308 

phosphorus (TP), phosphates (PO4
3--P) and total and soluble chemical oxygen demand 309 

(TCOD and SCOD) (Martin et al., 2013). 310 

They were collected between 9.00 h and 14.00 h at a depth of 0.1 m with 2L bottles, 311 

transported and preserved at 4ºC until analysis took place, no later than 24h after 312 

sampling. In all these samples TP and PO4
3--P were analysed using the Spectroquant® 313 

Analysis System by Merck, TSS was determined according to APHA (1991) and Chl a 314 

was obtained by extracting photosynthetic pigments using acetone 90% as solvent, 315 

absorbance values were determined with a spectrophotometer, and by using the 316 

equations devised by Jeffrey and Humphrey (1975). Dissolved oxygen (DO), 317 

conductivity, pH and temperature were measured in situ using portable field 318 

measurement equipment (WTW-Multi 340i). 319 

Following Eq. 3, phosphorus fractioning in the water samples was carried out: DIP 320 

concentration was assumed to be measured phosphates, OP was equivalent to 1% of 321 

TCOD, Pint was assumed to be equal to Pmin and PIP was calculated as the difference 322 



 

between TP and the rest of fractions. Initial conditions for the components 323 

concentrations are showed in Table 4: 324 

Table 4. Initial conditions for the component concentrations in FWSCWs FG1 and FG2. 325 
 326 

Component Units 
Initial conditions 

FG1(calibration) FG2 (validation) 
TIP mg P L-1 0.401 0.073 
OP mg P L-1 0.029 0.030 
Pint mg P mg Chl a-1 0.520 0.520 
XP mg Chl a L-1 0.007 0.001 
XTSS mg L-1 16.5 10.1 

 327 

Phosphorus content in sediments (iPsed) was measured by extracting P with HNaCO3 and 328 

analysing the extract by spectrophotometric method based on phosphate-molybdate 329 

complex (ISO 11263:1994). 330 

Rainfall and evapotranspiration data were obtained from a nearby meteorological station 331 

located in Picassent (10 km west of FWSCWs), which belongs to a national agricultural 332 

research centre (IVIA, http://riegos.ivia.es/). Data related to wind (mean speed, 333 

maximum speed and wind direction), photoperiod and average incident daylight 334 

intensity were also obtained from this station. The fetch was calculated considering that 335 

the FWSCWs are orientated in a NW direction, that the prevailing wind direction 336 

observed in the meteorological station is East (29%) and that resuspension occurs in any 337 

point of the water body. The fetch was established to be the half of the width: 72 m in 338 

FG1 and 80 m in FG2. Using Eq. 5, W0 was calculated to be 3.2 m s-1 in FG1 and 2.5 m 339 

s-1 in FG2.  340 

The abundance of each waterfowl species in the FWSCW was counted every two weeks 341 

from September 2009 to April 2012. Censuses were performed using a telescope during 342 

the first three hours after sunrise and during each session the same transect was 343 

surveyed; several observation points were traced in order to ensure a complete census in 344 

the CWs.  345 



 

Emergent vegetation cover was estimated through fortnightly in situ observation and 346 

aerial images examination.  347 

In order to implement the developed model in FG1 and FG2 FWSCWs, the hydraulic 348 

operation of the systems needed to be simulated. A water mass balance was used for 349 

accomplishing this aim but with no deeper purpose. 350 

Each FWSCW was modelled as a non-dimensional element and therefore the 351 

components presented uniform values in the entire compartment and in the outlet. 352 

Following Harter and Mitsch (2003), the hydraulic sub-model was based on site data 353 

and it was not altered for any of the simulations. The water mass balance was calculated 354 

by the dynamic water budget approach and changes in the water volume were strictly 355 

due to changes in the water depth: 356 

 Q
�� = Q
� + Q�� − Q�� ± Q�� − dVdt  ( 12 ) 

                                                                357 

2.3.  Calibration and validation of the model 358 

Calibration was carried out in FG1 FWSCW and validation in FG2 FWSCW. 359 

Calibration of model parameters was carried out by adjusting their values in order to 360 

obtain the best fit between simulated and observed data (April 2009-April 2012).  361 

The suitability of the hydraulic operation representation was determined by using the 362 

conservative variable conductivity as a natural tracer since its concentration is not 363 

affected by any reactive process and its evolution can be directly linked to the hydraulic 364 

performance of the system (Schmidt et al., 2012). Eq. 1 and 12 were applied to 365 

conductivity in order to obtain simulated values. The goodness of the adjustment 366 

between observed and simulated values was evaluated using the Nash-Sutcliffe 367 

efficiency coefficient (NSE, Eq. 13). Values between 0.0 and 1.0 are generally 368 



 

considered as acceptable adjustments while values lower than 0.0 indicate that the 369 

residual variance obtained from simulated data is greater than the data variance.  370 

 NSE = 1 − p ∑ �Y

rE − Y
E
\�>�
��∑ �Y

rE − Y
\�_��>�
�� s ( 13 ) 

 371 

where Yi
obs and Yi

sim are the ith datum for the observed and simulated value and Ymean is 372 

the mean of the observed data. 373 

The value of the root mean square error (RMSE, Eq. 14) was used to evaluate the 374 

adjustment of the model by comparing simulated and observed outlet concentrations: 375 

 RMSE = u∑ �Y

rE − Y
E
\�>�
�� n  ( 14 ) 

where n is the total number of observations. 376 

 377 

2.4.  Sensitivity analysis 378 

The sensitivity of the developed model was studied in order to find out the most 379 

influential parameters in output concentrations of the components. It was carried out in 380 

AQUASIM, where linear sensitivity functions of arbitrary variables are calculated with 381 

respect to each of the parameters included in the analysis (Reichert, 1998). The 382 

absolute-relative sensitivity (δv,&_,� ) function of AQUASIM was used (Eq. 15), which 383 

measures the absolute change is an arbitrary variable calculated by AQUASIM, y, for a 384 

100% change in any parameter of interest, p. This makes quantitative comparisons of 385 

the different parameters on a common variable possible. The 33 parameters included in 386 

the stoichiometric matrix were studied. 387 

 δv,&_,� = p ∂y∂p ( 15 ) 

 388 



 

3.  Results and discussion 389 

In this section the results from the calibration and validation of the developed model in 390 

FG1 and FG2 units are shown and analysed. Observed and simulated values from April 391 

2009 to April 2012 are compared.  392 

3.1.  Representation of the hydraulic operation 393 

Firstly, the hydraulic operation of both systems was simulated. Outlet flow from FG1 394 

and FG2 was calculated by applying the water mass balance depicted in Eq. 12. The 395 

conservative variable conductivity was modelled and a satisfactory adjustment between 396 

observed and simulated data was obtained (Figure 3a). NSE presented a value of 0.85 in 397 

FG1 and 0.57 in FG2. The obtained hydraulic retention times (HRT) followed the same 398 

pattern in both units, reaching the highest values (7.2 d) during the first months of 399 

simulation (Figure 3b). Mean value of HRT was 1.0 d in FG1 and 1.3 d in FG2. 400 

 401 

 402 

Figure 3. a) Comparison between observed and simulated conductivity values. b) 403 
Calculated hydraulic retention time (HRT, d). Grey vertical bars indicate dry periods.  404 

 405 

3.2.  Calibration and validation results 406 

A set of parameter values that allow good fits between observed and simulated XTSS, XP 407 

and TP outlet concentrations was achieved, although there is insufficient evidence to 408 

support that this is the only possible set.  409 

a)



 

The first step was to calibrate α and β, which are parameters related to wind 410 

resuspension. A power function (Figure 4a) was fitted to observed TSS values in FG1 411 

unit, finding that 40 mg L-1 is the background concentration which is not related to wind 412 

resuspension, α=6·10-6 and β=7.4. When comparing these values with those obtained by 413 

Cózar et al. (2005) (α=0.0405, β=2.58) it is observed that α is lower than that obtained 414 

in their study and the calibrated value of β is in the same order of magnitude. 415 

 416 

Figure 4. a) Correlation between maximum daily wind speed and TSS concentration in 417 
FG1, from April 2009 to April 2012. Circles represent outlet concentrations from FG1 418 
and triangles from the adjacent CW F4 (see Figure 1). b) Emergent vegetation cover in 419 
FG1 and FG2. c) Sum of the number of birds (Ni) multiplied by its resuspension factor 420 

(RFi) in FG1 and FG2. 421 
 422 

Afterwards, values given to parameters Kavi, Kveg sed and Kveg resus were chosen based on 423 

our previous experiences, since they were published for the first time in this model and 424 

bibliographic reference values are not available. The other parameters were initially 425 

used with the most common values found in bibliography and some of them needed to 426 

be modified in order to get the best fitting results (Table 5). Figure 4c shows that bird 427 

a) b) 

c) 



 

pressure in both FWSCW is lower in summer and winter and higher in spring, when 428 

surrounding fields are dried and birds move to Tancat de la Pipa for feeding, resting 429 

and reproduction.  430 

XTSS content in XP was calculated using the values stated by Reynolds (2006) for 431 

different phytoplankton species in freshwater and the composition of the phytoplankton 432 

community in Tancat de la Pipa determined by Calero et al. (2015). A value of 14.6 mg 433 

Chl a g dw-1 was calculated (i.e. iTSSXp = 68.49 mg dw mg Chl a -1), which is in the 434 

middle of the range 3-39 mg Chl a g dw-1 determined by Reynolds (2006). Following 435 

Baretta-Bekker et al. (1997), Pmax was established to be double the value of iPXp while 436 

Pmin was half the value. 437 

Regarding iPsed, the average concentration measured in laboratory analyses was 1.43·10-438 

4 mg P mg dw-1. Phosphorus concentration in interstitial water in sediments was 439 

considered to be the average value of the measurements carried out by Martín (1998) in 440 

Lake Albufera sediments (Psed = 2.96 mg P L-1). 441 

The fraction of particulate organic phosphorus was calculated as the fraction between 442 

particulate and total chemical oxygen demand. Calibration of dissolved and particulate 443 

fractions of inorganic phosphorus carried out in FG1 set the value of Kd in 0.19 L mg-1. 444 

However, this value could not be validated in the system FG2 because it generated 445 

simulated values lower than those observed and high values of RMSE. For these 446 

reasons, a different value of Kd was used in FG2 (0.07 L mg-1). This variation in 447 

partition coefficient for inorganic phosphorus could be due to differences in the 448 

adsorptive properties of the TSS in these systems. 449 

 450 

 451 

 452 



 

Table 5. Values of the parameters and stoichiometric coefficients. 453 
Parameter Description Value Source 
aXp Specific light attenuation coefficient of phytoplankton  

(L mg-1 m-1). 

8.8 Chapra, 1997 

D0P Diffusion coefficient of DIP 

 (m2 d-1). 

6.34·10-5 Reddy and DeLaune, 2008 

Fop Fraction of P recycled to OP in XP decay. 0.8 Martin, 1998 

fPOP Fraction of particulate organic phosphorus. 0.34 This study 

Fpr Fraction of resuspended P recycled to OP. 0.5 This study 

Gmax Maximum growth rate for XP at 20 ºC (d-1). 2 Ambrose et al. 1988 

iPXp P content ratio in XP (mg P mg Chl a-1). 1.04 This study 

iTSSXp TSS content ratio in XP (mg dw mg Chl a-1). 68.49 This study 

Is Saturating light intensity for XP (ly d-1). 150 This study 

Kavi Coefficient of resuspension by avifauna (mg m2 L-1 d-1). 1081 This study 

Kd Partition coefficient for inorganic phosphorus (L mg-1). 0.07 - 0.19 This study 

kDIPup Saturation coefficient for DIP in P uptake by XP  
(mg P L-1). 

0.0005 This study 

Kdifu sed Coefficient of variation in the diffusion between water 
and sediments. 

0.4 This study 

kDO Saturation coefficient for DO in OP mineralization  

(mg O2 L
-1). 

2.0 This study 

kDO Xp Saturation coefficient for DO in XP respiration  

(mg O2 L
-1). 

0.2 Reichert et al., 2001 

Ke0 Light attenuation coefficient of water (m-1). 0.1 This study 

Kmin OP OP mineralization rate at 20ºC (d-1). 0.22 Ambrose et al. 1988 

Kr XP decay rate at 20 ºC (d-1). 0.1 Reichert et al., 2001 

Kresp XP respiration rate at 20 ºC (d-1). 0.1 Reichert et al., 2001 

Kveg resus Constant for trapping by emergent VC in resuspension 

processes. 

0.1 This study 

Kveg sed Constant for trapping by emergent VC in sedimentation 

processes. 

9.0 This study 

Pmax Maximum Pint concentration (mg P mg Chl a-1).  2.08 Baretta-Bekker et al. 1997 

Pmax uptake  Maximum phosphorus uptake rate (mg P mg Chl a-1 d-1). 1.28 Onandia et al., 2015 

Pmin Minimum Pint concentration (mg P mg Chl a-1). 0.52 Baretta-Bekker et al. 1997 

vsOP Sedimentation velocity of OP (m d-1). 0.07 This study 

vsTIP Sedimentation velocity of TIP (m d-1). 0.04 This study 

vsXTSS Sedimentation velocity of XTSS (m d-1). 0.07 This study 

vsXp Sedimentation velocity of XP (m d-1). 0.07 This study 

α First coefficient of resuspension by wind. 6·10-6 This study 

β Second coefficient of resuspension by wind. 7.4 This study 

θdifu Temperature coefficient for DIP diffusion. 1.0234 Reddy and DeLaune, 2008 

θG Temperature coefficient for XP growth. 1.068 Ambrose et al. 1988 

θmin OP Temperature coefficient for mineralization of OP. 1.08 Ambrose et al. 1988 

θr Temperature coefficient for XP decay. 1.02 Ambrose et al. 1988 

θresp Temperature coefficient for XP respiration. 1.045 Ambrose et al. 1988 

  454 



 

Figures 5, 6 and 7 show the relationships between observed and simulated data for XTSS, 455 

XP and TP in FG1 (calibration) and FG2 (validation). Calibration results were 456 

satisfactory for the three water quality variables. Furthermore, validation in FG2 shows 457 

even better adjustment, which confers greater robustness to the model. 458 

Lower TSS concentrations fit slightly better than higher ones, especially in FG1 where 459 

outlet concentrations above 100 mg L-1 were observed.  Even so, a good adjustment was 460 

obtained when comparing with TSS concentration. 461 

 462 

Figure 5. Comparison between observed (circles) and simulated (line) XTSS outlet 463 
concentrations (mg dw L-1) in (a) FG1 and (b) FG2. Triangles represent observed inlet 464 

concentrations and grey vertical bars indicate dry periods. 465 
 466 

 467 

In relation to XTSS removal, the FG1 FWSCW showed a change in its performance 468 

during the studied period since TSS removal was only achieved during the first year of 469 

operation and from then on, outlet concentrations were higher than inlet ones (Figure 470 

5a). The model is able to successfully reproduce both trends and good adjustment is 471 

achieved during the entire studied period.  The change in TSS efficiency removal that 472 

took place in FG1 from March 2010 onwards is associated with a drop in emergent 473 

vegetation cover (Figure 4b), since it was harvested in October 2009 and it did not grow 474 

again. It was proved that emergent vegetation cover is statistically related with observed 475 

TSS concentrations (p<0.01). 476 

a) b) 



 

 477 

Figure 6. Comparison between observed (circles) and simulated (line) XP outlet 478 
concentrations (mg Chl a L-1) in (a) FG1 and (b) FG2. Triangles represent observed 479 

inlet concentrations and grey vertical bars indicate dry periods. 480 
 481 

 482 

Figure 7. Comparison between observed (circles) and simulated (line) TP outlet 483 
concentrations (mg P L-1) in (a) FG1 and (b) FG2. Triangles represent observed inlet 484 

concentrations and grey vertical bars indicate dry periods. 485 
 486 

Regarding phytoplankton and total phosphorus results (Figures 6 and 7), the model 487 

properly simulates outlet concentrations in both systems.  488 

Some simulations that did not include vegetation cover were carried out in order to 489 

clarify its significance in XTSS performance. Figure 8 shows that the higher the 490 

vegetation cover, the lower the concentrations achieved. Furthermore, the developed 491 

model revealed that the magnitude of the effect of emergent vegetation in trapping 492 

particulate matter is much greater in sedimentation processes (Kveg sed = 9.0) than in 493 

resuspension ones (Kveg resus = 0.1). 494 

a) b) 

a) b) 



 

 495 

Figure 8. Simulated TSS concentrations with plant effects (solid line) and without plant 496 
effects (dotted line) in (a) FG1 and (b) FG2. 497 

 498 

3.3.  Sensitivity results 499 

The sensitivity analysis was carried out in order to find out the influence of the 500 

parameter values over components concentrations. Table 6 depicts a classification of the 501 

most sensitive parameters for each component based on the mean absolute-relative 502 

sensitivity calculated.  503 

 504 

Table 6. Parameter classification based on the mean absolute-relative sensitivity 505 
function in AQUASIM. 506 

 XTSS XP PIT Pint OP 
>1 Kveg sed, vsTSS, 

Kavi 
    

>0.1-0.5< 
 

iTSSXp, vsXp, 
Kveg resus, θresp, 
θr 

  Pmax, θr, 
Pmax uptake, 
Pmin 

 

<0.1 Gmax, Kr θresp, θr, 
vsXp, Kr, 
Kresp, θG, 
Kavi, IS, f, 
Gmax 

Kveg sed, 
vsPIP, Kd, 
Kavi 

Kavi, θG, Kr, 
IS, iPXp, θresp, 
Gmax, f 

fPOP, Kveg sed, 
θmin OP, vsOP 

 507 

XTSS was the most susceptible component to changes in the value of the parameters, 508 

particularly in relation to Kveg sed, vsTSS and Kavi. iTSSXp, vsXp, Kveg resus, θresp and θr 509 

presented intermediate sensitivity for XTSS, meanwhile parameters related to internal 510 

a) b) 



 

accumulation of phosphorus and temperature coefficient for XP decay were the most 511 

sensitive parameters for Pint. XP, PIT and OP showed the lowest absolute-relative 512 

sensitivity values, and among the parameters that most affect these components are their 513 

sedimentation velocities, the coefficient for trapping by emergent VC in sedimentation 514 

processes, the temperature coefficient for XP respiration and the fraction of particulate 515 

organic phosphorus. 516 

  517 

3.4.  Mass budgets 518 

Few studies offer information about the relative significance of the different processes 519 

for efficient removal in FWSCWs (Wang and Mitsch, 2000). However, this is a key 520 

issue for making decisions by CW managers and this type of mechanistic models pave 521 

the way for further contributions in this area. XTSS, XP and TP budgets were calculated 522 

from simulation results in FG1 and FG2 from April 2009 to April 2012.  523 

XTSS associated to inflow represents no more than 60% of the total amount of solids that 524 

enters the studied FWSCWs (Figure 9). Inputs produced by resuspension processes 525 

caused by wind and by avifauna means 50% of TSS entering to FG1 and 44% in FG2, 526 

with a predominant importance of wind resuspension in both budgets.  527 

In FG1 and FG2 FWSCWs sedimentation is the most influential process in XTSS 528 

performance, which is consistent with observations made by Schmid et al. (2005), 529 

especially in FG2 where XTSS sedimentation removes 75% of solids that comes into the 530 

system. The greater importance of sedimentation in FG2 is associated with the higher 531 

emergent vegetation cover in this system. Likewise, higher vegetation cover in FG2 532 

explains that resuspension processes are lower in this system. 533 



 

Processes related to phytoplankton are of little importance in the XTSS budget. 534 

Phytoplankton dynamic affects turbidity but its contribution to XTSS concentration is 535 

very low (2%, approximately). 536 

 537 

 538 

Figure 9. Total suspended solids budget (kg) for (a) FG1 and (b) FG2 as calculated from 539 
the model for April 2009-2012. Grey-coloured shapes represent inputs to the system and 540 

white-coloured shapes are outputs. 541 
 542 

Regarding the phytoplankton budget, sedimentation is the most important process 543 

although it is much lower than in XTSS balance (Figure 10). The contribution of the 544 

growth process is very low.  545 

 546 

Figure 10. Phytoplankton budget (kg) for (a) FG1 and (b) FG2 as calculated from the 547 
model for April 2009-2012. Grey-coloured shapes represent inputs to the system and 548 

white-coloured shapes are outputs. 549 
 550 

a) b) 

a) b) 



 

Sedimentation of the different particulate components including phytoplankton is the 551 

most important process in TP budget, with OP sedimentation being the most important 552 

one. Diffusion from sediment and resuspension processes have little influence in TP 553 

budget (Figure 11). The different influence of resuspension in TP and XTSS budgets is a 554 

consequence of the low average phosphorus content measured in sediment (iPsed=0.143 555 

mg P g dw-1) when compared to the range between 0.147-4.088 mg g-1 cited in 556 

bibliography (Kadlec and Wallace, 2009).  557 

The amount of XTSS and TP associated to rainfall can be considered negligible, as they 558 

represent less than 1% of the total inputs to the systems. 559 

 560 

 561 

Figure 11. Total phosphorus budget (kg) for (a) FG1 and (b) FG2 as calculated from the 562 
model for April 2009-2012. Grey-coloured shapes represent inputs to the system and 563 

white-coloured shapes are outputs. 564 
 565 

4.  Conclusions 566 

In this paper a new model has been described to simulate the concentrations of TSS, 567 

linked to phytoplankton and TP in free water surface CWs. In order to achieve this aim, 568 

the main processes involved have been modelled by developing kinetic equations. The 569 

software AQUASIM has been used to implement these model equations together with 570 

water flow. The model has been calibrated and validated comparing simulated and 571 

a) b) 



 

observed outlet concentrations obtained in two full-scale FWSCWs named as FG1 and 572 

FG2, from April 2009 to April 2012. A sensitivity analysis has been carried out in order 573 

to clarify which are the most influential parameters. 574 

The results reveal that the model suitably represents the concentrations of TSS, 575 

phytoplankton and TP. An outstanding innovation of this model is the link between 576 

phytoplankton and TSS, enabling researchers to quantify the contribution of 577 

phytoplankton to the TSS performance. Furthermore, the model distinguishes 578 

resuspension into that produced by wind and by avifauna activity respectively, and 579 

demonstrates that these are crucial processes to be included when modelling these 580 

components.  581 

One of the most remarkable contributions of this paper is to model the effect of 582 

emergent vegetation cover in TSS, phytoplankton and TP performances and proves its 583 

crucial role in improving TSS sedimentation and preventing resuspension.  584 

This model fills an existing gap in the development of mechanistic models in FWSCWs 585 

and enhances the knowledge about the processes that take place. Besides being able to 586 

implement future scenarios, the model is a useful support tool for designing and making 587 

decisions.  588 
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Appendix A 597 

Parameter Description Units 

aXp Specific light attenuation coefficient of phytoplankton . L mg-1 m-1 

Cet,n  Concentration in the evapotranspiration of the component 

n. 

mg L-1 

Cgr,n  Concentration in the percolation flow of the component n. mg L-1 

Cin,n  Inlet concentration of the component n. mg L-1 

Cn  Outlet concentration of the component n. mg L-1 

Crf,n  Concentration in the rainfall of the component n. mg L-1 

D0P Diffusion coefficient of DIP. m2 d-1 

DIP Dissolved inorganic phosphorus.  

DO Dissolved oxygen. mg O2 L
-1 

dw Dry weight.  

F Fetch. m 

f Photoperiod, the fraction of daylight.  

fd Dissolved fraction of the inorganic phosphorus.  

fPOP Fraction of particulate organic phosphorus.  

Fop Fraction of P recycled to OP in XP decay.  

Fpr Fraction of resuspended P recycled to OP.  

GL Light limitation in phytoplankton growth kinetics.  

Gmax Maximum growth rate for XP at 20 ºC. d-1 

H  Water depth. m 

I0  Average incident daylight intensity. ly d-1 

iPsed P content in the sediments. mg P mg d.w.-

1 



 

iPXp  P content in phytoplankton tissues. mg P mg Chla-

1 

iTSSXp TSS content ratio in XP . mg dw mg 

Chla-1 

Is Saturating light intensity for XP. ly d-1 

K20 Process rate at 20ºC. d-1 

Kavi Coefficient of resuspension by avifauna. mg m2 L-1 d-1 

Kd Partition coefficient for inorganic phosphorus. L mg-1 

Kdifu sed Coefficient of variation in the diffusion between water and 

sediments. 

 

kDIPup Saturation coefficient for DIP in P uptake by XP.  mg P L-1 

kDO Saturation coefficient for DO in OP mineralization. mg O2 L
-1 

kDO Xp Saturation coefficient for DO in XP respiration. mg O2 L
-1 

Ke  Extinction coefficient. m-1 

Ke0 Light attenuation coefficient of water. m-1 

Kmin OP OP mineralization rate at 20ºC. d-1 

Kr XP decay rate at 20 ºC. d-1 

Kresp XP respiration rate at 20 ºC. d-1 

KT  Process rate at temperature T. d-1 

Kveg resus Coefficient for trapping by emergent VC in resuspension 

processes. 

 

Kveg sed Coefficient for trapping by emergent VC in sedimentation 

processes. 

 

L  Wavelength. m 

NSE Nash-Sutcliffe efficiency.  



 

OPres OP enterning to the system by wind resuspension.  mg P L-1 

PIP Particulate inorganic phosphorus.  

PIPres PIP enterning to the system by wind resuspension.  mg P L-1 

Pmax Maximum Pint rate for XP. mg P mg Chla-

1 

Pmax uptake  Maximum phosphorus uptake rate. mg P mg Chla-

1 d-1 

Pmin Minimum Pint rate for XP. mg P mg Chla-

1 

Psed Phosphorus concentration in interstitial water in sediments.  

Qet  Evapotranspiration flow. L s-1 

Qgr  Gains/losses of the system by percolation to groundwater. L s-1 

Qin  Inlet flow. L s-1 

Qout  Outlet flow. L s-1 

Qrf  Direct rainfall flow entering to the system. L s-1 

RFi Resuspension factor of the group of birds i.  

RMSE Root mean square error.  

rj  Reaction rate for process j. d-1 

rn  Reaction rate for the component n. d-1 

t  Time. s 

T Temperature. ºC 

TCOD Total chemical oxygen demand. mg O2 L
-1 

TSS Total suspended solids.  

XTSS res TSS enterning to the system by wind resuspension.  mg L-1 

V  Water volume. L 



 

VC Vegetation cover, the fraction of the CW surface covered 

by vegetation. 

 

vsOP Sedimentation velocity of OP.  m d-1 

vsTIP Sedimentation velocity of TIP.  m d-1 

vsTSS Sedimentation velocity of TSS.  m d-1 

vsXp Sedimentation velocity of Xp.  m d-1 

W  Maximum daily wind speed. m s-1 

W0 Minimum wind speed to cause resuspension. m s-1 

α  First coefficient of resuspension by wind.  

β Second coefficient of resuspension by wind.  

θ Temperature coefficient.  

θdifu Temperature coefficient for DIP diffusion.  

θG Temperature coefficient for XP growth.  

θmin OP Temperature coefficient for mineralization of OP.  

θr Temperature coefficient for XP decay.  

θresp Temperature coefficient for XP respiration.  

υn,j  Stoichiometric factor for component n and process j.  

δ(W,W0) Step function that determines the periods when the wind-

induced waves cause resuspension. 
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