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Tide-salinity patterns reveal seawater-freshwater mixing behavior at a river mouth and tidal creeks in a 1 
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 12 

HIGHLIGHTS 13 

• Time series water level and salinity measurements show salinity hysteresis during tidal cycles 14 

• T-S (T-S) patterns at river mouth reveal saline water drainage from mangrove forest during ebb tide 15 

• T-S patterns in tidal creek at mid estuary reveal evidence freshwater drainage during ebb tide 16 

• T-S patterns in a tidal creek at the estuary head reveal mixing of river water and groundwater 17 

• Tide-salinity patterns capture spatiotemporal hydrologic mixing in a mangrove estuary 18 

 19 

Abstract 20 

Tide and salinity data collected at minute intervals over multiple semidiurnal tides were used to 21 

investigate the source of water (e.g., seawater, river, groundwater and rain) and their relative timing in 22 

mixing at the mouth of a river, a tidal creek at mid-estuary and a tidal creek at the shoreline at the head of 23 

a tropical mangrove estuary. Our objectives were to document the temporal changes in tide induced water 24 

level changes and salinity at each location and to use the relationship between salinity and water level to 25 
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elucidate the sources of water and the timing of different sources of water in the hydrologic mixing 26 

processes. The data trends in tide vs. salinity (T-S) plots for the river mouth revealed mixing with 27 

seawater during rising tides and freshwater diluted seawater (brackish) drainage from the mangrove forest 28 

during ebb tides. In the mangrove creek at mid-estuary, the data trends in the T-S plots for rising tides 29 

initially showed constant salinity, followed by sharp rises in salinity to peak tide caused by seawater 30 

intrusion. The salinity decreased precipitously at the start of tidal ebbing due to influx of freshwater (rain) 31 

diluted brackish water from the mangrove forest. The data trends in the T-S plots for the tidal creek at the 32 

shoreline located at the estuary head showed constant salinity which decreased only near peak rising tide 33 

because of river dilution. During tidal ebbing, the salinity further decreased from groundwater influx 34 

before increasing to background salinity, which stayed constant to low tide. Establishing T-S patterns for 35 

multiple locations in mangrove estuaries over sub-tidal to tidal scales define the expected salinity 36 

variations in seawater-freshwater mixing which can be used to (1) establish baseline hydrologic and 37 

salinity (hydrochemical) conditions for temporal and spatial assessments and (2) serve to guide short to 38 

long-term sampling regimes for scientific studies and estuarine ecosystem management. 39 

 40 
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 43 

1. INTRODUCTION 44 

The exchange of water, mass and energy is important in controlling the hydrologic and 45 

hydrochemical (salinity) regimes of tropical mangrove estuaries (Mitra, 2020a; Mazda et al., 1990; 46 

Rivera-Monroy et al., 2007; Smith et al., 2012; Twilley, 1985). The shifts in the hydrochemical behavior 47 

at different locations within a mangrove estuary are primarily driven by variations in water properties that 48 

are induced by interaction between waters from multiple sources such as seawater, river water, 49 

groundwater and rain (Akamatsu and Ikeda, 2016; Mazda, 2013; Mazda et al., 1990). Flow dynamics 50 
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plays an important role in modulating the mixing of seawater and freshwater (rainfall, groundwater and 51 

river water) in the open water portions of estuaries and the tidal creeks connecting the open water to the 52 

mangrove forests (e.g., Alongi, and Brinkman, 2011; Mazda and Wolanski, 2009, Wolanski et al., 2000). 53 

Additionally, the hydrologic exchange of water between the open water and mangrove forests facilitates 54 

the mobilization of chemical species between sources and sinks, which controls the salinity status, 55 

biogeochemical processes, and the overall functioning of the estuarine ecosystems (Koné and Borges, 56 

2008; Krumme et al., 2012; Mitra, 2020b; Smith et al., 2012). To adequately elucidate controls on 57 

hydrochemical patterns of water across mangrove estuaries, there is a need to understand hydrologic 58 

interactions between seawater-freshwater and the resultant mixing behaviors at multiple locations in 59 

mangrove estuaries. Few studies have been conducted and even fewer models developed to assess the 60 

hydrologic and salinity behavior during tidal flooding and ebbing at different locations in mangrove 61 

estuaries (Robson et al., 2008; Webb, 1981). 62 

On a spatial basis, estuaries with extensive mangrove forests are heterogeneous due to their diverse 63 

ecosystems with variations in mangrove species, age, structure, distribution, and their varying connections 64 

to the open water via tidal creeks (Augustinus, 1995; Lugo and Snedaker, 1974). On a temporal basis, the 65 

tidal and riverine forces that control hydrologic mixing in the open water and mangrove forest vary over 66 

short timescales associated with storms and tides or over longer seasonal to annual timescales associated 67 

with river discharge and sea level change (Jones et al., 2020). The complex ecological patterns observed 68 

in mangrove estuaries is the result of temporal environmental variability caused by changing physical and 69 

chemical properties of water (e.g., Guerreiro et al.,2021; Loveridge et al., 2021). In addition, the temporal 70 

and spatial environmental variability cause physiological and behavioral responses in organisms that 71 

affect their spatial location in time, and ultimately drive changes in population and community dynamics 72 

(Dubuc et al., 2021). Thus, to gain further insights in the hydrogeochemical processes in mangrove 73 

estuaries in support of scientific studies and estuarine management, it is necessary to characterize how the 74 

salinity and hydrogeochemistry are influenced by hydrologic mixing of different source waters at multiple 75 

locations in a mangrove estuary.  76 
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To determine the proportion of seawater and freshwater and their interaction at a given location in a 77 

mangrove estuary, we can use the relationship between hydrology and salinity. This is doable because 78 

salinity is conservative (Fry, 2002; Lewis, 1980; Loder and Reichard, 1981). Therefore, the relationship 79 

between hydrologic variations and salinity can be used to qualitatively or quantitatively determine the 80 

proportions of seawater and freshwater, and therefore elucidate the process that dominates the seawater-81 

freshwater mixing dynamics at different locations in estuaries. The relative proportion of seawater and/or 82 

freshwater in any representative volume of estuarine water can be determined from the salinity measured 83 

by micro-electrodes (salinometer; Brown and Hamon, 1961), if one assumes linear mixing between 84 

seawater and freshwater endmembers. In addition, a salinometer can record high frequency salinity data 85 

(minute interval or less) over multiple tidal cycles (e.g., at sub-tidal scales and longer) which is tedious to 86 

do manually. A proxy for the tidal volume of seawater and freshwater can be determined from water level 87 

changes measured electronically by pressure transducers. The unknown tide volume at multiple locations 88 

in the mangrove estuary can then be normalized using water level, and the normalized water level and its 89 

associated salinity can be used to evaluate seawater-freshwater mixing. 90 

In this study, we collected a 96 h time series data of water level and salinity at minute intervals in a 91 

tropical mangrove estuary and assessed tidal variations and salinity changes at the mouth of a river, in a 92 

tidal creek in the mangrove forest at mid-estuary and a tidal creek along the shoreline bordered by a 93 

mangrove forest at the estuary head. Our objectives were to document the temporal changes in tide 94 

induced water level changes and salinity at each location and to use the relationship between salinity and 95 

water level to elucidate the sources of water and the timing of different sources of water in the hydrologic 96 

mixing processes. Our results show that the tide-salinity behavior at the river mouth, the tidal creek at 97 

mid-estuary and the tidal creek at the shoreline near the estuary head are characteristically unique and 98 

capture salinity variations in hydrologic mixing at sub-tidal scale. Tide-salinity patterns therefore offer a 99 

robust approach for scientists and estuarine resource managers to document the salinity and consequently 100 

biogeochemical status simultaneously at multiple locations, which can be used to gain greater 101 

understanding of the role of temporal and spatial hydrologic mixing in mangrove estuaries. 102 



5  

 103 

2. STUDY AREA 104 

The Wouri Estuary (3°42'0.00"N to 4°11'0.00"N and 9°14'0.00"E to 9°35'0.00"E) is located in 105 

Douala, Cameroon, along the Atlantic coast of West Africa (Fig. 1). The Wouri Estuary consists of ~1500 106 

km2 of open water and ~1800 km2 of mangrove forest (Fossi Fotsi et al., 2019; Gabehe and Smith 2002; 107 

Ndongo et al., 2015; Simon and Raffaelli, 2012). The mangrove forest in the Wouri Estuary is part of the 108 

~180,000-200,000 ha of coastal mangrove forest that extends from the Rio del Rey Estuary to the west of 109 

Mt. Cameroon to the mouth of the Sanaga River to the east (Ajonina et al., 2008; Din et al., 2002; 110 

Zogning, 1993). The coastal mangroves which have more than 30 species of mangroves are dominated by 111 

red mangroves (Rhizophora racemosa; Rhizophora harrisonii; Rhizophora mangle (Rhizophoraceae), 112 

white mangroves (Avicennia germinans (Avicenniaceae); Laguncularia racemosa) and conocarpus 113 

erectus (Jean-Hude, 2016; Nfotabong-Atheull, 2013; Zogning, 1993). 114 

The climate of the estuary and surrounding region is tropical monsoon (Peel et al., 2007) with a long 115 

rainy season from March to November and a short dry season from December to February. The wettest 116 

months of the year are June, July and August. Between 1982 and 2012, the average annual rainfall was 117 

3702 mm and the annual average temperature was 26.2 ⁰C (Climate-Data.org, 2020). Humidity remains 118 

high at an absolute maximum of around 100% throughout the year (Din et al., 2002). The wind speed is 119 

generally low except during setting phases of the Saint Helene anticyclone from March to April. 120 

Three major rivers flow into the Wouri Estuary. The Wouri River enters the estuary at its head, while 121 

at about 18 km from the estuary mouth, the Mungo River drains into the estuary from the west and the 122 

Dibamba River drains into the estuary from the east (Gabehe and Smith, 2002; Fig. 1). River runoff into 123 

the estuary is 40 x 106 m3/d from the Wouri River with a catchment of ~8250 km2, 60 x 106 m3/d from the 124 

Mungo River with a catchment of 4200 km2 and 40 x 106 m3/d from the Dibamba River with a catchment 125 

of 2400 km2 (Gabehe and Smith, 2002). Numerous tidal creeks cut through the mangrove forest, 126 

connecting the mangrove forest to the open water of the estuary, the Mungo River and the Dibamba River 127 

(Fig. 1). The mean salinity is relatively low at less than 25% of seawater in the estuary (Din et al., 2002). 128 
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The dilution rate is very high such that during the rainy season, the salinity in estuarine mangroves is zero 129 

in less than 30 km away from the ocean (Din et al., 2002). The tidal rhythm in the estuary is semi-diurnal 130 

with tidal ranges changing from mesotidal (values >2 m) to microtidal (values <2 m) (Onguene et al., 131 

2014). The estuary is depicted as hypersynchronous, meaning that the tidal amplitude progressively 132 

increases towards the upper estuary such that the maximum amplitude value is reached at 30 km away 133 

from the mouth of the estuary (Allen et al., 1980). During a single tidal cycle, the tidal wave can 134 

propagate more than 60 km upstream from the mouth of the estuary (Olivry, 1974). 135 

The estuary has a low-lying relief with altitude ranging from 3 to 100 m above sea level (Willy, 136 

2016). The maximum depth of the estuary after dredging is 25 m (i.e., along the harbor channel) and 137 

reduces to 6 m around the Bonaberi bridge. 138 

 139 

3. METHODS 140 

We conducted this study from June 27th to July 2nd, 2019, during peak rainy season when we could 141 

capture the maximum effects of tidal and river-induced transport in the hydrologic mixing of the estuary. 142 

We deployed Solinst™ LTC (level, temperature, conductivity) leveloggers near the mouth of the 143 

Dibamba River (3°56'23.55"N, 9°42'50.25"E), in a tidal creek (3°57'58.04"N, 9°41'39.22"E) in the 144 

mangrove forest (Mangrove Creek) mid-estuary and a tidal creek (4°0'4.20"N, 9°42'3.40"E) and a tidal 145 

creek along the shoreline (Dr. Creek) near the head of the estuary (Fig. 1). The water level sensor of the 146 

Solinst™ LTC records water level with an accuracy of +0.1% percentage of full scale with an automatic 147 

compensation range from 10 °C to 40 °C. The 4-electrode conductivity sensor of the Solinst™ LTC has a 148 

resolution of 1 µS, with ability to measure on a full range of 0 to 80,000 µS/cm and can operate in 149 

temperatures from -20 °C to 80 °C. We also deployed a Solinst™ barologger to record the air temperature 150 

(°C) and the barometric pressure (kPa). The accuracy of the air temperature sensor is ± 0.05 °C with a 151 

resolution of 0.003 °C and the accuracy of the barologger pressure sensor is +0.05 kPa. The Solinst™ 152 

LTC leveloggers and the barologger were set to an altitude of 0 m above sea level (a.s.l) and were 153 

programmed to collect data in a linear sampling mode at minute intervals from June 27 to July 02, 2019.  154 
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The data from the Solinst™ LTC leveloggers and the barologger were downloaded into Microsoft 155 

Excel™ where processing and analysis was done. We corrected the water levels recorded by the 156 

leveloggers for barometric pressure variations by subtracting the time equivalent barometric pressure 157 

values recorded by the barologger. The specific conductance recorded by the leveloggers were converted 158 

to salinity using empirical data: (Salinity = 0.0006 x Specific Conductance (µS/cm) - 0.082; R2 =0.998) 159 

(e.g., Bennett, 1976) from simultaneous measurements of specific conductance and salinity made by us in 160 

the estuary. 161 

 162 

4. RESULTS 163 

4.1.  Variations in tides 164 

The tidal time series recorded as variations in water levels at all three locations show similar cyclical 165 

patterns and differ slightly in peak arrival times by 35 minutes between the river mouth station and the 166 

mangrove creek station and 51 minutes between the river mouth station and shoreline creek station. The 167 

tidal ranges were above 1.5 m, with the highest range of 2.2 m observed at the mangrove creek station. 168 

Tidal ranges measured at the river mouth station and the shoreline creek stations were 1.6 m and 2.1 m, 169 

respectively (Table S1). Tidal variations indicate semidiurnal mixed tides (Fig. 2a, b and c). 170 

 171 

4.2.  Variations in salinity 172 

During this study, the range in salinity at the river mouth, mangrove creek and shoreline creek 173 

stations are 4.3, 2.1 and 0.6 psu, respectively (Table S1). The temporal response in salinity at all three 174 

stations show cyclical patterns with variations in amplitude responses (Fig. 2d, 2e and 2f). The cyclicity 175 

of the high and low salinity values at the river mouth (Fig. 2d) and the mangrove creek (Fig. 2e) 176 

mimicked tidal behavior (Fig. 2a and b). At the river mouth, the salinity peaks are sharp, whilst the 177 

salinity troughs are flat (Fig. 2d), whereas for the mangrove creek, the salinity peaks and troughs are 178 

similarly flattened or sub-rounded. At the river mouth, the salinity continuously increased in magnitude 179 

with time (Fig. 2d). In the mangrove creek, the salinity peaks were either sub-rounded or flat, whereas the 180 
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salinity troughs were characterized by variable widths (Fig. 2e). The troughs sometimes showed minor 181 

flat segments before the salinity decreased to the lowest value (Fig. 2e). The trend in salinity for shoreline 182 

creek (Fig 2f) is out of phase with that of the river mouth (Fig 2d) and mangrove creek (Fig. 2e). The 183 

trend in salinity for shoreline creek is characterized by higher salinity at low tides and lower salinity at 184 

high tides (Fig. 2f). The salinity peaks at low tides are either flat or rounded. At high tides, the salinity 185 

troughs show minor salinity peaks. Over time, we observed progressive decrease in salinity at high tides 186 

and at low tides. 187 

 188 

5. DISCUSSION 189 

5.1. Model of hydrologic mixing and salinity responses at different locations in mangrove estuaries 190 

Three important variables control salinity changes during mixing in an estuary (1) tidal forces which 191 

primarily impact water movement through flooding and ebbing, (2) initial salinity of the end member 192 

waters being mixed (e.g., seawater and freshwater) and (3) the relative volume of the water from different 193 

sources (seawater, river water, groundwater, or rainwater). It is worth noting that tidal forces can be 194 

decoupled from water salinity which is concentration dependent and from water volume which depends 195 

on hydrologic factors such as river discharge and tidal volume. Therefore, tidal forces that primarily 196 

control the movement of water in an estuary may not necessarily change the salinity of the water equally 197 

at all locations.  198 

Models of estuarine mixing often describe two distinct end members: freshwater and seawater. For 199 

this two-end member mixing during tidal flooding and ebbing, the change in salinity typically relates to 200 

the proportion of seawater and freshwater because salinity is conservative (e.g., Fry, 2002; Lewis, 1980; 201 

Loder and Reichard, 1981). Thus, to compare changes in salinity over the same tidal cycle in different 202 

locations of a mangrove estuary, we can normalize for tides using water levels measured at each location. 203 

The normalization of tides is given by: 204 

NL = (Li – Lmin)/Lmax – Lmin)         (1) 205 

where NL is the normalized water (tide) level, Li is the instantaneous water level at a given time, Lmin is 206 
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the minimum water level (low tide) and Lmax is the highest water level (high tide). Conservative end 207 

member mixing of seawater and freshwater based on salinity can be described for different locations in a 208 

mangrove estuary using normalized tides vs. salinity behavior. 209 

 210 

5.1.1. Mixing by seawater intrusion depicted by normalized tide-salinity plots 211 

A model of normalized water level vs. salinity (tide-salinity) behavior for a location in an estuary 212 

where there is mixing with intruding seawater is shown in Figure 3a. If the salinity of the intruding 213 

seawater during high tide (open circle, Fig. 3a) is the same as that present in the estuary at low tide (filled 214 

circle, Fig 3a), then mixing will follow the path shown by Line 1, which shows no salinity changes during 215 

a full tidal cycle of flooding and ebbing. If the salinity of the intruding seawater during high tide (hatched 216 

circle, Fig. 3a) is higher than that in the estuary at low tide, then during tidal flooding and tidal ebbing, the 217 

seawater and estuarine water mix according to Line 2 and Line 4 (Fig. 3a) that depict linear mixing. Line 218 

3 depicts mixing at a measuring station during flooding where seawater located between the measuring 219 

station and the seawater (high tide front) is mixed and transported past the station, followed by mixing 220 

with seawater to peak tide. In this scenario, the residual water in the estuary has a linear salinity gradient 221 

which between tides, depends on the tidal exchange volume. During the start of tidal ebbing, withdrawal 222 

of seawater from high tide that mixed with freshwater upstream of the measuring station will be 223 

characterized by a rapid salinity decrease shown by steeper slope in Line 5 near high tide (Fig. 3a). When 224 

the ebbing front recedes past the measuring station, mixing is dominated by freshwater characterized by a 225 

slower rate of salinity decreasing to low tide depicted by the rest of Line 5. 226 

 227 

5.1.2. Mixing of freshwater depicted by normalized tide-salinity plots 228 

A model of tide-salinity behavior for a location in an estuary where there is mixing with freshwater 229 

discharged from a river is shown in Figure 3b. Line 1 shows mixing between residual estuarine water 230 

shown as a filled circle at low tide with incoming river water that has the similar salinity shown as an 231 

open circle at high tide. During tidal flooding and ebbing, linear mixing between estuarine water shown as 232 
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a filled circle at low tide and freshwater shown as a hatched circle at high tide is depicted by Line 2 and 233 

Line 4, respectively (Fig. 3b). Line 3 depicts the mixing of lower salinity water between a measuring 234 

station and the freshwater front, followed by freshwater mixing, evidenced by the subsequent 235 

dilution/freshening to peak tide. During tidal ebbing, mixed freshwater upstream of the measuring station 236 

is transported past the measuring station, followed by mixing with more seawater causing the salinity to 237 

return to background values as depicted by Line 5.  238 

 239 

5.1.3. Interpreting seawater-freshwater mixing from tide-salinity plots 240 

Mixing models based on normalized tide-salinity plots have value in illustrating the extent of 241 

variations in the proportions of mixing water sources at different locations in a mangrove estuary. In the 242 

conceptual model of mixing of seawater and freshwater (Fig. 3a), the mixing trajectory that characterize 243 

two end members mixing with similar salinity are depicted by Line 1. This can be described as 244 

suppressed salinity change. The trajectories that illustrate the salinity changes during the mixing of waters 245 

with contrasting salinity, as tides vary, are depicted by Line 2 and Line 4 (Fig. 3a and b). The trends in 246 

Fig. 3a shows increasing salinity, which is normally expected, i.e., normal salinity change and Fig. 3b 247 

shows decreasing salinity, which is contrary to expectations, i.e., reverse salinity change. Mixing between 248 

two end members with contrasting salinity, followed by further mixing with a third end member with a 249 

different salinity is depicted by Line 3 and Line 5 (Fig. 3a and b). The conceptual model shows that 250 

hydrologic mixing in an estuary can be captured in the trends of tide-salinity plots in situations where the 251 

salinity of the “masses of water” that mix are markedly different, and the mixing is sequential.  252 

 253 

5.1.4. Conceptualizing hydrologic mixing in the Wouri Estuary 254 

The Wouri Estuary has an upper river source along its longitudinal axis and two river sources on both 255 

sides of this axis about 18 km from its river mouth (Fig. 1). Thus, the hydrologic mixing dynamics in the 256 

upper estuary and along the longitudinal axis is likely to be different from that of a typical (single river) 257 

estuary. This is because of the additional sources of freshwater discharged into the estuary. Furthermore, 258 
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the Wouri estuary has a mangrove forest which can affect the hydrology and salinity changes in mixing 259 

between water from the open estuary and that in the mangrove forests. We use the recent model of the 260 

tidal freshwater zone (TFZ) by Jones et al. (2020) as the basis for interpreting the hydrologic mixing 261 

dynamics in the Wouri Estuary (Fig. 4). In this model, the tidal and river forces are used to delineate 262 

major regions in the estuary including the TFZ (see Jones et al. (2020) and references therein for details). 263 

The four salinity-based zones from the ocean towards and beyond the estuary head are (1) tidal saline 264 

zone beyond the estuary mouth, (2) tidal brackish zone (segment a), (3) tidal freshwater zone (TFZ) 265 

(segments b and c) and (4) the non-tidal river zone (segment d). Although the entire estuary is affected by 266 

tide-induced oscillations of the surface water stage, the basis used for segmenting the TFZ is the river 267 

flow direction which is bi-directional in segment b and unidirectional in segment c. The schematic in 268 

Figure 4, shows the three main rivers entering the main estuary channel with the Wouri River (WR) at the 269 

head, the Mungo River (MR) to the left and the Dibamba River (DR) to the right in the mid-estuary. We 270 

show the sampling locations in the Dibamba River, the mangrove tidal creek (MC) and the shoreline Dr. 271 

Creek (DC) (Fig. 4), based on their temporal salinity (see Fig. 2d, e and f). Although the tidal saline, tidal 272 

brackish, TFZ and the non-tidal river zones are well defined in this schematic, they are not necessarily 273 

stationary in space and time because some zones can merge and/or get eliminated depending on two 274 

extreme conditions (i.e., river dominance vs. estuarine dominance) as the riverine and tidal forces change 275 

in space and time (Jones et al., 2020). 276 

 277 

5.2. Hydrologic mixing at the river mouth, mangrove creek and shoreline creek from normalize tide -278 

salinity patterns 279 

The water level response corresponding to tides at the mouth of the Dibamba River, Mangrove Creek 280 

and shoreline Dr. Creek are similar (Fig. 2a, b and c), but their salinity behavior is markedly different 281 

over eight sequential semidiurnal mixed tides (Fig. 2d, e and f). The tide-salinity plots of normalized 282 

water level for the eight sequential semidiurnal mixed tides are shown in Figure 5. The plots in Figure 5 283 

show the salinity behavior during tidal flooding in blue, whilst the salinity behavior during tidal ebbing 284 
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are shown in green.  285 

In general, the salinity changes during tidal flooding and ebbing reveal characteristically distinct saline 286 

water-freshwater mixing from hysteresis (tide-salinity patterns) at each of the three stations (Fig. 5). 287 

Additionally, the tide-salinity patterns at each station vary with mixed tides, as the tide magnitude 288 

changes with time (top to bottom panel in Fig. 5). The distance that seawater from the Gulf of Guinea 289 

travels to reach the mouth of the Dibamba River station is 30 km, 35 km to reach the Mangrove Creek 290 

station and 40 km to reach the shoreline Dr. Creek station. Because of this proximity, the timing for high 291 

and low tides are nearly similar and the spatial distances separating the stations do not constitute a 292 

significant variable to explain the tide-salinity patterns observed. The patterns displayed on the 293 

normalized tide-salinity plots (Fig. 5) are affected by the hydrologic mixing and can be explained by 294 

considering the hydrologic interactions depicted in our conceptual model (Fig. 3) and the spatial location 295 

of each station in relation to TFZ of estuary (Fig. 4). 296 

 297 

5.2.1. Tide-salinity patterns at the mouth of the Dibamba River 298 

The maximum salinity encountered during mixing in the mouth of the Dibamba River is ~4.4 psu and 299 

we consider this sampling station to be located in the tidal brackish zone (Jones et al., 2020; Fig. 4). At 300 

the mouth of the Dibamba River, the tide-salinity patterns (Fig. 5a-h) show that the salinity during tidal 301 

flooding (data in blue) is lower than the salinity during tidal ebbing (data in green). The panels (Fig. 5a-h) 302 

show marked increases in the salinity that starts from ~0.5 to 0.8 normalized tide and another increasing 303 

salinity behavior from 0.8 to peak normalized tide, where the salinity increased by as much as 50% (e.g., 304 

Fig. 5f). We also note that near the normalized tide peak, the salinity rise varies markedly between 305 

sequential tides, perhaps indicating specific mixing behavior at peak rising tide. It is clear that the tide-306 

salinity segments from 0 to <0.8 normalized tide where the salinity is nearly constant (Fig. 5a-h), the end 307 

member mixing can be represented by constant salinity end members shown as Line 1, Figure 3a. The 308 

salinity increase observed between a normalized tide of 0.3 to 0.6, which increases steadily to 0.8 309 

normalized tide, and then increases further to near normalized peak tide, is indicative of seawater 310 
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intrusion and mixing. The “stepwise” increase in salinity can be explained by the transport of different 311 

“packages” of mixed seawater water past the station. During tidal flooding, the tide-salinity patterns at the 312 

mouth of the Dibamba River (Fig. 5a-h) is best described by sequential seawater mixing by combining 313 

Line 1 and variations of Line 3, as demonstrated in our conceptual model for seawater mixing (Fig. 3a). 314 

The salinity regime during tidal ebbing shows the recovery from seawater intrusion, marked by a 315 

salinity decrease of more than 50 % from normalized peak tide to ~0.8 normalized tide (Fig 5a-h). These 316 

marked decreases in salinity are followed by the slow decreases of salinity to near low (0.1 normalized) 317 

tide. The initial rapid decrease in salinity is due to the tidal-controlled transport of the upstream mixed 318 

seawater. The rate of transport of the seawater from upstream depends on the balance between the 319 

riverine and tidal forces, with shorter transport time from higher riverine forces (or discharge). We 320 

speculate that beyond the withdrawal of tide-induced mixed seawater from the river mouth, the slow 321 

salinity change to low tide is from drainage of mixed seawater-freshwater from the mangrove forest. This 322 

seawater-freshwater mixture is released to the river until near low tide when flow from the mangrove 323 

forest is cut off, after which  the salinity of the river water returns to that of freshwater (e.g., Fig. 4c). The 324 

storage and release of water from the mangrove forest is described as lateral trapping, where water that is 325 

temporarily stored in the mangrove forest during tidal flooding, drains and mixes with water in the 326 

channel during tidal ebbing (Alongi and Brinkman, 2011; Wolanski and Ridd, 1986; Wolanski et al., 327 

2001). During tidal ebbing, the tide-salinity patterns at the mouth of the Dibamba River (Fig. 4a-h) is 328 

described by Line 5 from our conceptual model for seawater mixing (Fig. 3a). 329 

 330 

5.2.2. Tide-salinity patterns in a tidal creek in the mangrove forest 331 

The maximum salinity observed at Mangrove Creek is ~2.7 psu, and we consider this sampling 332 

station to be located in the upper tidal brackish zone (Jones et al., 2020; Fig. 4). At the Mangrove Creek 333 

(Fig. 5i-p), the tide-salinity patterns show that the salinity during tidal flooding (data in blue) is always 334 

higher than the salinity during tidal ebbing (data in green). The panels (Fig. 5i-p) show that during tidal 335 

flooding, there is little change in the salinity between 0 - 0.1 normalized tide, after which there is a 336 
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marked increase in the salinity between 0.1 to ~0.2 normalized tide, which is followed by a continuous 337 

increase in salinity to peak normalized tide (e.g., Fig. 5m). The stepwise tide-salinity trajectory indicates 338 

hydrologic mixing with at least three different “packages” of water with different salinities. It is clear 339 

from the nearly flat tide-salinity pattern between 0 and 0.1 normalized tide that mixed seawater 340 

transported past the station is water that resides (residual water) in the creek during low tide. As the tides 341 

rise, the transport of the residual water past the station is followed by water of slightly higher salinity 342 

between 0.1 and 0.2 normalized tide. We speculate that the more seawater transported into the creek is 343 

from the main estuary, as longitudinal salinity gradients are reported for tidal creeks draining mangrove 344 

forest (Alongi and Brinkman, 2011; Wolanski and Ridd, 1986). Between a normalized tide of 0.2 to peak 345 

normalized tide, the seawater is from seawater intrusion. The behavior of the salinity regime during tidal 346 

flooding in Mangrove Creek is from sequential mixing of seawater depicted by Line 1, followed by 347 

variable combinations of Line 3 as shown in our conceptual model of seawater mixing (Fig. 3a). We infer 348 

that at this station, the tide-salinity patterns document transport of water between the main estuary and 349 

mangrove forest, as well as indicate seawater intrusion from rising tides. 350 

The tide-salinity patterns during tide ebbing show a marked decrease in the salinity by more than 50% 351 

from maximum normalized tide to ~0.8 normalized tide, which is followed by a gradual decrease in 352 

salinity to the lowest salinity at low tide (Fig. 5i-p). The initial decreases in salinity from maximum 353 

normalized tide to ~0.8 normalized tide during tidal ebbing are characterized by variable slopes, and 354 

indicate the transport of variably diluted seawater near peak normalized tide. It is not clear what the 355 

source of this less saline water is, but we speculate that it is likely water drained from the mangrove 356 

forest, and therefore points to freshwater dilution of seawater (saline water) in the mangrove forest. The 357 

Wouri Estuary and the region receive about ~350 mm monthly (~12 mm/d) rainfall in June (Climate-358 

data.org, 2020), which is the period when we conducted this investigation. We posit that the rainwater 359 

trapped on the mangrove forest platforms diluted the mixed seawater delivered at high tide to cause the 360 

observed salinity dilution at the start of tidal ebbing (Din et al., 2017; Drexler and Eric, 2002; Hayes et 361 

al., 2019; Kjerfve et al., 1999; Komiyama et al., 2020; Krauss et al., 2007). Additionally, different 362 
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amounts of rainwater trapped on the mangrove platforms may explain the variability of the slope of the 363 

diluted seawater at the start of tidal ebbing (e.g., Fig. 4m vs. 4n). It is also important to note that the 364 

variable dilution occurs at the scale of the tidal cycle. Dilution can also occur from fresh submarine 365 

groundwater discharge (SGD) spatially across estuaries. Assuming fresh(er) SGD in the mangrove forest, 366 

it is possible that the rate of discharge is sufficiently high to dilute the mixed seawater transferred to the 367 

mangrove platforms and the creek at high tide and before tidal ebbing (Drexler and Eric, 2002; Hayes et 368 

al., 2019; Mazda and Ikeda, 2006). Additionally, variability of SGD could also explain the variable 369 

dilution at the tidal cycle scale. The cause of the slow decrease in salinity between 0.8 normalized tide to 370 

low tide can be explained by drainage of water from the mangrove forest associated with lateral trapping 371 

(Alongi and Brinkman, 2011; Wolanski and Ridd, 1986; Wolanski et al., 2001). This is similar to the 372 

slow salinity decrease observed for the Dibamba River during tidal ebbing (Fig. 5a-h). Irrespective of the 373 

mechanism of seawater dilution during tidal ebbing at the Mangrove Creek station, the tide-salinity 374 

patterns capture a salinity regime that can be described by hydrologic mixing depicted by Line 5 in the 375 

normalized tide-salinity conceptual model for seawater mixing (Fig. 3a).  376 

 377 

5.2.3. Tide-salinity patterns in a tidal creek at the estuary head 378 

The maximum salinity measured in shoreline Dr. Creek was 0.8 psu, which we use to locate Dr. 379 

Creek in the upper region of segment b in the TFZ (Jones et al. 2020; Fig. 4). In Dr. Creek, the tide 380 

salinity patterns (Fig. 5q-x) show that during tidal flooding (data in blue), the salinity is nearly constant 381 

from 0 to 0.9 normalized tide, then the salinity decreases to peak normalized tide. We note that at near 382 

peak normalized tide, the salinity increases before tidal ebbing begins (e.g., Fig. 5u), creating 383 

characteristic tide-salinity patterns that vary over time both in shape and duration, indicating unique 384 

mixing behavior at peak tide.  385 

During tidal flooding, the nearly constant salinity as normalized tides increase from 0.0 to ~0.9 386 

indicate the absence of seawater intrusion into the creek during tidal flooding (e.g., Fig. 5u). This 387 

behavior of constant salinity during tidal flooding can be explained by mixing with water of similar 388 
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salinity between the station and the estuary transported past the station. The constant salinity is depicted 389 

by mixing shown by Line 1 in our conceptual model for freshwater mixing (Fig. 3b). The tide-salinity 390 

patterns from ~0.9 to near peak normalized tide, where the salinity decreased must be due to freshwater 391 

mixing (less seawater compared to water in the creek), which can be depicted by freshwater mixing 392 

behavior similar to Line 3 near peak tide (Fig. 3b). We presume that the slightly higher salinity observed 393 

at the shoreline Dr. Creek station at peak tide (Fig. 2f) is from seawater intrusion. Therefore, we explain 394 

the freshwater mixing phenomena between 0.9 and near maximum normalized tide by “hydraulic 395 

blockage” of Wouri River flow by rising tide, which causes river water to flow laterally into the tide 396 

channels, inducing dilution to near high tide. By peak tide, the rising tide front propagates into the estuary 397 

head past the mouth of the tidal creek. As the rising tide front advances past the mouth of the shoreline 398 

Dr. Creek, the mixed seawater from the estuary flows into the tidal creek past the station, albeit, only 399 

briefly to cause the salinity rise at peak normalized tide. We note that the temporal variability of the 400 

effects of mixed tides manifest in the absolute salinity change, and on the tide range during which dilution 401 

occurs (e.g., Fig. 5s vs. 5t). 402 

As the tides ebb from peak tide to ~0.9 normalized tides, the salinity decreases from the salinity 403 

maximum to lower salinity values (Fig. 5q-x). The salinity then increased to higher values between ~0.7 404 

and 0.3 normalized tides. In fact, the increase in salinity can be very rapid (e.g., Fig. 5s), can rise and 405 

exceed that of the salinity during tidal flooding (e.g., Fig. 5r) or may actually be higher than that of tidal 406 

flooding throughout the ebb tidal cycle (e.g., Fig. 5q). We suggest that the tide-salinity pattern from peak 407 

tide to 0.7 normalized tide indicates freshwater transported past the station during the start of tidal ebbing. 408 

The slow salinity increases to maximum salinity between normalized tides of 0.7 and 0.3 occurs in a tidal 409 

range that is much broader compared to that of dilution during tidal flooding (e.g., Fig. 5x). In other 410 

words, the freshening during tidal flooding was more abrupt compared to the slow salinization to 411 

background salinity. The normalized tide-salinity pattern observed during tidal ebbing can be 412 

characterized by sequential mixing of more seawater depicted by Line 5 and followed by Line 1 shown in 413 

our conceptual model for freshwater mixing (Fig. 3b). The stepwise increase in the salinity during tidal 414 
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ebbing may indicate different “packages” of mixed seawater (saline water) withdrawing past the station. 415 

The salinity variations of these packages of water also indicate that they are unlikely the same water 416 

packages that were transported past the station during tidal flooding. It took a change of 0.1 normalized 417 

tide during flooding to cause freshening at the station (e.g., Fig. 5u). Although variable, the freshening 418 

lingered in the creek from peak tide to ~0.7 normalized tide, which is more than twice the normalized tide 419 

value during flooding to freshen the tidal creek water (e.g., Fig. 5u). The semidiurnal mixed tides in the 420 

Wouri Estuary do not explain both the duration of withdrawal of freshwater and the observed stepwise 421 

salinity behavior. We suggest that there was more freshwater being withdrawn past the station during tide 422 

ebbing than was delivered during tidal flooding. The salinity of the water during tidal ebbing was higher 423 

than that of the creek at low tide, and thus, has a different source from river water transported from the 424 

estuary to the tidal creek. 425 

The normalized tide-salinity patterns during tidal ebbing indicated that the water in the shoreline Dr. 426 

Creek is less fresh, compared to river water, which invaded the creek near high tide (Fig. 2c; Fig. 5q-x). 427 

One source of the slightly higher salinity water input into Dr. Creek is likely SGD. Dr. Creek is the 428 

furthest tidal creek located along the shoreline near the headwater of the Wouri Estuary. Although Dr. 429 

Creek was previously bounded by freshwater marshes to the north and mangrove forest to the south (see 430 

Fig. 1), the marshes have been destroyed and are now a built-up urban environment (Din et al., 2017). 431 

Nevertheless, the shoreline Dr. Creek represents the limit of the estuary, and is at the interphase where 432 

groundwater likely discharges to the estuary. Groundwater in the coastal aquifer along the shoreline Dr. 433 

Creek has a salinity of about 1 psu (Ramatlapeng et al., 2021), and its discharge into Dr. Creek will cause 434 

the salinity to be higher than that of the Wouri River discharging in the headwater of the estuary and may 435 

be responsible for the slow salinity increase to low tide in the shoreline tidal Dr. Creek. 436 

 437 

6. IMPLICATIONS AND LIMITATIONS 438 

Tropical estuaries and their mangrove forests along the African coast constitute a heterogeneous 439 

environment (e.g., Allersma and Tilmans, 1993) with salinity and hydrology varying over short to long 440 
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temporal scales. Tide-salinity patterns constructed from normalized tides vs. salinity are a useful way to 441 

characterize seawater-freshwater mixing dynamics and to elucidate the processes that control salinity in 442 

spatially different regions of estuaries with mangrove forest complexes (e.g., Fig. 5). The water sources 443 

and hydrologic mixing processes at the mouth of a river, a tidal creek in a mangrove forest midway in an 444 

estuary and in a tidal creek at the shoreline near the head of an estuary were determined using tide-salinity 445 

patterns. The tide-salinity patterns are able to characterize different “packages” of water that mix and the 446 

order in which the mixing occurs relative to the timing and duration of tides. Additionally, there is 447 

marked variability in the tide-salinity patterns when the tides transition from flood to ebbing and vice 448 

versa (Fig. 2d, e and f; Fig. 5) which are characteristics for each tidal cycle at each investigated site.  449 

The hydrologic mixing behavior at the same station (Fig. 5a-h, 5i-p and 5q-x) showed temporal 450 

changes either because of the shift in the sources of water or proportions of different waters that mix, or 451 

the temporal riverine and tidal forces-imposed change on the hydrologic regime. Thus, the tide-salinity 452 

patterns allow for comparison amongst different locations in an estuary (e.g., open water, mangrove 453 

forest, river mouth in this study) and for the assessment of the temporal evolution salinity (reflecting the 454 

biogeochemistry) at the different locations. Because our study was conducted only briefly in time (over 4 455 

days) and during the peak of the rainy season (June), it does not characterize the range of tide-salinity 456 

patterns possible at each study location. This is because the balance between the tidal and riverine forces 457 

change at the event level (e.g., storm events) and through tidal cycles and seasonal cycles (Jones et al., 458 

2020). Thus, changing riverine and tidal forces will require tide-salinity patterns to be constructed for all 459 

changing conditions to fully capture the range of tide-salinity patterns for locations of interest. 460 

If we are interested in biogeochemical reactions and hydrochemical changes in estuarine systems, 461 

then their temporal reaction scale (Langmuir, 1997) dictates how often we should sample to measure the 462 

water properties of interest. Efficient experiments to decipher processes must be designed to capture 463 

changes in parameters that can be used to assess the process(es) effectively. For example, in the shoreline 464 

tidal creek near the estuary head, an experiment designed to capture the processes that control salinity 465 

during a tidal cycle should have a sampling protocol in which the sampling frequency during tidal 466 
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flooding is different from that of during tidal ebbing. A sampling interval that does not increase 467 

disproportionately over the tidal duration will not capture the brief freshening and salinity increase near 468 

the peak of the flood tide (e.g., tide salinity pattern in Fig. 5u). A sampling interval designed to capture 469 

processes during tidal flooding may need to be modified to capture processes during tidal ebbing, as the 470 

duration of the process(es) controlling water salinity are different (e.g., Fig. 5u). The same can be said for 471 

the tidal creek in the mangrove in the mid-estuary and at the river mouth, where the rate of change of 472 

salinity can only be captured by prior knowledge of the behavior revealed by the tide-salinity patterns 473 

(Fig. 5a-h; 5i-p). 474 

If flushing time in different parts of the estuary and mangrove forest need to be known, the tide-475 

salinity patterns are instructive. Using the tide-salinity patterns, flushing time based on salinity 476 

concentrations can be directly observed at different temporal scales (e.g., Fig. 5). Additionally, if 477 

observed spatially across the open water and mangrove forest, different locations can be classified based 478 

on observing the flushing time at the location and the processes that control the hydrologic and 479 

biogeochemical processes during the tidal cycles can be investigated. 480 

Finally, the temporal tide-salinity regime also records the temporal changes in processes. It is clear 481 

from our results that in a semidiurnal mixed tide estuary, the variable tide conditions are captured in the 482 

tide-salinity patterns (compare Fig. 5a vs. b vs. c vs. d; Fig 5i vs. j vs. k vs. l; Fig 5q vs. r vs. s vs. t). Our 483 

results can be used to suggest that spring and neap tide regimes, as well as variation in freshwater (river) 484 

discharge associated with seasonal and annual discharge will affect the tide-salinity patterns.. Therefore, 485 

establishing tide-salinity patterns for a location over sub-tidal cycles to seasonal scales or longer can 486 

define the expected variations in seawater-freshwater mixing, and can guide long-term studies of 487 

biogeochemical processes. We speculate that over the longer term, tide-salinity patterns can also provide 488 

insights on the effect of sea level rise across space in estuaries and mangrove forests.  489 

 490 

7. CONCLUSIONS 491 

A time-series investigation of water level (tides) and salinity at the mouth of a river and two tidal creeks 492 
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in the tropical Wouri Estuary in Douala, Cameroon showed distinct tidal and salinity responses at each 493 

location. The salinity variation during tidal flooding and tidal ebbing were defined by hysteresis, 494 

consistent with an idealized conceptual model depicting either mixing of seawater and freshwater, mixing 495 

of seawater with residual mixed seawater or mixing of freshwater and residual mixed seawater. In our 496 

conceptual model, hydrologic mixing in estuaries is defined by linear segments in the tide-salinity space. 497 

The hydrologic and salinity mixing trajectories revealed by the tide-salinity patterns are unique at each 498 

station and the variations in the tide-salinity trajectories indicate changing tidal and river forcing, as well 499 

as and the effects of tidal and river induced transport on hydrologic mixing. Our results show that the 500 

tide-salinity patterns for one tidal cycle in this semidiurnal mixed tide estuary is adequate to define the 501 

gross hydrologic behavior at each location. Our results also show that tide-salinity patterns over multiple 502 

tidal cycles are needed to characterize hydrologic mixing related to a combination of varying tidal and 503 

riverine forces and their effects on the varying topographic landscape of mangrove estuaries. 504 

We suggest that the temporal (time series) salinity changes can be used to determine the temporal 505 

behavior and exchange of water between the open water in an estuary and mangrove forests via tidal 506 

creeks, which is essential for assessing the salinity regime, biogeochemical processes and pollution 507 

abatement. Finally, our results show that the use of the conductivity, temperature and depth (CTDs) for 508 

constructing normalized tide-salinity patterns is instructive in determining the spatial and temporal 509 

variability of estuarine hydrologic mixing, which is useful for calibrating/verifying the temporal and 510 

spatial applicability of salinity-based mixing models. 511 
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 669 

FIGURE CAPTIONS 670 

Figure 1. Map of the Wouri Estuary in Douala, Cameroon, West Africa (insert shows map of Africa and 671 

the location of the Wouri Estuary in Cameroon). Also shown are locations where data loggers were 672 

deployed at the mouth of the Dibamba River, a tidal creek (Mangrove Creek) in the mangrove at mid 673 

estuary and a tidal creek (Dr. Creek) at the estuary head. 674 
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 675 

Figure 2. Time series variations in water levels (tides) at (a) the mouth of the Dibamba River, (b) 676 

Mangrove Creek and (c) Dr. Creek and salinity at the mouth of (d) the Dibamba River, (e) Mangrove 677 

Creek and (f) Dr. Creek. 678 

 679 

Figure 3. Cross plot of normalized water level vs. relative salinity for (a) seawater mixing and (b) 680 

freshwater mixing. The arrowed solid lines show direction of mixing during tidal flooding and the 681 

arrowed dashed lines show mixing during tidal ebbing. 682 

 683 

Figure 4. Schematic of a hypothetical tidal freshwater zone (TFZ) in the Wouri Estuary adapted from 684 

Jones et al. (2020). The divide between fresh and brackish water column is between segments a and b, the 685 

upstream limit of bidirectional discharge is between segments b and c and the upstream limit of tidal 686 

surface water stage fluctuations is between segments c and d (See Jones et al. (2020) for details). DR, 687 

MR, WR, MC and DC represent the Dibamba River, Mungo River, Wouri River, Mangrove Creek and 688 

Dr. Creek, respectively. Sampling stations are shown as stars. 689 

 690 

Figure 5. Cross plots of normalized water levels (tides) vs. salinity at (a-h) the mouth of the Dibamba 691 

River, (i-p) Mangrove Creek and (q-x) Dr. Creek. 692 


