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Abstract 

 

In the southern part of San Francisco Bay, large tracts of wetlands have been 

enclosed by dikes and used as shallow salt production ponds since the 1800s.  In 2003, 

the California Department of Fish and Game and the U.S. Fish and Wildlife Service 

purchased 61 km
2
 of salt ponds for wildlife restoration.  Concentrations of macronutrients 

(e.g, phosphorus and nitrogen) in the water column and benthos of these ponds affect 

primary productivity and the likelihood of cyanobacteria blooms.  In order to understand 

the production, consumption, and tidal transfer of nutrients, the concentrations and fluxes 

of dissolved (0.2-micron filtered) orthophosphate and ammonia through Pond A3W of 

the Alviso Salt Pond Complex were determined.  Results from this study indicate that the 

fluxes of these nutrients through the pond are tidally controlled, and will augment 

ongoing research by the U.S. Geological Survey and collaborating agencies to assist in 

restoring the historic wetlands and avian-migration habitats of San Francisco Bay. 
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Introduction 

 

 San Francisco Bay is an extensive natural embayment of the Pacific Ocean at the 

terminus of the San Joaquin and Sacramento River networks.  The largest estuary on the 

west coast, the Bay is divided into four ecologically distinct sub-regions: the Delta, 

Suisan Bay and San Pablo Bay north of the Golden Gate, Central Bay in the proximity of 

the Cities of San Francisco and Oakland, and the South Bay extending from 

approximately the San Mateo Bridge to freshwater discharges from the Guadalupe River 

and Coyote Creek near San Jose.  Human development over the last 200 years has shrunk 

the bay’s natural wetlands, dramatically affecting wildlife habitat and ecosystem function 

(SFBAWEGP, 1999).  The South Bay Salt Pond Restoration Project, currently 

administered by the U.S. Fish and Wildlife Service, includes the Alviso salt ponds 

(Figure 1), and represents part of a larger endeavor to restore and preserve the Bay’s 

wetland habitats. 

Pond restoration involves complex interactions between physical 

(hydrodynamics), chemical (water quality) and biological (food-web structural) 

processes.  Due to these processes, efforts to manage and restore the salt ponds 

necessitate comprehensive understanding of the hydrologic communication between the 

ponds and the Bay.  As ponds are reclaimed for habitat, these changes can affect the 

water quality and thus affect the composition and abundance of fish and wildlife in the 

ponds and connecting sloughs (Topping et al., 2009).  

Topping and others (2009) provided initial evaluations regarding the diffusive 

nutrient flux of nutrients into the water column from the sediment in Alviso Pond A3W 

as a part of the larger study of benthic oxygen demand.  They suggested that further 
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estimates of the nutrients in the pond could provide valuable information for the study of 

algal blooms and their effect on water quality (2009).  Describing the flux of nutrients 

through the pond’s inlet and two-way gate complements further studies of nutrient 

cycling in the pond, in order to fully understand the function of Pond A3W and other 

South Bay Salt Ponds for improved management and restoration decisions.  Additionally, 

Anabaenopsis sp. and Anabaena sp., two algal species capable of nitrogen fixation, were 

discovered in a nearby pond, suggesting the potential for algal blooms (Topping et al., 

2009; Thebault et al., 2008).  Autotrophic activity of algae can create biomass that 

generates a benthic oxygen demand upon degradation, and thereby adversely affects 

water quality (Topping et al., 2009).  Concentrations of phosphorus are important 

because nitrogen-fixing cyanobacteria species thrive at an optimal ratio of nitrogen to 

phosphorus, and phosphorus is considered the limiting nutrient.  Elevated levels of 

ammonia, however, are toxic for fish.  Therefore, identifying the exchange of nutrients 

within A3W will provide useful information for informed management decisions about 

the potential to regulate primary productivity and fish habitat within the ponds. 

In July 2011, the advective fluxes of dissolved nitrogen and phosphorus into and 

out of Alviso Pond A3W were sampled during two 24-hour periods.  One sampling 

period fell during the neap tide of that month, and the other sampling period 

corresponded with the subsequent spring tide.  These dates were chosen in attempts to 

bracket the nutrient flux of the pond at its highest and lowest tidal flows, in order to better 

understand the salt pond’s functioning ecosystem.  It was hypothesized that 

concentrations of nutrients within the pond would fluctuate diurnally with the tides.  As 

the entire Alviso Complex is primarily a tidally controlled system, exchange of water 
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between Pond A3W and the adjacent slough and Pond AB2 affects and perhaps regulates 

major fluctuations in the concentrations of nutrients within the pond. 

 

Background 

Geologic Background 

 The northern component of San Francisco Bay is a coastal plain estuary near the 

mouths of the Sacramento and San Joaquin Rivers, and drains much of California, with 

40% of the state’s runoff entering the sea through the Golden Gate (Harden, 2004; 

Trujillo and Thurman, 2008).  The Central and South Bays are a large down-dropped 

basin, formed by vertical motion along strands of the San Andreas Fault (i.e., a tectonic 

estuary; Collier, 1999).  The San Andreas Fault system originated about 150 Ma, when 

the Farallon Plate, propelled east by the East Pacific Rise spreading center, began 

subducting under the moving North American Plate.  By 28 Ma, the Farallon Plate and 

the East Pacific Rise had both been subducted, and the North American Plate encountered 

the Pacific Plate.  The Pacific Plate was moving in a northwest direction, and this motion, 

combined with the southwest direction of the North American Plate, created a strike-slip 

fault system.  At 6 Ma, the first motion along the modern San Andreas Fault occurred.  

Two strands of this fault, the main San Andreas Fault and the Hayward Fault, created the 

structural depression in which the central and southern components of San Francisco Bay 

have formed (Collier, 1999). 

 The Sacramento-San Joaquin River system had established its outlet in the San 

Francisco Bay by approximately 600 ka (Harden, 2004).  The location and thickness of 

sediments in cores from the Bay floor suggest that the original Bay outlet was a few 
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kilometers south of what is now the city of San Francisco.  Changes in sea level, due to 

global climate fluctuations, have caused cycles of submergence and emergence for the 

Bay.  There have been at least four different estuaries occupying the site of the Bay in the 

last million years (Atwater, 1979).  During the last major glacial episode (22-18 ka), sea 

level was approximately 120 meters lower than modern sea level (Harden, 2004).  The 

glacial era shoreline in the San Francisco area was west of the Farallon Islands, 52 km 

west of the present coast.  Terrestrial alluvium found beneath the Bay floor provides 

evidence of the rivers that flowed through what is now the modern Bay. 

The modern estuary formed less than 10 ka, when rising sea levels began to flood 

the bay.  By 4 ka, the Bay occupied its historic extent (Harden, 2004).  The streams and 

rivers entering San Francisco Bay carry with them sediment eroded from the watershed.  

When the sediment-laden water reaches the bay, the sediment settles to the bottom, where 

tides and wind-driven waves redistribute it around the Bay or carry it out to sea.  In this 

manner, the basin in which the Bay sits is slowly filling with sediment (Sloan, 2006). 

 

Historical Background 

In addition to the modern natural processes that are affecting San Francisco Bay, 

human activities have caused drastic changes.  In the mid-1850s, large areas of San 

Francisco Bay wetlands between the elevation of high and low tides were converted for 

use in commercial salt production by means of solar evaporation from large shallow 

ponds created by artificial dikes (SFBAWEGP, 1999).  In the South Bay, half of the tidal 

marshes were in use as salt ponds by the 1930s.  By 1959, ponds in the North and South 

Bay were producing 1,000,000 tons of salt annually.  During peak production, there were 
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146 km
2
 of salt ponds in and adjacent to the baylands (SFBAWEGP, 1999).  

Development of the wetlands, for salt production and other uses, altered the natural 

configuration of the South Bay and has had extensive negative effects on wildlife, as the 

baylands provide critical habitat for wildlife such as fish, crab, salmon, seals, egrets, and 

ducks (SFBAWEGP, 1999).  For nearly 40 years, biologists and environmentalists 

advocated the termination of salt production with its relatively low economic benefits and 

significant costs to natural wetlands.  This became possible in 2002 when Cargill, Inc. 

offered 61 km
2
 acres of salt ponds for sale as part of an effort to consolidate its operations 

(Rogers, 2002). 

In 2003, the California Department of Fish and Game and the United States Fish 

and Wildlife Service purchased 15,100 acres of commercial salt ponds from Cargill, Inc., 

using funds from the state of California, Federal agencies, and private foundations 

(SBSPRP, 2011).  A 30-year Restoration Plan, developed in 2007, provides for the 

continued restoration and management of the salt ponds.  The main goals of the South 

Bay Salt Pond Restoration Project are to restore and enhance wetland habitats, provide 

wildlife-oriented public access and recreation, and manage flooding in the South Bay 

(SBSPRP, 2011). 

The South Bay Salt Pond Restoration Project encompasses three different pond 

complexes.  Pond A3W, approximately 2.3 km
2
 in area, is the focus of this study and is 

located in the Alviso pond complex (see Figure 1).  The Alviso salt ponds have been 

modified for wetland restoration and management as part of the South Bay Salt Pond 

Restoration Project (Topping, 2009).  In 2004, an Initial Stewardship Plan was 

implemented as bay and riverine water was slowly introduced to the former salt ponds; 
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the controlled exchange and circulation of water has successfully reduced the salinity of 

the ponds (Topping, 2009).  In 2006, the first levees were breached, allowing 3.2 km
2
 

acres of tidal habitat to interact with the Bay.   

The Don Edwards San Francisco Bay National Wildlife Refuge, under the U.S. 

Fish and Wildlife Service, operates the pond systems of the Alviso Pond Complex.  The 

majority of the pond systems are currently maintained as flow-through systems with Bay 

or slough water.  Many of the Alviso ponds will be restored to tidal salt marsh, while 

others will remain open-water ponds, managed for bird habitat.  Pond A3W is expected to 

remain an open-water managed pond (Mruz et al., 2010).  Because of its process linkages 

and similarities to other ponds within the Alviso pond complex, understanding the 

processes that control water quality in Pond A3W is essential for developing suitable 

policies to manage the pond complex for the health of the natural ecosystem. 

 

Methods and Materials 

Study Area 

 Pond A3W is located in the Alviso Complex of the South Bay Salt Ponds.  A3W 

has an area of approximately 2.3 km
2
, with the main inlet located in the southwest corner 

and a two-way gate located in the northeast corner (Figure 1).  The pond is maintained as 

a flow-through system, with only tidal controls.  The main inlet, a 36-inch diameter pipe 

under the western levee, steadily supplies water to pond A3W from the adjacent pond, 

AB2 (Figure 2).  The two-way gate structure consists of three pipes with 48-inch 

diameters.  These pipes can be manually opened or closed, but are currently managed as a 

tidal pond.  During ebb tides, the pond discharges water into the adjacent slough through 
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all three pipes (Figure 3).  During flood tides, however, water flows into the pond at the 

two-way gate, but only through one of the pipes (Figure 3).   
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Figure 1.  Map of Pond A3W of the Alviso Salt Pond Complex.  The sampling locations 

at the inlet and two-way gate are marked with red diamonds; other openings in the levees 

enclosing A3W are marked with yellow dots.  These additional three openings were not 

monitored for this study. 
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Figure 2.  The main inlet site, water flowing into Pond A3W from adjacent Pond AB2. 

 

 

Figure 3.  Water discharging from Pond A3W into the slough through all three culverts. 
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Figure 4.  The Pond A3W side of the two-way gate structure.  Water is flowing into the 

pond, and is visible as the murky plume below the author. 
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Sample Collection 

 Sampling occurred on July 7 and July 14, 2011.  At both the inlet and two-way 

gate of Pond A3W, water samples were taken every two hours for a 24-hour period, 

resulting in 13 samples from each location for both sampling periods.  Two replicates 

were taken for each sample.  Additionally, measurements of the water flow velocity 

entering or leaving Pond A3W were taken at each sample time, using a flow meter 

(Figure 5).  Staff gage readings were also recorded at each sample time. 

A nonmetallic pore-water profiler (Murphy, 2011), originally designed for 

nutrient and trace-metal sampling, was modified for this study (Figure 6) (Kuwabara, 

2007).  At the inlet site, 2 liters of water from the sampling site were retrieved using acid-

washed, high-density polyethylene bottles (Figure 7), from which the modified profilers 

collected duplicate filtered (0.2 micron) water samples in 60-milliliter, acid-washed, all-

plastic syringes.  Due to water accessibility issues at the two-way gate site, a 

fluoroethylene polymer-coated Niskin bottle was used to collect a two-liter sample 

(Figure 8), from which the duplicate 0.2 micron-filtered samples were taken.  After being 

placed into the collected water sample, the modified profilers were tripped mechanically, 

and removed when the 60-milliliter syringe had filled.  The syringes were then removed, 

the valve closed, and the samples were refrigerated until chemical analysis. 
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Figure 5.  Measurements of the flow velocity are taken using a flow meter at the inlet. 

 

 

 

Figure 6.  Modified pore-water profilers filter samples into all-plastic syringes. 
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Figure 7.  Two-liter water samples are collected at the pond inlet. 

 

 

Figure 8.  A Niskin bottle is used to retrieve the water samples at the two-way gate. 
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Chemical Analysis 

Concentrations of total dissolved ammonia and orthophosphate were determined 

by automated spectrophotometry, using a ThermoScientific AquaKem 200 (Kuwabara, 

2007).  Five analyses were run on each replicate. 

 

Calculations 

 Velocity of water discharge and the concentration of nitrogen (measured as total 

ammonia) and phosphorus (measured as orthophosphate) were used to calculate the flux 

rate of the nutrients into and out of pond A3W.  The flow velocity and dimensions of the 

inlet and two-way culverts were used to calculate the volume of discharge at the inlet and 

two-way gate of the pond for each two-hour period: 

 

velocity (m/s) x area of culvert face (m
2
) x 7200 seconds == volume of water per two-

hour period (L) 

 

Given this velocity and the concentrations of nitrogen and phosphorus, the flux rate of 

each nutrient can be calculated using the formula: 

 

volume of water (L)  x  concentration of nutrient (mg/L)  == nutrient flux rate (mg/hour). 

2 hours 

 

Statistical differences across sources and dates were determined by using ANOVA 

analysis.  Subsets were created to analyze the effect of date on concentration values at a 

particular source and the effect of source on concentration values for a given date. 
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Results 

July 7 

 The first sampling period occurred on July 7.  Samples were collected every two 

hours at the inlet and the two-way gate, for a total of 13 sets of samples.  There was a net 

flux of 70 +/- 8 million L of water (excluding evaporation effects) into the pond during 

this sampling period and the net discharge was 50 +/- 3 million L.  The concentration of 

nitrogen entering the pond at the inlet remained fairly constant throughout the day 

(Figure 10); the concentration of nitrogen did not vary significantly from the average 

concentration of 0.081 +/- 0.008 mg/L.  The concentration measured at the two-way gate, 

however, varied in accordance with the tides.  Concentrations of nitrogen during 

discharge at low tides represent the concentrations in the mixed pond.  These values were 

similar to the concentrations of nitrogen measured flowing into the pond at the inlet, with 

an average of 0.11 +/- 0.04 mg/L.  During flood tide, water from the slough flowed into 

the pond, and samples taken at these times represent the nitrogen concentration in the 

slough.  Elevated nitrogen concentrations at the two-way gate during flood tide, with an 

average value of 0.20 +/- 0.03 mg/L, indicate higher concentrations in the slough relative 

to the inlet or in the pond. 

 Using the calculated flux of water through the pond and the concentration values, 

a total budget was calculated.  A total positive flux of 4.2 +/- 0.2 kg of nitrogen as 

ammonia entered Pond A3W during the 24-hour sampling period. 

 At the inlet, the average concentration of phosphorus (measured as total 

orthophosphate) in the water flowing into the pond was 0.7 +/- 0.1 mg/L.  This 

concentration remained fairly consistent throughout the 24-hour sampling period, as seen 
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on Figure 11.  Measurements of phosphorus concentration at the two-way gate were 

tidally controlled; concentrations in water entering the pond at high tide were 

significantly different from concentrations in water exiting the pond at low tides.  During 

both inflow and outflow at the two-way gate, concentrations were much lower, on 

average, than measured at the inlet.  Three sampling times (11:17, 13:24, 01:15) 

represented low tide when Pond A3W was discharging water.  At these times, the 

concentration of phosphorus was low, and below the detection limit (< 0.03 mg/L) at 

times 13:24 and 01:15 (Figure 11).  The average concentration of phosphorus in 

discharging water was 0.1 +/- 0.1 mg/L.  Water flowing into the pond from the slough 

had concentrations of phosphorus that were lower than concentrations at the inlet, but 

similar to concentrations within the pond.  The average concentration of phosphorus at 

the two-way gate during flood tide (primarily representing water from the slough) was 

0.25 +/- 0.09 mg/L.   

A positive flux of 82 +/- 2 kg of phosphorus as dissolved orthophosphate entered 

Pond A3W during the 24-hour sampling period on July 7. 
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Figure 9.  Tidal chart for the July 7 sampling period (Pentcheff, 2011). 
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Figure 10.  Concentrations of nitrogen as ammonia over the July 7 sampling 

period.  Two replicates of each sample were collected (A and B).  The black 

rectangles indicate low tide, when water was discharging from the pond at the 

two-way gate. 

 

July 7 Concentrations of Nitrogen 
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Figure 11.  Concentrations of phosphorus as orthophosphate over the July 7 

sampling period.  Two replicates of each sample were collected (A and B).  The 

black rectangles indicate low tide, when water was discharging from the pond at 

the two-way gate. 

 

July 7 Concentrations of Phosphorus 
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July 14 

 The second sampling period occurred a week later on July 14.  Samples were 

again collected every two hours at the inlet and the two-way gate, for a total of 13 sets of 

samples.   There was a net flux of 56 +/- 8 x 10
6
 L of water (excluding evaporation 

effects) into the pond during this sampling period and a net discharge of 50 +/- 4 million 

L.  Similar to the trends of July 7, the concentration of nitrogen entering Pond A3W at 

the inlet remained consistent over the course of the sampling period (Figure 13).  The 

average concentration was 0.03 +/- 0.01 mg/L.  When the pond was discharging at the 

two-way gate during low tide, the concentration of nitrogen in the water was higher than 

at the inlet, with an average of 0.09 +/- 0.04 mg/L.  Water flowing from the slough into 

the pond at the two-way gate had average nitrogen concentrations of 0.22 +/- 0.08 mg/L.   

 There was a negative flux of 0.1 +/- 0.3 kg of nitrogen out of Pond A3W during 

the 24-hour sampling period on July 14.  Though this was the only negative flux of 

nutrients during both days of sampling, the high standard deviation indicates that the flux 

was nearly zero and no net change in the mass of nitrogen as ammonia occurred. 

 Throughout the sampling period, the concentration of phosphorus flowing into 

Pond A3W at the inlet remained consistent, varying little from the average value of 0.58 

+/- 0.04 mg/L (Figure 14).  Discharging water at the two-way gate had very low 

concentrations of phosphorus, below the detection limit for the first two discharge events, 

and barely above zero for the third period of discharge; the average was 0.04 +/- 0.07 

mg/L. The average phosphorus concentration in water entering Pond A3W from the 

slough was 0.4 +/- 0.2 mg/L.  This spatial trend in dissolved phosphorus concentration 

indicates solute retention within the pond, likely through biological uptake. 
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 There was a positive flux of 59.2 +/- 0.5 kg of phosphorus as orthophosphate into 

the pond during the 24-hour July 14 sampling period. 
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Figure 12.  Tidal chart for the July 14 sampling period (Pentcheff, 2011). 
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Figure 13.  Concentrations of nitrogen as ammonia over the July 14 sampling 

period.  Two replicates of each sample were collected (A and B).  The black 

rectangles indicate low tide, when water was discharging from the pond at the 

two-way gate. 

 

July 14 Concentrations of Nitrogen 
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Figure 14.  Concentrations of phosphorus as orthophosphate over the July 14 

sampling period.  Two replicates of each sample were collected (A and B).  The 

black rectangles indicate low tide, when water was discharging from the pond at 

the two-way gate. 

 

 

July 14 Concentrations of Phosphorus 
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Discussion 

Sources 

The water samples that were collected have three different sources: Pond AB2, 

Pond A3W, and the slough.  The concentrations of nutrients in the water entering the 

pond at the inlet are taken to represent the source Pond AB2.  The concentrations of 

nutrients in the water discharging at the two-way gate are taken to represent the values of 

the mixed pond, including any internal cycling.  The measurements taken of water 

flowing into Pond A3W at the two-way gate during flood tide represent the 

concentrations of nutrients in the adjacent slough. 

 Statistical analyses of the concentrations of nutrients compared to source 

demonstrate which sources can be considered significantly different.  For both the July 7 

and July 14 sampling periods, concentrations of nitrogen in Pond A3W (pond) were not 

statistically different from concentrations entering the pond at the inlet from Pond AB2 (p 

= 0.157; p = 0.280; Figure 15).  Concentration values of nitrogen in water entering the 

pond are statistically very similar to the concentration of nitrogen in water that discharges 

from the pond; no significant changes in concentration occur.  For both sampling periods, 

concentrations of nitrogen were statistically different between Pond AB2 (the inlet) and 

the slough (p < 0.05; p < 0.05).  Pond AB2 and the slough are both connected to the 

greater San Francisco Bay.  These statistically significant differences in concentration 

indicate that as water from the Bay flows through the salt pond complex or the slough, 

processes affecting nitrogen concentrations are different.   Concentrations of nitrogen 

were also statistically different between Pond A3W (the pond) and the slough for both 

sampling periods (p < 0.05; p = 0.002; Figure 15).   



 

 26 

 

 

Figure 15.  Comparison of concentration of nitrogen (mg/L) and the source of the 

water for the July 7 and July 14 sampling periods. 
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Concentrations of phosphorus were statistically different between Pond A3W and 

Pond AB2 for both the July 7 and July 14 sampling periods (p < 0.05; p < 0.05; Figure 

16).  This indicates that processes within the pond affect phosphorus concentrations, as 

concentrations in discharging water are significantly different from concentrations in 

water entering the pond.  Similarly to concentrations of nitrogen, Pond AB2 and the 

slough also had statistically different concentrations of phosphorus (p = 0.02; p < 0.05) 

for both sampling periods.  As Pond AB2 and the slough are both connected to the Bay 

their initial concentrations should be the same; processes affecting phosphorus 

concentrations within each of these sources must therefore be different.  During the July 

7 sampling period, concentrations of phosphorus in Pond A3W are not significantly 

different from concentrations in the slough (p = 0.108).  These two sources, however, are 

statistically different (p < 0.05) during the July 14 sampling period (Figure 16). 

It is interesting to note that comparisons of sources may show statistically 

different concentrations of one nutrient, but not show statistically different concentrations 

of the other nutrient.  For example, concentrations of nitrogen in Pond A3W on July 7 are 

not statistically different from concentrations entering the pond at the inlet, though 

concentrations of phosphorus in water from these two sources are different.  This may 

indicate different processes affecting the two nutrients within the pond (e.g., biological 

uptake of phosphorus by primary producers within the pond).   
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Figure 16.  Comparison of the concentration of phosphorus (mg/L) and the 

source of the water for the July 7 and July 14 sampling periods. 
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Effect of Sampling Date on Concentration 

 Concentrations of nutrients in the water samples varied between the two sampling 

periods, July 7 and July 14.  Statistical analyses compared the July 7 concentration of 

nutrients to the July 14 concentration of nutrients at each source.  For nitrogen, only 

water entering the pond at the inlet showed significantly variable concentrations (F = 

131.6, p < 0.001; Figure 17).  During each 24-hour sampling period, concentrations of 

nutrients entering the pond at the inlet were consistent.  The significant difference in 

concentration between the two sampling periods indicates that concentrations of nitrogen 

entering Pond A3W may vary on weekly or monthly time scales, rather than diurnally.  

Concentrations of nitrogen in water discharging from Pond A3W and entering the pond at 

the two-way gate from the slough were statistically similar on both sampling dates 

(Figure 17). 
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Figure 17.  Comparison of concentration of nitrogen from each source across 

sampling periods. 

 

 

  

Average Concentration of Nitrogen by Source 
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Comparisons between July 7 and July 14 of the concentration of phosphorus in the water 

at each source showed that phosphorus concentrations at the inlet and in the slough varied 

significantly between sampling periods (Figure 18).  July 14 concentrations of 

phosphorus are statistically different from July 7 concentrations of phosphorus at the inlet 

(F = 17.18, p < 0.001) and in the slough (F = 4.557, p = 0.049).  This difference indicates 

that the concentration of phosphorus in water at these two sources varies on a weekly or 

monthly scale.  Concentrations of phosphorus in water discharging from Pond A3W 

(representing the concentrations of the whole pond) were not significantly different on 

July 14 relative to July 7 (Figure 18). 
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Figure 18. Comparison of concentration of phosphorus from each source across 

sampling periods. 

 

 

Average Concentration of Phosphorus by Source 
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Controls at the Inlet 

 The concentrations of both nitrogen and phosphorus in inflowing water at the inlet 

are consistent within sampling periods on both July 7 and July 14.  In addition to 

consistent concentration, the velocity and rate (volume per time) of water entering the 

pond is also constant.  The average velocity at the inlet on July 7 was 1.9 +/- 0.15 m/s, 

and the average velocity on July 14 was 1.6 +/- 0.09 m/s.  The inlet site is buffered from 

tidal controls, as the water is flowing into Pond A3W from Pond AB2, which in turn is 

connected to Pond AB1 (Figure 1).  Pond AB1 is connected to the Bay.  Because Pond 

A3W’s inlet is buffered from the Bay’s tidal influence, the concentration of nutrients and 

volume of water entering the pond do not experience much fluctuation throughout any 

one 24-hour period.  As previously discussed, though the nutrient concentrations in water 

entering the pond are consistent on a daily basis, there is variation on a weekly or 

monthly basis.  Concentrations in water entering the pond at the inlet on July 7 and July 

14 are statistically different from each other. 

 

Tidal Effects at the Two-Way Gate 

Though water entering Pond A3W at the inlet is not affected by daily tides, the 

flow of water and flux of nutrients at the two-way gate is directly linked to the tides. 

Concentrations of nitrogen and phosphorus are higher in the slough than in Pond A3W 

(Figures 15 and 16), but despite these higher concentrations, the total mass of nutrients 

added to Pond A3W at the two-way gate is comparatively insignificant.  Nutrient flux 

into the pond from the slough at the two-way gate for both sampling periods appears to 

be very small compared to the total flux of nutrients (Table 1).  The concentration of 
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nutrients in the slough is not the main factor affecting the mass of nutrients added to the 

pond at the two-way gate.  For both nitrogen and phosphorus, the flux rate of nutrients 

into the pond from the slough at the two-way gate is very low, close to 0 mg/hr for both 

nutrients for both sampling periods (Figures 19 and 20), indicating that the low volume of 

water flowing into Pond A3W has the greatest influence on the mass of nutrients entering 

the pond at the two-way gate.  Due to the current setup of the culverts at the discharge 

structure, slough water flowing into the pond during high tides only flows through one 

culvert at low velocity, but the pond discharges at high velocity through all three culverts 

during periods of low tide.  Thus, the volume of water inflowing at the two-way gate is 

much lower than the volume of water flowing into Pond A3W at the inlet, and has a 

much smaller affect on the concentration and mass of nutrients in the pond. 

 

 Inlet Two-Way Gate: 

Discharge 

Two-Way Gate: 

Inflow 

Net Flux 

July 7: N 9.5 +/- 0.2 -5.9 +/- 0.1 0.54 +/- 0.05 4.2 +/- 0.2 

July 7: P 86 +/- 1 -4.2 +/- 0.2 0.7 +/- 0.1 82 +/- 2 

July 14: N 3.19 +/- 0.07 -4.1 +/- 0.1 0.8 +/- 0.06 -0.1 +/- 0.3 

July 14: P 59.3 +/- 0.8 -1.57 +/- 0.05 1.4 +/- 0.2 59.2 +/- 0.5 

 

Table 1.  Table showing mass (in kilograms) of nitrogen (as ammonia) and phosphorus 

(as orthophosphate) entering or discharging from Pond A3W during each direction of 

water flow, and the daily total flux of nutrients. 

 



 

 35 

 

Figure 19. July 7 flux rate of nitrogen and phosphorus at the two-way gate.  Periods of 

low tide, during which Pond A3W discharged water, are indicated by the black 

rectangles. 
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Figure 20. July 14 flux rate of nitrogen and phosphorus at the two-way gate.  Periods of 

low tide, during which Pond A3W discharged water, are indicated by the black 

rectangles. 
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Net Fluxes 

 On July 7, there was a positive flux of 4.2 +/- 0.2 kg of nitrogen as ammonia into 

the pond during the 24-hour sampling period.  The majority of this mass of nitrogen 

entered Pond A3W at the inlet (Table 1).  Despite this positive flux, the concentration of 

nitrogen in discharging water at the two-way gate was statistically the same as 

concentrations in inflowing water at the inlet.  This indicates consumption, storage, or 

transformation of nitrogen in Pond A3W.  There was a positive flux of 82 +/- 2 kg of 

phosphorus as orthophosphate into Pond A3W during the sampling period on July 7.  

During this sampling period, the average concentration of phosphorus flowing into the 

pond at the inlet was statistically different from the average concentration of phosphorus 

in water discharging from the pond at the two-way gate (p < 0.05).  Because the 

discharging water is taken to represent the qualities of Pond A3W after mixing and 

turnover time, the lower concentration of phosphorus in the discharging water and the 

total positive flux of phosphorus into the pond indicate that phosphorus was consumed or 

otherwise made unavailable in the pond. 

 

 On July 14, the dissolved nitrogen flux out of Pond A3W was negligible (0.1 +/- 

0.3 kg) during the 24-hour sampling period.  The high standard deviation value relative to 

the mean indicates that the net flux of nitrogen could not be resolved by the methods 

used, as addition of nitrogen was not statistically different from the removal of nitrogen.  

Concentrations of nitrogen in inflowing water at the inlet again showed no statistical 

differences from water discharging from the pond at the two-way gate (p = 0.28).  Pond 

A3W experienced a positive flux of 59 +/- 0.5 kg of phosphorus as orthophosphate into 
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the pond.  During this period, the concentration of phosphorus in inflowing water at the 

inlet was statistically lower from the concentration of phosphorus in discharging water at 

the two-way gate.  Though a large mass of phosphorus was added to Pond A3W, the 

concentration of phosphorus in discharging water was much lower than in inflowing 

water.  This indicates that phosphorus is consumed or otherwise stored in Pond A3W. 

 

Water Volume Discrepancies  

Based on volume calculations, on July 7, 120 +/- 4 million L entered the pond, 

and 50 +/- 3 million +/- L discharged from the pond (Table 2).  These calculations show 

an addition of 70 +/- 8 million L for the July 7 sampling period.  On July 14, 106 +/- 4 

million L flowed into the pond, and 50 +/- 4 million L discharged from the pond.  These 

calculations show an addition of 56 +/- 8 million L for July 14.   

The volume of Pond A3W, however, appears to remain at a constant volume.  The 

net influx of 70,000,000 L into the pond is spread out over 2.3 km
2
, which translates into 

a 3 cm rise in water level over the course of the day.  This small change would be 

difficult to perceive.  Furthermore, the discrepancies of volume changes could be a result 

of evaporation and/or the presence of other openings in Pond A3W’s levees.  In addition 

to the two sampling sites, there are three other possible places of water exchange with 

other ponds (see Figure 1).  Two of these sites were noticed during the final day of 

fieldwork, and the third was identified on an aerial photo of the area.  Pond A3W is 

currently managed using only the sites at which sampling occurred, and thus this study 

considers only these two sites.  
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 Inlet Two-Way Gate: 

Discharge 

Two-Way Gate: 

Inflow 

Net Flux 

July 7 

 

117 +/- 0.7 50 +/- 3 3.2 +/- 0.2 70 +/- 8 

July14 

 

102 +/- 3 50 +/- 4 4 +/- 0.2 56 +/- 8 

 

Table 2.  Table showing total volume of water (in millions of liters) exchanged at each 

site, and the total net flux. 

 

Conclusions 

 Results presented herein indicate that water at the inlet site enters Pond A3W 

from Pond AB2; due to this connection, the inlet site is buffered from tidal influences, 

and the inlet experiences a consistent flow of water into the pond, with little variation in 

the velocity and volume of water.  Additionally, the concentrations of nitrogen and 

phosphorus in the inflowing water remain constant within each 24-hour sampling period.  

The concentrations of nitrogen and phosphorus at the inlet were statistically different 

between the July 7 and July 14 sampling periods, indicating that these concentrations 

likely vary on a weekly or monthly, rather than daily, scale.   

 At the two-way gate site, the direction of flow is tidally dependent.  During high 

tides, water flows into the pond from the adjacent slough, and during low tides, water 

discharges out of the pond.  Water discharging out of the pond represents the water 

qualities of the mixed pond, whereas water flowing into the pond represents the qualities 

of the slough’s water.  For both sampling periods, the concentration of nitrogen and 

phosphorus in the slough water is higher than concentrations of the nutrients discharging 

from the pond at the two-way gate.  Despite this high concentration, the low volume of 
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inflow at the two-way gate site severely limits the quantity of water and nutrients that 

enters the pond at the two-way gate.   

 The total mass of nutrients leaving Pond A3W at the two-way gate site is 

dependent more on the volume of discharging flow, than the differences in concentration 

of nutrients in each water source.  Due to the current management policy, the discharge 

structure is regulated such that the pond discharges high volumes of water through three 

pipes during periods of low tides.  During flood tides, however, the structure allows for 

inflow into the pond through only one pipe.  Despite relatively low concentrations of 

nutrients in water discharging from Pond A3W, the flux rate of nutrients out of the pond 

is high due to elevated water discharge at the two-way gate.  Therefore, large quantities 

of nutrients are discharged as a result of fluctuating water discharge, more so than source-

concentration differences.   

 Pond A3W was a net sink for phosphorus on both sampling periods.  Nitrogen 

was consumed during the sampling period on July 7, and experienced approximately no 

net change during the sampling period on July 14. 

 

 This information about the flux and concentrations of nitrogen and phosphorus in 

Pond A3W provide initial descriptions of nutrient balances in the pond.  The description 

of these fluxes may complement further studies of the benthic nutrient flux within Pond 

A3W.  Fully understanding the fluxes of nutrients within Pond A3W and the salt pond 

complex may assist in better management and restoration decisions. 

 To further the study presented here, sampling the three additional openings in the 

levees surrounding Pond A3W could augment increased understanding of this system.  
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Though the inlet and two-way gate appear to be the primary sources of water exchange, 

completing the same procedures detailed here at these three levee breaches would provide 

more complete information about the nutrient fluxes of this pond.  Additionally, study of 

the volume of water moving at these openings could provide information about the 

discrepancy between the volume of water entering and leaving Pond A3W. 
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