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ABSTRACT OF THE THESIS 

 

Basic Tide: Temporal changes in carbon export from a Southern California Lagoon 

 

by 

 

May-Linn Paulsen 

 

Master of Science in Chemistry 

 

University of California, San Diego, 2015 

Andreas Andersson, Chair 

Robert Pomeroy, Co-Chair 

 

 

The pH of the world’s surface oceans is decreasing from increased uptake of 

anthropogenic CO2. In addition to increasing anthropogenic CO2, the coastal ocean 

pH and carbon balance is affected by many other processes affecting input, uptake 

and release of carbon in this region. The lateral flux of estuarine carbon to the 

coastal ocean has recently been recognized as a significant contributor to coastal 

carbon fluxes, making it important to understand how these fluxes affect this 



 

 

xi 

 

environment in the context of ocean acidification (OA).  In the present study, I 

measured the flux of dissolved inorganic carbon (DIC) and total organic carbon 

(TOC) from a small saltmarsh in Southern California, the San Dieguito Lagoon 

(SDL), to the adjacent coastal ocean over diel and seasonal timescales. The 

combined net flux of DIC and TOC (FDIC+TOC) to the ocean ranged from 3.0x10
3
 to 

42.1x10
3
mol C h

-1
 over the course of this study. On an annual timescale the net, 

export of DIC and TOC totaled 0.060x10
9
 mol C yr

-1
. A rain and flooding event 

(36 mm rain in three days) significantly increased FDIC+TOC (40x10
3
to 90x10

3
mol C 

h
-1

), resulting in nearly a doubling of the annual flux. The findings highlight the 

importance of assessing coastal carbon fluxes on different timescales and under 

varying environmental conditions. Elevated levels of total alkalinity (TA) and pH 

were observed at the mouth of the estuary relative to the coastal ocean, suggesting 

that the SDL potentially could partly buffer against local acidification of coastal 

surface waters in this area. 
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1 INTRODUCTION 

The coastal ocean has recently received increased attention as an important 

component of the global carbon cycle (Andersson et al. 2005; Mackenzie et al. 

2005; Bauer et al. 2013). Consequently, increasing efforts have been dedicated to 

better understanding the carbon fluxes and controlling factors of these fluxes within 

different coastal environments (Regnier et al. 2013; Bauer et al. 2013). In 

particular, the magnitude flux of carbon to the atmosphere and export to the open 

ocean has been highlighted in several studies (Andersson and Mackenzie 2004; 

Borges et al. 2005; Cai et al. 2005; Regnier et al. 2013). However, current 

estimates of these fluxes are incomplete and associated with large uncertainties 

because of a scarcity of temporal and spatial observations, but also because of large 

variability in physical and biogeochemical properties in near-shore environments 

(Bauer et al. 2013). In addition, the coastal environment has been 

disproportionately affected by human activities including land-use changes such as 

agriculture, urban development, removal of wetlands, and damming of rivers. 

Resulting changes in the carbon cycle of this environment are expected to persist 

into the foreseeable future (Bauer et al. 2013). 

Marine estuaries are important subsystems of the coastal environments as they 

function as physio-biological filters between terrestrial runoffs and the coastal 

ocean (deJonge et al. 2002; Caffrey et al. 2007; Delgadillo-Hinjosa et al. 2008; 

Duarte et al. 2013). Marine plants and filter feeders residing in estuaries take up 

pollutants including heavy metals, nutrients and particulate matter, which enhances 

the water quality and decreases turbidity (Officer et al. 1982). Estuaries also serve 

as important habitats for both terrestrial and marine animals and plants, including 
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migratory birds, fish, shellfish, seagrass, and mangroves (Boesch and Turner 1984; 

Denny 1994). Many commercially important species, such as salmon and oysters, 

are dependent on estuaries and spend time in estuaries at some point in their life 

cycle (Lellis-Dibble et al. 2008). 

The biogeochemical properties of estuaries vary based on a number of factors 

including size, tidal range, freshwater input from rivers and runoffs, catchment 

area, geomorphology, vegetation, community composition, material input and 

erosion. Physical properties of soil and sediments have also shown to be dynamic 

in estuaries – porosity, grain size, and mineralogy have been the subject of previous 

studies (Cifuentes et al. 1990; Moore 1999; Caffrey et al. 2007; Robinson et al. 

2007; Yankovsky et al. 2012). Freshwater inputs, tidal forcing, and mixing between 

different end-members strongly control the physical-chemical interactions between 

particles, elements, ions, and molecules, including adsorption and desorption 

reactions, dissolution, and precipitation of minerals, as well as redox reactions 

occurring in the sediment pore-waters (Balls 1994; Mackenzie and Kump 1995; 

Middelburg and Herman 2007). While the influence of tides is highly predictable, 

freshwater inputs from rivers, precipitation and runoffs are less so due to their 

dependence on weather events such as droughts and storms (Cloern and Nichols 

1985).  

In general, marine estuaries have high rates of metabolism in both the water 

column and sediment pore-water due to large inputs of nutrients and organic matter 

from adjacent terrestrial ecosystems (Gattuso et al. 2013). Because of the large 

deposition and subsequent microbial decomposition of organic matter, many 

estuaries are net heterotrophic, i.e. they produce more CO2 than is fixed by primary 
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production (Smith and Hollibaugh 1993; Portnoy and Giblin 1997; Rengarajan and 

Sarma 2015). For the same reason, sediment pore-waters commonly become 

anoxic (including, in some cases, even the water column in areas of restricted 

circulation) and anaerobic metabolic pathways exert strong influences on the 

chemical properties of estuaries. The major anaerobic pathways includes sulfate-, 

iron-, and nitrate reduction, which produce CO2 and increase seawater total 

alkalinity (Thomas et al. 2008; Dong et al. 2011). Because of the extensive 

decomposition of organic matter in estuaries, it has been proposed that 

heterotrophic estuaries cause “outwelling” during outgoing tides, meaning that they 

export waters enriched in dissolved inorganic carbon (DIC = CO2 + HCO3
-
 + CO3

2-

), nutrients, and low pH and oxygen concentrations to the adjacent coastal ocean 

(Odum et al. 1995; Winter et al. 1996; de Bettencourt et al. 2007; Tzortziou et al. 

2011; Duarte et al. 2014). This outwelling process may be an important and 

significant part of the marine carbon cycle on a global scale, but both local and 

global estimates are currently associated with large uncertainties (Bauer et al. 2013; 

Regnier et al. 2013).  

Several studies have attempted to address air-sea CO2 gas exchange and water-

column carbon export from marine estuaries, but large variations in both time and 

space make it challenging to come up with precise estimates. For example, the 

surface seawater fCO2 can change by several hundred μatm at short distances of 

tens to hundreds of meters and on timescales of less than one hour owing to the 

strong influence by tides and ecosystem metabolism (Zablocki et al. 2011; Wallace 

et al. 2014). The majority of studies to date have focused on air-sea gas exchange, 

while fewer studies have focused on export of organic carbon and/or export of DIC 
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to the coastal ocean (see Table 1). Estimates of air-sea CO2 exchange range from 

58 mol C m
-2

 yr
-1

 (net sink for CO2) in some pristine estuaries (Zemmelink et al. 

2009) to -829 mol C m
-2

 yr
-1

 (net source) for estuaries in areas strongly influenced 

by human activities (Borges et al. 2004). Similarly, current estimates of DIC and 

organic carbon export suggest that most marine estuaries act as a net source of 

carbon to the adjacent coastal ocean, although to varying degree, ranging from 2.5 

to 361 mol C m
-2

 yr
-1

 (Cai et al. 2003; Ortega et al. 2005), and 0.92 to 27 mol C m
-2

 

yr
-1

, respectively (Aitkenhead-Peterson et al. 2005; Lavoie et al. 2009). Synthesis, 

modeling and upscaling of regional gas exchange estimates suggests that marine 

estuaries act as a source to the atmosphere, ranging from 12x10
12

 to 42x10
12

 mol C 

yr
-1

 at the global scale (Laruelle et al. 2010; Bauer 2013). This estimate is 

comparable to the estimated uptake of CO2 from the atmosphere occurring on the 

world’s continental shelves, about 21x10
12

 mol C yr
-1

 (Cai 2010; Bauer 2013), but 

it is important to recognize that it is based on observations from a relatively small 

percentage of the world’s estuaries, which may or may not accurately represent the 

global average. Current estimates of global export of DIC and organic carbon from 

estuaries to the adjacent coastal ocean exceed the estimated flux to the atmosphere 

and equal 8x10
12

 to 42x10
12

 mol C yr
-1

 (Bauer et al. 2013; Regnier et al. 2013). The 

current oceanic uptake of anthropogenic CO2 (±1std) is on the order of 

242(±42)x10
12

 mol C yr
-1

 (Le Quere et al. 2015).  

Because human activities have greatly altered coastal wetlands and estuaries 

since the onset of the industrial revolution, contemporary fluxes of carbon have 

significantly changed relative to preindustrial fluxes (Andersson et al. 2005; 

Regnier et al. 2013). Furthermore, these fluxes are expected to continue to change 
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as human influence on the environment continues unabated. For example, water 

pathways are disturbed by land-use changes, agriculture, dams, and increased 

urbanization, and it has been estimated that several hundred acres of wetlands are 

lost annually in the US alone (Dahl 2011; Bauer et al. 2013; Regnier et al. 2013; 

Faber et al. 2014). Concurrent increases in erosion rates caused by soil disturbances 

cause changes in the magnitude and temporal pattern of particle delivery to 

estuaries. This includes the effect of storm events, which could result in transport 

of exceptionally large sediment loads to estuaries over short periods of time 

(Bianchi et al. 2013). This is especially important in dry and arid areas and could 

lead to closure of estuary inlets, resulting in a reduction in water mixing and could 

cause hypoxia and mortality of benthic and intertidal species (Elwany et al. 1996; 

Howarth et al. 2011). Aside from the direct physical alterations caused by human 

activities, land-use changes have increased the anthropogenic signature of runoffs 

reaching marine estuaries and wetlands (Duarte et al. 2013; Santos et al. 2014; 

Santos et al. 2015). Agricultural runoffs and wastewater are generally high in 

dissolved nutrients, organic matter, and in some instances even lime, which affect 

biogeochemical processes and ecosystem dynamics within estuaries (Page et al. 

1995; Caffrey et al. 2007).  

In addition to direct influences on estuaries, physical and chemical changes 

associated with climate change, which affects precipitation, sea level rise, warming 

of sea surface temperatures, and ocean acidification (OA) will increasingly 

influence marine estuaries and coastal ecosystems. The timing and magnitude of 

precipitation exert major controls on biogeochemical cycling of carbon and 

nutrients in estuaries and consequently ecosystem dynamics (Raymond and Oh 
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2007; Bianchi et al. 2013). Altered storm patterns will cause a change in the timing 

of terrestrial input to marine estuaries, and might also affect the magnitude of the 

lateral transport of material from the land to the ocean (Bauer et al. 2013). Sea level 

rise will affect the tidal prism and the extent of estuaries being inundated, 

ultimately leading to a decrease in global wetland area (Cayan et al. 2008; Rogers 

et al. 2014). Rising temperatures will affect metabolic rates leading to increased 

rates of carbon turnover and potentially less carbon storage (Canuel et al. 2012) 

while oceanic uptake of anthropogenic CO2 will lead to higher seawater DIC and 

lower seawater pH and saturation state with respect to calcium carbonate minerals 

(Ω= [Ca
2+

][CO3
2-

]/KSP
*
, where KSP

*
 is the stoichiometric solubility constant at a 

given salinity, temperature and pressure).  

Almost a third of the anthropogenic CO2 released to the atmosphere over the 

last several decades have been absorbed by the ocean, leading to OA which have 

been well documented in the open ocean (Caldeira and Wicket 2003; Le Quere et 

al. 2003; Sabine et al. 2004; Orr et al. 2005; Doney et al. 2009; Bates et al. 2014). 

OA and the associated changes in seawater CO2, pH and Ω have raised concerns on 

how marine organisms will be affected by these alterations (Orr et al. 2005; Doney 

et al. 2009). Many organisms identified as potentially vulnerable to OA, including 

oysters, mussels, scallops, sea urchins, coralline algae and bryozoans, live in the 

near-shore environment and are integral parts of the coastal ecosystems and food 

chains. Any negative effects on the success of these organisms could have far-

reaching ecological and socio-economic consequences (Denny 1994; Cooley 2012; 

Ekstrom et al. 2015). At present time, how estuaries will be affected by OA, as a 

result from rising atmospheric CO2, is relatively poorly understood because of the 
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many processes that exert a much stronger influence on the estuarine acid-base 

balance (Duarte et al. 2013). Extensive decomposition of organic matter, acidified 

industrial runoff, and long residence times of estuarine waters can drive CO2 and 

pH to extreme values (pCO2= 500-9425 ppm, Borges 2005; Feely et al. 2010; 

Duarte et al. 2013; Bauer et al. 2013). The observed pH of estuarine waters is 

generally lower than that of the open ocean, although highly variable, ranging from 

as low as 5.5 to as high as 9.3 (Cai and Wang 1998; Howland et al. 2000; Feely et 

al. 2010; Baumann et al. 2015). Consequently, estuarine export of acidic waters to 

the near-shore coastal environment could potentially exacerbate OA in this 

environment, with potential added negative consequences to coastal organisms and 

ecosystems sensitive to OA (deJonge 2002; Duarte et al. 2013; Borges and Gypens 

2010).  

Given the many important functional roles of marine estuaries and the 

disproportional influence by humans on these systems, it is crucial to establish a 

good understanding of the various mechanisms and properties that control estuarine 

carbon cycling and biogeochemical properties. In particular, there is currently a big 

gap of observations from different estuaries of dissolved inorganic and organic 

carbon properties, and how these parameters change over time and space. Data 

from a range of different estuaries are critical to better understand the role of 

estuaries in the global carbon cycle, but also to understand how these systems 

might exacerbate or alleviate OA in adjacent near-shore coastal environments.  

The main objective of this study was to investigate the temporal and spatial 

variability in biogeochemical parameters, including DIC, TOC and dissolved 

inorganic nutrients, in a Southern California saltmarsh estuary, the San Dieguito 
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Lagoon (SDL) located north of San Diego. I also attempted to estimate the lateral 

carbon export between the SDL and the adjacent coastal ocean during outgoing 

tides. Coincidentally, the field measurements occurred before, during, and after a 

major storm event, and thus, also provided insights to the role of storm events on 

biogeochemical properties and processes in a saltmarsh estuary.  
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2 METHODS 

2.1 Site description 

The San Dieguito Lagoon (SDL) is a southern California estuary located north 

of the City of Del Mar (Fig. 1). It is relatively shallow (< 2 m) (Elwany 2011a,b) 

and is dominated by salt marshes and intertidal flats, covering an area of 

approximately 1.4 km
2
 (Beller et al. 2014). The SDL has a watershed area of about 

900 km
2
 (Elwany et al. 1996), which makes it the largest wetland in the San Diego 

County. San Dieguito River (SDR), originating in Lake Hodges (LH) is the main 

tributary to the lagoon (Fig. 1). The lagoon is strongly influenced by incoming and 

outgoing tides. It has a meandering tidal creek that reaches 4 km inland. Past this 

point the main source of water is the SDR and run-off from surrounding residential 

and industrial areas. The tidal range along the Southern California coast ranges 

from a mean lower-low water of -1.33 m, to a mean higher-high water of 2.96 m 

(NOAA, n.d.).    

The local climate resembles a Mediterranean climate most of the year. The 

lagoon is receiving the majority of fresh water input during winter, when storms 

are most prevalent (SCE 2005). Mean annual rainfall for areas directly adjacent to 

the lagoon ranges from 100–400 mm yr
-1

, whereas the entire watershed experiences 

a mean annual precipitation of up to 800 mm yr
-1

 (Flint et al. 2012; Elwany 2011). 

It is estimated that 66x10
6
 to 83x10

6
 m

3
 freshwater reaches the ocean through SDL 

annually, although it is believed this have decreased recently because of a 

persistent drought since 2011. The majority of this water comes from the San 

Dieguito River, while the remainder is from run-off and other sub-surface sources. 

In the event of a flood, the water flow can reach up to 10–100 m
3
 s

-1
 lasting for 4–6 
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hours (Elwany 2011). Bigger, less frequent floods are estimated to reach a 

maximum water discharge of more than 2000 m
3
 s

-1
 (Mudie et al. 1976; SCE 

2005).  

Historically the location of the SDL was a large ocean embayment, which later 

partly filled up with river-borne silt and marine sand (Mudie et al. 1976). The 

estuary is located on top of the Del Mar formation, which consists of sedimentary 

deposits from the Eocene made up of sandy clay stone and coarse-grained 

sandstone (Young et al. 2011). An abundance of carbonate minerals from oysters, 

corals and worm tubes, and traces of foraminifera, have been found in older 

sediments, showing that the lagoon previously had more of an oceanic character. 

Land surrounding SDL has been changed drastically in the last 100 years, due to 

expansion and development of surrounding residential areas, construction of the 

Del Mar Fairgrounds and racetrack, and the Interstate-5 (Mudie et al. 1976; Marcus 

and Kondolf 1989). A consequence of these land-use changes has been an 

alteration of the hydrodynamics of the lagoon and an increase of erosion rates. This 

has caused frequent closures of the mouth of the creek due to an addition and 

buildup of sediments (Fig. 1). During these closures the lagoon has experienced 

severe hypoxia, algal blooms, and extreme salinity conditions (SCE 2005), which 

can lead to death of fish and benthic communities. SDL is now being periodically 

dredged and monitored by the Southern California Edison (SCE) in collaboration 

with Coast Keepers and SDL River Park rangers (Coastal Environments 2004). As 

an ecosystem, SDL is of prime importance because it is a habitat for several 

endangered species such as the Light-footed Clapper Rail (Rallus longirostris 

levipes) and California Least Tern (Sterna antillarum browni) (Kwak and Zedler 
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1997; Kent and Mast 2005). It also serves as a breeding ground for fish species like 

topsmelt (Atherinops affinis) and gobies (Gobiidae) (SCE 2005). Pickleweed and 

pacific cordgrass comprises much of the sub- to intertidal vegetation.  

2.2 Sample collection  

2.2.1 Temporal sampling 

Carbon export from the SDL was assessed by collecting seawater samples for 

DIC and TOC samples at the mouth of the estuary (Fig. 1) periodically between 

April 2014 and January 2015 during outgoing tides. Seawater temperature (T), 

salinity (S), dissolved oxygen (DO), dissolved inorganic nutrients and TA were 

also measured or sampled. Sampling was initiated at the peak of high tide (HT) to 

the bottom of the low tide (LT) or when water flow reversed. In total, eight 

sampling events were conducted during daytime, three during nighttime, and five 

following a rainstorm event that occurred in December of 2014. During each 

sampling event, water samples were collected every hour using a Niskin bottle at a 

depth of 0.5 to 1 meters. On a few occasions samples were only collected at the 

beginning and the end of outgoing tide, and for most sampling events, a seawater 

sample was collected from the ocean-side of the beach either before HT or after LT 

as a reference (Fig. 1). At this site only S, T, DO, DIC and TA were sampled.  

Samples for DIC and TA were collected according to standard protocols 

(Dickson et al. 2007). Samples were collected in 250 mL Pyrex narrow-neck 

borosilicate glass bottles and poisoned with 100 µL saturated solution of HgCl2. 

For sampling events directly following rainfall, samples for DIC and TA were 

poisoned with 200 µL HgCl2.T (±0.3 °C), S (±1.0 %) and DO (±2 %) were 
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measured at the same time using a YSI Pro2030 Multimeter. Salinity was 

calibrated based on seawater Certified Reference Material (CRM, A. Dickson, 

SIO), and oxygen was calibrated in air at 100 % humidity and 100 % oxygen 

saturation. Dissolved inorganic nutrients (NO2
-
, NO3

-
, NH4

+
, SiO4

-
 and PO4

3-
) and 

TOC samples were collected at the start, middle and end of each sampling event. 

The nutrient samples were filtrated using a 60 mL syringe connected to a 0.45 µm 

polycarbonate filter, and collected in 30 mL centrifuge HDPE tubes. The tubes 

were rinsed three times with sample prior to filling, and frozen at -18°C within 6 

hours of collection. All equipment was acid-washed in 5 % HCl (Fisher Chemicals, 

A.C.S. grade) prior to sampling. Samples for TOC were collected into 40 mL 

combusted glass vials using acid-leached silicon tubing. Vials were rinsed three 

times with the sample before filling. The sample was acidified with two drops 

trace-metal grade HCl (35–38 %) from a Teflon dropper, and capped with a 

Teflon/silicone-lined acid-leached cap. 

Tidal prism measurements were made by Stephen Schroeder and Mark Page 

approximately once a month, at spring tide, in 2014 to 2015. They collected total 

flux (Q) of water every 15 minutes from LT to HT across a transect of the lagoon 

just west of the Jimmy Durante railway bridge (Fig 1). Measurements were 

recorded with a SonTek Acoustic Doppler Current Profiler (ADCP).  

2.2.2 Spatial sampling 

Spatial surveys of the SDL were conducted a total of four times in 

September, November, December and January. Two of these surveys were 

performed before and two were after the December 2014 rain event. A kayak was 

used to measure environmental parameters and collect water samples at ten 
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different sites in the SDL estuary (Fig. 1). At each site, water samples were 

collected for DIC, TA and dissolved inorganic nutrients. S, T and DO were 

measured using the YSI Multimeter.  

2.3 Sample analysis  

Bottle samples for DIC and TA were analyzed for DIC using a Marianda Li-

COR Airica. The Airica measurements were made relative to certified reference 

material (CRM) for aquatic CO2 measurements from the laboratory of Dr. Andrew 

Dickson at SIO. Each DIC (±0.1 %) measurement was replicated three times, using 

a volume each time of 2 mL. Samples were subsequently titrated for TA (±0.1 %) 

using an open-cell titration as described by Dickson et al. (2003), using a sample 

size of 90–125 g. The sample was titrated using coulometrically standardized 0.01 

M HCl in 0.7 M NaCl (Dr. Andrew Dickson, SIO). The system was periodically 

checked for accuracy by titration of a CRM sample. Samples collected after August 

2014 were filtrated prior to TA analysis using a Global Water peristaltic single-

speed pump, through a 0.45 µm polycarbonate filter.  

Nutrient samples were analyzed at room temperature by the Oceanographic 

Data Facility at SIO using a Seal Analytical continuous-flow AutoAnalyzer 

(http://odf.ucsd.edu/). NO2
-
 (±0.05 μM),

 
NO3

-
 (±0.05 μM), and SiO4

-
 (±2–4 μM) 

were analyzed according to Armstrong et al. (1967), while PO4
3-

 (±0.004 μM) was 

analyzed following a modified protocol of that of Bernhardt and Wilhelms (1967), 

all analyzed spectrophotometrically. NH4
+
 (±0.03 μM) was measured by 

fluorometric methods according to Kerouel and Aminot (1997). TOC samples were 

analyzed in the Aluwihare lab at SIO (http://aluwiharelab.ucsd.edu/), by 
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combusting an unfiltered sample and measuring CO2 gas concentration using a 

non-dispersive infrared detector (±2.00 %; Sharp et al., 1993).   

2.4 Data processing and calculations 

2.4.1 Inorganic carbon parameters  

Parameters of the aquatic CO2 system (CO2, HCO3
-
, CO3

2-
, pH-total, fCO2 and 

ΩA) were calculated using CO2SYS (Lewis and Wallace 1998) adopting CO2 

constants by Millero (2010), KHSO4 by Dickson (1990), pH was defined on the total 

scale and total boron by Uppstrom (1974).  

2.4.2 Physical aspects  

Records of air temperature and precipitation were collected from NOAA’s 

National Climatic Data Center (NCDC, Menne et al. 2012) and were averaged over 

five stations situated near Lake Hodges and SDL (Escondido, Poway, Ramona, 

Rancho Bernardo and Encinitas). Water levels were collected from NOAA’s 

‘Observed Water Levels’ in La Jolla, CA (NOAA, n.d.), relative to mean low low 

tide (MLLW). 

An estimate of the outgoing water flux was calculated based on tidal prism and 

water level in the SDL (Stephen Schroeter, Mark Page, and Hany Elwany, 

unpublished data). Water levels were correlated to total lagoon water volume (±5 

%) and tidal prisms were calculated by subtracting VLT from VHT (Hany Elwany, 

unpublished data).  Measurements of water flux from LT to HT of incoming tides 

lasting for six hours (Stephen Schroeter and Mark Page, unpublished data) were 

used to plot water flux over time (Fig. S1). The area under the curve was integrated 

over the six hours using midpoint integration. Each of these six resulting water 
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volumes was divided by the sum of the six water volumes, which yielded the 

relative flux of water for each hour during the LT to HT cycle (Arel, ∑Arel = 1). It 

was assumed that the profile of the outgoing water flux was identical to the water 

flux profile of the incoming water, and that the HT to LT cycles lasted either five, 

six, or seven hours (based on NOAA Tide predctions).   

It follows that the net flux (Q) of one parameter sampled from HT to LT 

(outgoing tide lasting n hours) was calculated by the following equation: 

𝑄(𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟) = 𝑄𝑤𝑎𝑡𝑒𝑟/𝑛 ∙ ∑ [𝑐𝑖 − 𝑐𝑆𝑊] ∙ 𝐴𝑟𝑒𝑙,𝑖
𝑖=𝑛
𝑖=0     (1) 

, i being the hour of sample collection (i = 0 at HT and n = 5, 6 or 7 at LT) 

and c the concentration of the biogeochemical parameter in question. Water column 

flux of DIC and TOC was calculated using Eq. 1. DICSW was based on the average 

value measured for seawater samples (DICSW = 2000 µmol kg
-1

), and TOCSW was 

set to 44 µmol kg
-1

 (Magali Porrachia, pers. comm.). For sampling events when 

samples were only collected at HT and LT I interpolated linearly between the two 

sampling points. 
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3 RESULTS  

3.1 Weather 

During the study period, air temperature (TAir) increased steadily from a 

monthly average in January 2014 of 19±3 °C to September (28±3 °C), followed by 

a decrease until December (15±4°C; Fig. 2). Two heat-waves were observed in late 

April (TAir,max = 30 °C) and for most of September (TAir,max = 34 °C). From Jan 31 

to Apr 28 of 2014 there were several rain events totaling 100 mm precipitation in 

the area surrounding SDL and Lake Hodges. A few minor rain events occurred in 

late July to early August (total precipitation = 5.2 mm), while a higher frequency of 

rain events and storms were observed from November to January 2015 (total 

precipitation = 138 mm). The storm event on December 1–3 yielded a total rainfall 

of 36 mm over 72 hours.  

3.2 Temporal data 

3.2.1 Pre-storm conditions 

In general, most of the measured parameters increased with the outgoing 

tide, including surface water T, S, TA, TOC, PO4
3-

, SiO4
-
, NO2

-
 and NH4

+
. DIC, 

DO and fCO2 decreased during the day and increased during the night. The 

observed increase appeared mostly influenced by the time of day (larger increases 

were observed at night compared to day) rather than the observed change in water 

level relative to MLLW (0.7–1.9 m in April, 1.0±0.2 m from August –October).  

Small increases in surface water S were observed with the outgoing tide 

(HT to LT) between August and October, while a decrease was observed in 

April/May (Fig. 3). The average S was 33.3±0.5 with the highest value recorded in 
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September (34.0). Similar to S, surface water T generally increased with the 

outgoing tide by 0.6–4.8 °C (Fig. 4) with average T ranging from 15.6–26.0 °C. 

The highest T was observed during the daytime in September. DO always 

increased during the transition from HT to LT during the day and decreased during 

the night with average (±1σ) values of 231±55 µmol kg
-1

 and 194±21 µmol kg
-1

, 

respectively (Fig. 5). All measured carbon parameters (DIC, TA, and TOC) 

generally increased during outgoing tides (Fig. 6, 7, 8). The observed increase 

between HT and LT was in general greater at night compared to the day for DIC 

and TA with DIC increasing the most. On average (±1std), DIC increased from 

2014±20 µmol kg
-1

 at HT to 2106±120 µmol kg
-1

 at LT whereas TA increased 

from 2240±10 µmol kg
-1

 at HT to 2384±94 µmol kg
-1

 at LT. Greater changes in 

DIC between HT and LT were observed in late spring and late fall compared to 

August and September. On average, TOC increased with the outgoing tide from 

89±17 µmol kg
-1

 at HT to 110±25 µmol kg
-1

 at LT. Calculated carbon parameters, 

including pH (Fig. 9) and ΩA (Fig. 10), exhibited similar trends for all samplings 

events. In general, they both increased with the outgoing tide during daytime (pHHT 

8.01±0.03 to pHLT 8.09±0.08; ΩA,HT 2.58±0.20 to ΩA,LT 3.56±0.65) and decreased 

at nighttime (pHHT 8.01±0.03 to pHLT 7.95±0.08; ΩA,HT 2.52±0.22 to ΩA,LT to 

2.52±0.34). The observed change between HT and LT was greatest in April 

through September. The highest recorded values were observed on Aug 27
th

, with a 

pHLT of 8.23 and ΩA,LT of 4.79. Surface seawater fCO2 changed similarly to DIC, 

decreasing at daytime (440±21 at HT to 375±73 µatm at LT, Fig. 11) and 

increasing at nighttime (434±33 at HT to 567±80 µatm at LT). Dissolved inorganic 

nutrient concentrations were in general low with nitrogen and PO4
3-

 concentrations 
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< 1 µmol kg
-1

 and SiO4
-
 concentration < 5 µmol kg

-1
. NO2

-
 and NO3

-
 (Fig. 12) 

concentrations did not change much (0.04±0.03, 0.05±0.02 µmol kg
-1

) during 

outgoing tides and were relatively constant throughout August and October. NO3
-
 

almost always increased with the outgoing tide (Δ = 0.03±0.03 µmol kg
-1

), 

although a big decrease was observed in April/May. Opposed to NO2
-
 and NO3

-
, 

NH4
+
 concentration consistently increased with the outgoing tide and was in 

general greater at night (Fig. 12). Similarly, PO4
3-

 and SiO4
-
 always increased with 

the outgoing waters (Δ = 0.31±0.11 and 6.2±3.1 µmol kg
-1

; Fig 13, 14) with the 

smallest change observed in late August and early September, and the maximum in 

April. 

3.2.2 Storm conditions   

Following the storm event in early December all measured carbon 

parameters and dissolved inorganic nutrients increased more during the outgoing 

tides than during pre-storm conditions. Based on the values measured during the 

day the nutrients reached peak values on different days, starting on Dec 3, while 

DIC and TOC peaked on Dec 6. pH and ΩA both reached a minimum on Dec 3, 

while fCO2 reached a maximum on Dec 5. The tidal range was significantly greater 

during the day (2.3±0.1 m) than during the night (0.7 m).  

Surface water S decreased significantly with the outgoing tide, compared to 

pre-storm conditions (Fig. 3), ranging from 26.8 to 33.7 and averaging 31.3±2.0. 

Similar to S, water T decreased with the outgoing waters, ranging from 17–19.8 °C 

(Fig. 4). Both S and T reached a minimum, on LT, at nighttime. DO showed 

similar trends as before the storm, increasing during the day and decreasing at night 
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(Fig. 5). Changes from HT (242±13 µmol kg
-1

) to LT (244±40 µmol kg
-1

) were 

significantly smaller than for previous months. This difference in DO from HT to 

LT increased until day three after the rain stopped, while the difference was smaller 

on day four.  Changes from HT to LT in measured carbon parameters increased for 

all sampling events, and the change was greater than under pre-storm conditions. 

DICHT was slightly elevated compared to summer and fall (2027±14 µmol kg
-1

; 

Fig. 6), while TAHT was similar to previous months (Fig. 7). Both DIC and TA 

peaked during the night between Dec 5 and 6 (DICLT = 2765 µmol kg
-1

, TALT = 

2881 µmol kg
-1

). As for DICLT and TALT, TOCLT peaked at night (410 µmol kg
-1

; 

Fig. 8). The trends of pH and ΩA changed following the storm from that of pre-

storm conditions, and their amplitude of change was smaller during the day (Δ = -

0.05±0.01 and 0.07±0.03, respectively; Fig. 9, 10). At night they both decreased 

more than for any other sampling event (pHLT = 7.81 and ΩA,LT  = 1.79). fCO2 

increased at all sampling events (ΔDAY = 163±47 µatm), the peak daytime value 

was recorded on Dec 5 (fCO2,LT = 641 µatm) and the highest value was, as for DIC, 

TA and TOC, recorded at night between Dec 5 and 6 (fCO2,LT = 988 µatm). As 

with measured carbon parameters, dissolved inorganic nutrient concentrations 

generally increased with the outgoing waters. NO3
-
 and NH4

+
 concentrations 

peaked at LT on Dec 4 (0.18 and 1.63 µmol kg
-1

, Fig. 12), and NO2
-
 peaked at HT 

the following day. NO3
-
 changed very little from HT to LT and decreased on the 

second day following the storm (Δ  = -0.09 µmol kg
-1

), while NO2
-
 and NH4

+
 both 

increased (Δ  = 0.62±0.42 and 1.52±0.22 µmol kg
-1

) the following days. PO4
3-

 

concentration peaked at low tide on Dec 5 (2.17 µmol kg
-1

, Fig. 13) and SiO4
-
 

peaked at LT during the day on Dec 6 (70.92 µmol kg
-1

, Fig. 14). The highest 
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overall concentrations of NH4
+
, PO4

3-
, and SiO4

-
 was measured at LT on the night 

between Dec 5 and 6 (2.31, 86.61, and 2.49 µmol kg
-1

).  

3.2.3 Post-storm conditions  

Two weeks after the storm event and following a period of several minor 

rain events, most of the measured and calculated parameters exhibited trends 

similar to those measured on Dec 4. Six weeks after the same event, their trends 

resembled those measured at night under pre-storm conditions. The water level 

change from HT to LT, relative to MLLW, was 2.2 and 2.4 m for December 22
nd

 

and January 20
th

, respectively.  

As under storm conditions surface water S decreased with the outgoing tide 

(Δ = -1.2), although with a smaller amplitude (31.7–33.5, Fig. 3). Surface water T 

was slightly lower on Jan 20 (16.4±0.1 °C) than Dec 22 (18.1±0.4 °C, Fig. 4), 

while DO was slightly higher in January (243±2 µmol kg
-1

, Fig. 5) than in 

December (233±4 µmol kg
-1

) and both lower than under storm conditions. An 

increase from HT to LT was seen in all measured carbon parameters under post-

storm conditions, and the DIC and TA concentrations were lower in late December 

(DICHT = 2055 to DICLT  = 2200, TAHT = 2241 to TALT  = 2419 µmol kg
-1

) than in 

January (DICHT = 2092 to DICLT  = 2278, TAHT = 2306 to TALT  = 2485 µmol kg
-1

; 

Fig. 6, 7). Similarly, pH (8.02±0.02) and ΩA (2.46±0.04) showed values similar to 

those directly following the storm (Fig. 9, 10). A slight increase in ΩA was seen 

towards the very end of both sampling events (2.46 to 2.51), while pH did not 

change much. fCO2 was observed to change less compared to the storm event, 

although the observed change was still positive (fCO2,HT  = 384 µatm, fCO2,LT  = 
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443 µatm; Fig. 11). Dissolved inorganic nitrogen, PO4
3-

 and SiO4
-
 concentrations 

were slightly elevated compared to pre-storm conditions, and they both increased 

with the outgoing waters. NO2
-
 and NO3

-
 did not change much from HT to LT (< 1 

µmol kg
-1

, Fig. 12), while NH4
+
 was significantly higher at HT compared to all the 

previous sampling events (Fig. 12). NH4
+
, PO4

3-
 (Fig. 13) and SiO4

-
 (Fig. 14) were 

all higher on Dec 22 (0.95±0.06, 0.75±0.14 and 20.95±7.10 µmol kg
-1

, 

respectively) than Jan 20 (0.78±0.16, 0.50±0.10 and 7.19±-3.05 µmol kg
-1

, 

respectively).   

3.3 Spatial data 

3.3.1 Pre-storm conditions 

The surface waters of the SDL were characterized by the inner stations (3-

5) being different than those closer to the ocean. In general, pH and ΩA were lower, 

and DIC, TA, fCO2, PO4
3-

 and SiO4
-
 were higher. As the surface waters of the 

lagoon became colder and less saline in November, DO, fCO2, ΩA, PO4
3-

 and NH4
+
 

decreased while pH and NO2
-
 increased. The change in water level, from HT to LT, 

was about 1.6 m on both Sep 26 and Nov 18.  

T, S and DO of the surface waters in SDL consistently increased from the 

inner stations (1, 3-5, Fig. 1) towards the seaward stations (2, 7-10). T (Fig. 15) 

decreased from September (23.8±2.2 °C) to November, (17.5±1.8 °C), as did 

salinity (33.9±0.5 in September to 30.0±6.0 in November; Fig. 16). DO decreased 

in a similar manner, but showed a greater gradient in September (243±65 µmol kg
-

1
; Fig. 17) versus November (215±30 µmol kg

-1
). DIC and TA had near identical 

distributions for both months (Fig. 18, 19) with station 3 measuring the highest 
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concentration of both parameters (4703 and 4789 µmol kg
-1

, respectively), while 

the stations closer to the sea had a lower concentration (DIC = 2006±20, TA = 

2259±17 µmol kg
-1

). Calculated pH of the lagoon waters was relatively constant at 

the outer stations (7-10) from September to November (8.04±0.04, Fig. 20), but 

increased slightly at the inner stations (3-5) between September (7.74±0.23) to 

November (7.86±0.22). ΩA did not change much station to station in September 

(Fig. 21) and the average ΩA at stations 1-2 and 5-10 was 2.79±0.30. Station 3 was 

the only station where ΩA (1.71) was significantly different. In November both 

station 1 and 5 had a saturation state < 2, while all other stations were > 2 

(2.63±0.20). fCO2 was highest (as were DIC and TA) at the two inner stations (3-4) 

in September compared to the other stations (3587 vs. 551±241 µatm; Fig. 22). A 

decrease at the inner stations was seen from September to November, while an 

increase in fCO2 was seen at station 5. Similar to the measured and calculated 

carbon parameters, dissolved inorganic nutrients were generally higher at the inner 

stations (3-5). PO4
3-

 and SiO4
-
 distributions were similar for the two months, 

stations 1 and 3-5 being higher than the rest (6.71 vs. 3.76, and 151 vs. 45 µmol kg
-

1
, respectively; Fig. 23, 24). The same stations were also slightly higher in 

September versus November, while the mid- to lower estuary (stations 6-10) were 

higher in November. NH4
+
 was highest at station 4 in September (7.97 µmol kg

-1
), 

while station 3 was highest in November (5.90 µmol kg
-1

; Fig 25). Nitrite and 

nitrate were both < 1mol kg
-1

 in September, while only nitrate measured < 1 mol 

kg
-1

 in November (Fig, 26, 27). The highest NO2
-
 concentration for the entire study 

was measured in November station 3 (1.57 µmol kg
-1

). A very slight overall 

increase in NO3
-
 was seen in November.  
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3.3.2 Storm conditions 

Three days after the rain seized, an expanded region of low (S, pH and ΩA) 

and high (DIC, TA, fCO2, PO4
3-

 and SiO4
-
) values of several of the measured and 

calculated parameters was observed. Temperature decreased markedly from pre-

storm conditions and although DIC was higher than TA, DO concentrations were 

still similar to those in November. At the time of sample collection, the water level 

was 2 m relative to MLLW. 

A drastic decrease was seen in surface water salinities in December, stations 

3-9 averaging 4.9±3.1 (Fig. 16). As for pre-storm conditions T and S were lower at 

the inner station, and increased seaward (Fig. 15, 16). DO was lower in the mid- to 

inner lagoon (stations 3-7, on average 205±34 µmol kg
-1

; Fig. 17), while station 8 

had a significantly higher DO concentration than the other stations (266 µmol kg
-1

). 

DIC and TA followed the same spatial patterns (Fig. 18, 19), but the extent of high 

concentrations extended over a greater area, down to station 8. A difference was 

also seen in their relative amplitudes as DIC increased more in December 

compared to TA (DIC 4621±250, TA 4484±193 µmol kg
-1

). Calculated pH and 

fCO2 had similar spatial distributions as DIC and TA, with values ranging from 

7.29–7.96 and 564–6587 µatm, respectively (Fig. 20, 22). The stations with the 

highest fCO2 and lowest pH were stations 5 and 6. Additionally, December was the 

only month when the lagoon waters were undersaturated with respect to aragonite 

(Fig. 21). Stations 3-7 were all undersaturated (0.52±0.24 while station 10 was 

supersaturated with values similar to the inner stations (3-5) during pre-storm 

conditions. Surface water concentrations of most inorganic nutrients displayed 

different distribution patterns following the storm except for NO2
-
. SiO4

-
 and PO4

3-
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had similar spatial distributions, with stations 3-8 being consistently high 

(7.11±0.21 and 338±10 µmol kg
-1

, respectively; Fig. 23, 24). The concentration of 

NO3
-
 and NH4

+
 also followed a similar trend but the high-concentration area was 

mainly observed in the mid-estuary (stations 6-8) (Fig. 27, 25) as opposed to the 

inner estuary (stations 3-5). Average NO3
-
 and NH4

+
 concentration for these 

stations were 1.34±0.14 and 2.67±0.14 µmol kg
-1

, respectively. NO2
-
 showed a 

pattern similar to that of November, with all stations except for station 3 being < 1 

µmol kg
-1

 (Fig. 26). 

3.3.3 Post-storm conditions 

The surface water T decreased from early December through January 2015, 

while the extent of low S was confined to mid- to inner estuary. The extent of high 

DIC and TA also decreased, although they were both higher than for any other 

sampling event. Conversely, DO was higher throughout the estuary than compared 

to both pre- and storm conditions. The water level at the time of sampling was 1.6 

m relative to MLLW.  

Spatial variability of surface water S in January was different from all the 

other sampling events, with a more step-wise decrease in S towards the ocean. The 

S of the inner stations (3-5) ranged between 4.0–14.2 (Fig. 16) after which S 

increased towards station 10 (34). Waters were slightly colder than in December 

and fairly constant throughout (14.7±1.5 °C, Fig. 15). DO concentrations were 

much higher than in both November and December, and little variability was 

observed (255±12 µmol kg
-1

, Fig. 17). DIC and TA at stations 3-5 measured the 

highest values for the entire study for both (DIC 6370±607 and TA 6352±612 µmol 

kg
-1

; Fig. 18, 19). Similar to December, DIC was notably higher than TA at the 
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inner stations and the remaining stations were also slightly elevated in both 

parameters compared to pre-storm conditions (DIC = 2429±350 and TA = 

2649±325 µmol kg
-1

). The spatial pattern of calculated pH in January was different 

from that of the previous months in that the variability was much lower 

(7.97±0.14), but pH still increased seaward (Fig. 20). ΩA and fCO2 varied in the 

same manner with the three inner stations (3-5) being lower (1.60±0.09), and 

higher (2870±352 µatm), respectively, compared to other stations (Fig. 21, 22). 

Stations 6-10 did not vary much for either ΩA or fCO2 (2.66±0.15 and 493±140 

µatm), while station 5 had a significantly higher fCO2 than 3 and 4 (500-800 µatm 

higher). Station 5 had the lowest pH but not the lowest ΩA. Surface water 

concentrations of PO4
3-

, SiO4
-
 and NO3

-
 all showed similar patterns (Fig. 23, 24, 

27). The three inner stations (3-5) had the highest concentration of PO4
3-

 and SiO4
-
 

(2.99±0.06 and 310±15 µmol kg
-1

) relative to the other stations, and the over-all 

highest for NO3
-
 (4.89±0.29 µmol kg

-1
). For the remaining stations SiO4

-
 

concentrations were slightly lower than for pre-storm conditions while PO4
3-

 was 

the same. NH4
+
 had similar concentrations as in December, but the region of higher 

concentrations had shifted from mid-estuary (stations 6-8), to mid-upper estuary 

(stations 3-6; 2.04±0.63 µmol kg
-1

; Fig 25). Station 5 had the highest NH4
+
 

concentrations, while NO2
-
 was low for all stations (< 0.2 µmol kg

-1
, Fig. 26). 

3.4 Lateral flux of DIC and TOC  

Under pre-storm conditions, the water column flux of DIC (FDIC) and TOC 

(FTOC) was positive, indicating a net export from the lagoon to the adjacent coastal 

ocean (Table 2). The average hourly flux (±1std) during one HT to LT cycle, 

between April and October, was 5.6(±10.0)x10
3
 mol h

-1
 for DIC and 5.2(±2.7)x10

3
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mol h
-1

 for TOC, totaling 10.8(±10.4)x10
3
 mol C h

-1
. The flux of DIC+TOC 

(FDIC+TOC) was greater during spring (10.6 x10
9 

to 42.1x10
9
 mol C h

-1
) and fall 

(3.0x10
9
 to 13.4x10

9
 mol C h

-1
) compared to summer (-2.6x10

3
 to 4.6x10

3
 mol C h

-

1
). FDIC+TOC was greater at night (9.1 x10

3
 to 42.0x10

3
 moles C h

-1
) compared than 

during the day ((3.0–10.6)x10
3
 mol C h

-1
). Following the storm event, FDIC+TOC 

increased by 370-840 %, reaching values of 41(±15)x10
3
 mol C h

-1
, 23(±8)x10

3
 

mol C h
-1

 and 64(±23)x10
3
 mol C h

-1
 for FDIC, FTOC and FDIC+TOC, respectively. The 

highest flux of DIC and TOC was recorded on Dec 7, reaching 90x10
3
 mol C h

-1
. 

Two and four weeks following the storm the flux of DIC was 580 % (Dec 22) and 

430 % (Jan 20) of that of pre-storm conditions, respectively (TOC samples for this 

period has not yet been analyzed).  
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4 DISCUSSION  

4.1 Spatial and temporal variability in biogeochemical parameters in 

the SDL 

There were clear spatial gradients in physical and biogeochemical 

parameters across the SDL, with physical parameters such as temperature and 

salinity (Fig. 15-16) gradually decreasing, and chemical parameters such as DIC 

(Fig. 18), TA (Fig. 19), and inorganic nutrients (Fig. 23-37) gradually increasing 

from the mouth of the estuary (station 10) toward the inner stations (3-5). Most of 

these trends were anticipated, such as decreasing salinity and temperature, which 

reflect the mixing and transition between freshwater and seawater. Similarly, the 

high concentrations of DIC and inorganic nutrients in the inner lagoon are 

indicative of extensive decomposition of organic material produced within or in 

adjacent terrestrial ecosystems, and deposited in the lagoon (Hopkinson and 

Vallino 1995). However, the elevated concentrations of biogeochemical parameters 

in the inner lagoon are amplified by the shallow water depth, high biomass to water 

volume ratio, and restricted circulation and mixing. These properties contribute to 

the build-up in DIC and inorganic nutrient concentrations resulting from organic 

matter decomposition. Similarly, pH was significantly lower at these stations (< 

7.6), compared to stations closer to the sea (> 8.0). Noticeably, the inner lagoon 

was also found to have TA concentrations, on average exceeding open ocean TA 

by 1500 μmol kg
-1

. Although cycling of inorganic nutrients contribute to TA 

(Wolf-Gladrow et al. 2007), the elevated nutrient concentrations in the inner lagoon 

cannot account for the high TA concentrations, and other constituents and 

processes must contribute to this. TA could potentially be added to the system via 
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weathering of silicate and/or carbonate rocks (Gaillardet et al. 1999), dissolution of 

carbonate shells and exoskeletons (Wolf-Gladrow et al. 2007), and/or anaerobic 

metabolism and subsequent precipitation of for example FeS2 (Hu and Cai 2011), 

but at this time I do not know the explicit source(s) of the high TA, and further 

studies are required. Based on the existing literature, the majority of estuarine 

studies report freshwater end-members with TA concentrations lower than the 

seawater end-member, but TA in estuarine groundwater have been observed to 

range from 2949–23000 µmol kg
-1

 (e.g. Cai et al. 2003; Moore et al. 2011). 

McGrath et al. (2015) observed high TA concentrations (> 3800 µmol kg
-1

) in 

marine estuaries in Ireland, which they attribute to dissolution and weathering of 

the underlying bedrock comprised mainly of carbonate rock. The Del Mar 

formation (bedrock of the SDL) consists of mudstones and shales that formed from 

lagoonal muds 40–50 Mya (Liska 1964; Mudie et al. 1976; Marcus and Kondolf 

1989). These lagoons were full of life including extensive oyster beds and other 

calcifiers which are clearly seen in exposed parts of the formation (Fig. 28). I 

hypothesize that dissolution of these fossil biogenic carbonates might be 

responsible for the high TA concentrations observed in the estuarine waters, but 

further investigations are needed to verify this.  

During outgoing tides from the SDL, the most notable feature observed 

during the study was the near linear increase in concentrations of a number of 

biogeochemical parameters measured at the mouth of the estuary between HT and 

LT (Fig. 6-8, 12-14). This feature is partly a function of dilution by the oceanic 

end-member during HT. This dilution gradually becomes less important as the 

outgoing tide flushes the estuary, resulting in increasing concentrations for 
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dissolved carbon and inorganic nutrients at LT. Higher high tides and lower low 

tides also resulted in higher concentrations of most measured parameters in the 

outgoing water measured at LT. In addition, the observed increase in TA and DIC 

concentrations as the tide was going out is a result of the fact that the inner estuary, 

which has the highest concentrations of solutes, is the last part of the estuary to be 

flushed. Additionally, some parameters such as DIC and the more reduced DIN 

species (NO2
-
 and NH4

+
) increased even more during the night, while DO 

decreased. This is most likely caused by in the absence of primary production at 

night, making the chemical signal from remineralization of organic matter more 

pronounced. Noticeably, the concentration of TOC was not significantly reduced 

during the night, which may indicate a balanced production of DOC from POC and 

remineralization of POC to DIC. During summer, on days of longer daylight hours, 

DIC and TOC showed opposite trends. DIC decreased in concentration with the 

outgoing tide, while TOC increased more compared to fall.  

4.2 Carbon export from the SDL 

The net flux of DIC from the SDL to the adjacent coastal ocean showed 

both diel and seasonal trends. FDIC was always greater at night compared to the day, 

which is explained by higher rates of organic matter decomposition at night in the 

absence of photosynthesis (Table 2). Seasonally, there was a negative FDIC in late 

summer and early fall, indicative of higher rates of primary production during this 

time. FDIC+TOC was always positive, but the relative contribution of DIC and TOC 

varied over time, from -50% for DIC and 150% for TOC of total export in late 

summer, to 73% for DIC and 27% for TOC at night in April. Assuming that any 

drawdown of DIC increased the concentration of TOC in a one-to-one ratio, there 



30 

 

 

 

was still an outgoing flux of organic carbon of reaching more than 3000 mol C h
-1

 

on certain days, indicating an additional source of organic carbon in addition to 

primary production. Similar phenomena have been observed in other marine 

estuaries, where organic carbon have been transported into the lagoon by 

freshwater sources (e.g. rivers) and metabolized quickly; however, the rate of 

primary production was sufficiently high in these cases to yield a net export of 

organic carbon to the adjacent coastal ocean (e.g. Dahm et al. 1981; Middelburg 

and Herman 2007; Bauer et al. 2013).  

Extrapolating the average flux values for daytime (summer, spring and fall 

fluxes) and nighttime under pre-storm conditions, the total export of DIC and TOC 

was 0.060x10
9
 mol C yr

-1
. Seeing as fCO2 was generally not much higher than 400 

µatm in the outgoing waters during the day (Fig. 11), there was little sea-air CO2 

gas exchange at the mouth of the estuary. However, the turbulence caused by the 

tidal cycle could have caused enhanced gas exchange to happen further up in the 

lagoon where fCO2 was significantly higher. fCO2 ranged from about 400 to 4000 

µatm (Fig. 22) at the inner stations, thus, it is highly likely that the SDL in general 

was a source of CO2 to the atmosphere. As CO2 gas flux or export of particulate 

inorganic carbon (PIC) was not measured it is believed that the total carbon export 

from SDL under pre-storm conditions is underestimated.  

Little research has been done in estuaries similar to the SDL, but some 

studies from various sites have observed fluxes of comparable magnitude. For 

example, the area-integrated export from the SDL is in the lower range of those 

studies shown in Table 1. De la Paz et al. (2008) found the lateral carbon export 

from a marine estuary in Spain to be in the range of 0.84–0.88x10
9
 mol C yr

-1
, 



31 

 

 

 

almost ten times as high as that of SDL under pre-storm conditions, and with a tidal 

prism significantly smaller than that of the SDL (~240,000 m
3
 versus 400,000–

1,100,000 m
3
 for SDL). On the other hand, Helie et al. (2002) measured flux of 

organic carbon from a Canadian estuary to be almost a tenth of what was measured 

in this study. When comparing the SDL lateral DIC + TOC export to studies 

reported per unit area, however, it falls in the mid to higher range (~36 mol C m
-2

 

yr
-1

) and is higher than fluxes measured in several estuaries in the NE US and 

Canada (Neubauer and Anderson 2003; Aitkenhead-Peterson et al. 2005), but 

smaller than similar measurements made in South Africa (Winter et al. 1996) and 

Australia (Maher et al. 2013). Since the SDL had higher export rates than other 

North American locations I hypothesize that the significant drought in Southern 

California, resulting in a lack of water input from the SDR, could lead to higher 

remineralization rates (Howarth et al. 2000; Dai et al. 2006; Meiggs and Taillefert 

2011), which could explain the high DIC export rates. That being said, the scarcity 

of similar flux measurements makes this comparison difficult, and there are large 

uncertainties associated with both the estimates made in this study and others.   

4.3 Response to a storm event  

The storm event that occurred in December of 2014 greatly influenced the 

biogeochemical properties of the SDL and the resulting export of carbon and 

nutrients to the adjacent coastal ocean. The increased runoff reaching the SDL 

resulted in a significant increase in concentrations of biogeochemical parameters 

and an expansion of the areas characterized by high concentrations. For example, 

the area characterized by high TA and DIC concentrations expanded all the way to 

station 7 (Fig. 18-19), compared to station 5 under pre-storm conditions. The 
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observed changes were clearly due to the increased flushing of the surrounding 

land delivering additional loads of nutrients and organic matter to the SDL. Given 

the relatively rare occurrence of major rainfall events in the San Diego area, 

organic detritus from plants and animals can accumulate for substantial time, thus, 

resulting in a large pulse of material exported at once during a rain event.  

The increased concentrations were also detected at the mouth of the estuary, 

similar to pre-storm conditions, DIC and TOC increased during outgoing tides 

during storm conditions, but the increases were significantly greater than during 

pre-storm conditions. Additionally, nutrient concentrations changed markedly 

compared to earlier in the year. Both silicate and phosphate increased with similar 

rates as TA, which suggests that any weathering and dissolution processes were 

amplified by increased rainfall. Moreover, the concentration of DIN with the 

outgoing tide changed very rapidly between the first three days, where NH4
+
, NO3

-
 

and NO2
-
 peaked, and then seceded at different days. This suggests that terrestrial 

input of dissolved nitrogen started a cascade of different nitrogen processes, which 

have been known to happen with rapidly changing input of DIN to biologically 

active areas, especially following a period of DIN depletion (Herbert 1999; Wahl et 

al. 1997). Interestingly DO concentrations seemed more or less unaffected by the 

storm event, still increasing in concentration with the outgoing tide. 

The sum of the aforementioned processes resulted in a higher export of DIC 

and TOC. FDIC+TOC increased with more than four to eight times that of the average 

flux under pre-storm conditions (Table 2) while the relative contribution of DIC 

and TOC to the total flux remained stable at about 65 % and 35 %, respectively. 

Storm events in arid areas, like the one addressed in this study, have a much larger 
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effect on aquatic biogeochemistry than in areas with frequent rainfall (Hopkinson 

and Vallino 1995). The rain period in San Diego occurs for about two months 

during the winter, with several small and a few big rain events. Extrapolating our 

observed FDIC+TOC under storm conditions and adding this to our previous annual 

estimate with no rain events, nearly doubles the calculated lateral carbon export 

through the lagoon from 0.060x10
9
 to 0.095x10

9
 mol C yr

-1
. Even though this is 

considered an upper estimate at present time, as those fluxes were only observed 

for a few days directly following the storm, there is a trend of bigger storms in 

southern California (e.g. Cayan et al. 2008) suggesting that our calculated 

maximum FDIC+TOC is likely not an overestimate.  

4.4 Export of alkaline water to the coastal ocean 

In the context of ongoing OA and its potential effects on marine organisms, 

it is of interest to understand whether different near-shore environments, such as 

estuaries, exacerbate or alleviate local seawater pH. Given the extensive 

decomposition of organic matter within the SDL, it was anticipated that it would 

export high DIC and low pH water to the adjacent coastal ocean, and thus, 

contribute to local acidification. Although export of water from the SDL in general 

had high DIC, the pH and ΩA of the estuarine water were higher than the adjacent 

coastal ocean (Fig. 9-10). Even directly following the storm, pH and ΩA of the 

outgoing waters remained similar to pre-storm condition or decreased marginally. 

The export of alkaline waters is a result of the high TA concentrations (previously 

discussed) observed within the lagoon. This suggests that the SDL at present time 

counteracts near-shore acidification, but I do not know the spatial extent of this 

alkalinization and whether it is important for nearby ecosystems. Regardless, it is 
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an important observation that deserves attention and further investigation to 

elucidate whether this is unusual or if other estuaries have similar properties.  
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5 CONCLUSION 

The gradual increase in the concentration of biogeochemical parameters in the 

SDL, from the mouth of the estuary to the inner, less saline regions led to a net flux 

of these parameters to the coastal ocean. At the mouth of the estuary, both DIC and 

TOC concentrations increased with the outgoing tide, causing a net export of both 

parameters. The observed net effect from this was an annual export of DIC and 

TOC of 0.060x10
9
 mol C. This annual flux nearly doubled when a period of several 

rain events were added to the calculation, highlighting the importance of including 

different environmental conditions in studies addressing coastal carbon fluxes. 

Interestingly, the SDL always exported waters of a pH higher or equal to the 

adjacent coastal waters during the day, a feature explained by the high 

concentrations of TA if the estuarine waters. Our study highlights the need for a 

more rigorous estimate of carbon fluxes in marine estuaries, with emphasis on 

measuring fluxes on different time scales, and under varying environmental 

conditions. 
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6 FIGURES AND TABLES 

 

Figure 1 - Map: Upper left panel) Lake Hodges relative to the SDL (in grey box) connected by the SDR; 

Lower panel) the ten sites for sample collection during spatial surveys relative to the mouth of the SDL (black 

box); Upper right panel: mouth of the SD 

 

Figure 2 - Weather and sampling dates: air temperature (°C) April ’14 through Jan ’15 is shown with a black 

dotted line on the left axis, precipitation (mm) is shown with a red solid line on the right axis. Times of 

temporal sampling events are displayed by open blue diamonds, while spatial survey dates are shown with 

open green circles 
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Figure 3 - Salinity (on the practical salinity scale) shown with purple filled diamonds, solid line, on the left 

axis, water level (m) is shown with grey dotted lines on the right axis 

 

Figure 4 - Temperature (°C) shown with orange open diamonds, solid line, on the left axis, water level (m) is 

shown with grey dotted lines on the right axis. 
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Figure 5 - DO (µmol kg-1) shown with green filled circles, solid line, on the left axis, water level (m) is shown 

with grey dotted lines on the right axis 

 

Figure 6 - DIC (µmol kg-1) shown with red filled circles, solid line, on the left axis, water level (m) is shown 

with grey dotted lines on the right axis 
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Figure 7 - TA (µmol kg-1) shown with blue filled squares, solid line, on the left axis, water level (m) is shown 

with grey dotted lines on the right axis 

 

Figure 8 - TOC (µmol kg-1) shown with purple open circles, dashed line, on the left axis, water level (m) is 

shown with grey dotted lines on the right axis 
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Figure 9 - pH (total H+ scale) shown with green filled triangles, solid line, on the left axis, water level (m) is 

shown with grey dotted lines on the right axis 

 

Figure 10 - ΩA shown with turquoise open squares, dashed line, on the left axis, water level (m) is shown with 

grey dotted lines on the right axis 
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Figure 11 - fCO2 (µatm) shown with turquoise open squares, dashed line, on the left axis, water level (m) is 

shown with grey dotted lines on the right axis 

 

Figure 12 - DIN (µmol kg-1) – NO2
- shown with open green triangles, NO2

- + NO3
- with open orange up-side 

down triangles and NO2
- + NO3

- + NH4
+ with open blue right-facing triangles on the left axis, water level (m) is 

shown with grey dotted lines on the right axis 
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Figure 13 - PO4
3- (µmol kg-1) shown with blue open squares, dashed line, on the left axis, water level (m) is 

shown with grey dotted lines on the right axis 

 

 

Figure 14 - SiO4
- (µmol kg-1) shown with green open diamonds, dashed line, on the left axis, water level (m) is 

shown with grey dotted lines on the right axis 
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Figure 15 - Temperature (°C) measured during the spatial assessment, ranging from 0-30 (yellow to red) 

 

Figure 16 - Salinity (on the practical salinity scale) measured during the spatial assessment, ranging from 0-35 

(yellow to red) 
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Figure 17 - DO (µmol kg-1) measured during the spatial assessment, ranging from 160-350 (yellow to red) 

 

Figure 18 - DIC (µmol kg-1) measured during the spatial assessment, ranging from 2000-5000 (yellow to red) 
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Figure 19 - TA (µmol kg-1) measured during the spatial assessment, ranging from 2200-5000 (yellow to red) 

 

Figure 20 - pH (total H+ scale) measured during the spatial assessment, ranging from 7.9-8.3 (green to red) 
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Figure 21 - ΩA measured during the spatial assessment, ranging from 0-3.5 (red to green) 

 

Figure 22 - fCO2 (µatm) measured during the spatial assessment, ranging from 0-6500 (yellow to red) 
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Figure 23 - PO4
3- (µmol kg-1) measured during the spatial assessment, ranging from 0-8 (blue to red) 

 

Figure 24 - SiO4
- (µmol kg-1) measured during the spatial assessment, ranging from 0-360 (blue to red) 
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Figure 25 - NH4
+ measured during the spatial assessment, ranging from 0-3 (blue to red) 

 

Figure 26 - NO2
- (µmol kg-1) measured during the spatial assessment, ranging from 0-1.6 (blue to red) 
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Figure 27 - NO3
- (µmol kg-1) measured during the spatial assessment, ranging from 0-5 (blue to red) 
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Figure 28 - Photograph from exposed parts of the Del Mar formation, in Solana Beach, showing an abundance 

of biogenic carbonate shells in the sediments (a) and the bedrock (b) (2015, Dr. Andreas Andersson) 
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Table 1 - Previous studies addressing sea-air CO2 gas exchange (FCO2) and estuarine lateral DIC (FDIC) and 

TOC (FOC) export 

Location Method FCO2 FDIC FOC FTC FCO2+FTC Author 

Global 

estimates (1012 

mol C yr-1) 

       

Global Synthesis 21 38 42 - - Bauer et al. (2013) 
Global Synthesis 21(17) - - - - Cai et al. (2014) 

Global Synthesis 42(17) - - - - Chen and Borges (2009) 

Global Synthesis 23(19) - - - - Laurelle et al. (2010) 
Global Synthesis 33 - - 8 42 Regnier et al. (2013) 

Mangroves Synthesis - - - - - Dittmar et al. (2006) 

Tropical rivers Synthesis 4 18 23 40 44 Huang et al. (2012) 

Local estimates 

(109 mol C yr-1) 

       

Canada DIC, 

isotopes 

- - 0.0054 - - Helie et al. (2002) 

GA, USA DIC, TA, 

pHNBS 

1.79 0.19 - - - Cai and Wang (1998) 

GA, USA DIC, 
pCO2, 

TA 

- - - 58 - Wang and Cai (2004) 

HI, USA DIC, TA 0.046 - - - - Fagan and Mackenzie 

(2007) 

LA, USA TOC, 
model 

- - 9.17 - - Das et al. (2011) 

WA, USA TOC - - 49 - - Dahm et al. (1981) 

Gulf of Mexico TOC - - 9.08(2.00) - - Justic and Swenson 

(2010) 

Mexico TOC - - - 0.220 - Young et al. (2005) 

Amazonas pCO2 - - - - 30000(1500) Rasera et al. (2013) 
Germany DIC, 

pCO2, 

TA 

13.2 52.8 - - - Amann et al. (2014) 

Netherlands pCO2 - 3.20 - - - Borges and 

Frankignoulle (2002) 

Netherlands TA, pH - - - - 18.3 Frankignoulle et al. 
(1995) 

Spain pCO2, 

TA, 
pHFREE 

1.20 3.65 - - - de la Paz et al. (2007) 

Spain pCO2, 

TA, 
pHFREE 

- 0.88 - 0.84 - de la Paz et al. (2008) 

South Africa DIC, 

TOC 

- - - 0.396 - Winter et al. (1996) 

Kenya TA, pH-

NBS 

0.07 - - - - Bouillon et al. (2007) 

Eastern China pCO2, pH - - 5560(1220) - - Chen and Wang (1999) 
China pCO2 30 - - - - Guo et al. (2009) 

China DIC, 

pCO2, 
TA 

- 1540 - - - Zhai et al. (2007) 

Local estimates 

(mol C m-2 yr-1) 

       

Global Synthesis 0.38 - - - - Borges (2005) 
Temperate salt 

marsh 

Synthesis - 5(3) - - - Hyndes et al. (2014) 

Canada Synthesis - - 27 - - Aitkenhaed-Peterson et 
al. (2005) 

Canada Synthesis - - 0.92 - - Lavoie et al. (2009) 

Eastern USA Synthesis - - 7.6 - - Hermann et al. (2015) 

AL, USA CO2 50.6(11.6

) 

- - - - Wilson et al. (2015) 

DE, USA pCO2 167 - - - - Westton et al. (2014) 
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GA, USA DIC, 
pCO2 

84 8.40 - - - Cai et al. (2000) 

GA, USA pCO2 - 2.5 - - - Cai et al. (2003) 

GA, USA pCO2 11 - - - - Jiang et al. (2008) 
GA, USA DIC, 

pCO2, 

TA 

23.4 9.08 - - - Wang and Cai (2004) 

FL, USA DOC - - 4.7 - - Romigh et al. (2006) 

LA, USA pCO2 35 - - - - Smith et al. (1983) 

MA, USA pCO2 25 - - - - Houghton and Woodwell 
(1980) 

NJ, USA pCO2, 

TA 

-0.64 - - - - Boehme et al. (2004) 

VA, USA DIC, 

pHNBS 

1.19(0.77

) 

20.4(

13.3) 

- - - Neubauer and Anderson 

(2003) 

VA, USA DIC, 
pCO2 

5 3.3 - - 8.3 Raymond et al. (2000) 

WA, USA pCO2 1 - - - - Evans et al. (2013) 

Amazonas pCO2 252 - - - - Rasera et al. (2013) 
Bermuda DIC, TA 12(3) - - - - Zablocki et al. (2011) 

Europe pCO2 829 - - - - Borges et al. (2004) 

Europe pCO2 - 11 - - - Frankignoulle et al. 
(1996) 

Europe pCO2 0.3 - - - - Frankignoulle et al. 

(1998) 
Netherlands pCO2 -58 - - - - Zemmelink et al. (2009) 

Netherlands TOC 58 - - - - Soetaert and Herman 

(1995) 
Netherlands TA, pH 438 - - - - Frankignoulle et al. 

(1995) 

France DIC, 
pCO2, 

TA 

- 193(
77) 

- - - Abril et al. (2004) 

Spain DIC, TA - 0.2-

1.0 

- - - Ortega et al. (2005) 

Spain TA, pH 36.4(11.7
) 

- - - - Flecha et al. (2014) 

Portugal TOC - - 8 - - Lopes et al. (2008) 

Portugal CO2 8.8 - - - - Carvalho and Duarte 
(2013) 

South Africa DIC, 

TOC 

- 15.3 18.8 - - Winter et al. (1996) 

China pCO2 1.5 - - - - Zhai et al. (2005) 

China pCO2 1.5 - - - - Zhai et al. (2005) 

China DIC, 
pCO2, 

TA 

22 - - - - Zhai et al. (2007) 

India DIC, 
pHNBS, 

TOC 

1.17 - - - - Gupta et al. (2008) 

India DIC, 
pHNBS, 

TOC 

51.1 - - - - Gupta et al. (2008) 

Australia pCO2, 
222Rn 

18 - - - - Macklin et al. (2014) 

Australia DIC, 

DOC 

0.6(0.45) - - - - Maher and Eyre (2012) 

Australia DIC, 

TOC, 
222Rn 

- 91 - - - Maher et al. (2013) 

New Zealand TOC - - 5.4 - - Vant et al. (1998) 

Total number 

of studies 

 40 19 14 6 5  

Table 1 - Previous studies addressing sea-air CO2 gas exchange (FCO2) and estuarine lateral DIC (FDIC) and 

TOC (FOC) export (continued) 
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Table 2 - Tidal prisms (103 m3) and average fluxes between HT and LT (103 mol C h-1) are shown for each 

sampling event, where the * denotes a night-time sampling event, and the dates marked in grey are ‘storm-

event’ sampling events 

Date Tidal prism FDIC FTOC FDIC+TOC 

April 30 348 4.9 5.8 10.6 

May 1* 1,033 30.9 11.2 42.1 

Aug 27  547 -2.6 - - 

Sept 7 574 -0.2 4.7 4.6 

Sept 20* 701 7.4 6.0 13.4 

Sept 25 577 -1.5 4.5 3.0 

Sept 27* 441 5.1 2.6 7.8 

Oct 4 511 2.9 3.9 6.8 

Oct 18 443 3.4 3.0 6.4 

Dec 4 1,176 23.5 16.0 39.5 

Dec 5 1,182 50.8 31.0 81.8 

Dec 5* 377 29.1 14.4 43.5 

Dec 6 1,199 58.5 31.9 90.4 

Dec 7 1,016 43.1 22.8 65.9 

Dec 22 1,091 32.5 - - 

Jan 20 1,251 24.2 - - 
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APPENDIX  

Supplementary  

 

Figure S 1 - Water flux (m3 min-1) from LT to HT of the incoming waters to the SDL measured at four 

different spring tides (Stephen Schroeter and Mark Page, unpublished material) 
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