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Ecological processes in estuarine ecosystems are driven by a suite of environmental 

factors.  Coastal environments, as the receiving ecosystems of freshwater inflow from 

watersheds, have the potential to be influenced by anthropogenic and climatic watershed 

modifications.  Net ecosystem metabolism methods may provide a useful indicator of 

estuarine response to changing environmental conditions. 

 

An open-water net ecosystem metabolism (NEM) method was applied to assess its 

usefulness as an indicator of freshwater inflow effects in a Texas shallow water estuary.  

The estuary became more heterotrophic as freshwater inflow increased, but this response 

was spatially limited to the upper reaches of the estuary.  The response to increased 

freshwater inflow was used to produce a simple NEM model.  Simulated NEM rates were 
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not heterotrophic enough to cause conditions of dissolved oxygen impairment.  High 

wind speeds over the surface provided sufficient diffusion to buffer NEM.  It was 

concluded that NEM could be used as an indicator of freshwater inflow effects, but only 

in the upper reaches of Texas estuaries.  It was hypothesized that other environmental 

factors, such as temperature and irradiance, could become more influential on NEM at 

lower freshwater inflows.   

 

Net ecosystem metabolism spatial and temporal scales of variability were determined and 

compared to a suite of environmental conditions.  Four separate bays along the Texas 

coastline’s northeast-southwest freshwater inflow gradient were sampled.  Inter-bay, 

intra-bay, and intra water column spatial scale differences and seasonal, monthly, and 

daily temporal scales differences in NEM were assessed.  Significant differences in NEM 

were found at all spatial and temporal scales.  Temperature, salinity, and freshwater 

inflow were determined to be the most influential environmental factors on NEM. 

 

A watershed scale net ecosystem metabolism model driven by freshwater inflow was 

produced.  The model integrated watershed characteristics with daily Nexrad 

precipitation data to yield freshwater inflow into the bay.  Climate change and watershed 

development scenarios were used to determine if significant changes in NEM may result 

from predicted environmental conditions.  The model predicts a trend of more 

heterotrophic estuarine conditions as the magnitudes of freshwater inflow pulses increase. 
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Chapter 1: 

Introduction 

Estuaries and other coastal ecosystems by definition depend on freshwater inflow to exist 

(Ketchum 1951, Pritchard 1967).  Freshwater inflow rates are changing in most estuaries 

because of changes in land use and cover, water diversion for human uses, and climate 

change effects.  These changes have generally resulted in decreased freshwater inflow, 

loss of pulsed events, and changes in the timing of pulses.  Minimum freshwater inflow 

levels are required by many states and countries to protect estuarine ecosystems, but there 

is no standard approach or criterion to set inflow levels (Montagna et al. 2002a).  

Predicted climate change and watershed development, however, may result in larger but 

less frequent freshwater inflow pulses which may push receiving estuaries past their 

assimilation capacity (Houghton et al. 2001).  Also, freshwater inflow is delivered from a 

watershed as a result of precipitation events that can be highly variable.  The typical 

precipitation pattern in South Texas, for example, results in relatively small base flows 

punctuated by large inflow events from frontal systems and tropical storm activity 

(Orlando et al. 1993).  Freshwater inflow transports sediment, nutrients, and organic 

matter from a watershed to an estuary.  Thus, the inherent variability in freshwater inflow 

affects nutrient and organic loading to estuaries.  Nutrient and organic loading and thus 

freshwater inflow have been linked to estuarine metabolic rates (D’Avanzo et al. 1996, 

Kemp et al. 1997, Caffrey 2004). There is a need to predict how anthropogenic changes 

in freshwater inflow might affect estuarine ecosystem metabolic rates.   
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Net ecosystem metabolism (NEM), first proposed by H. T. Odum (1956) may provide an 

indicator of ecosystem metabolic rates that can be used to address the above mentioned 

concerns.  NEM is calculated by subtracting aerobic respiration rates from primary 

productivity for all biological components contained in a defined body of water.  A 

positive NEM indicates an autotrophic ecosystem where primary productivity exceeds 

aerobic respiration rates.  A negative NEM indicates a heterotrophic ecosystem where 

aerobic respiration rates exceed primary productivity.  Changes in NEM may be driven 

by environmental conditions that vary temporally on daily, such as freshwater inflow, to 

seasonal scales, such as annual cycles of temperature.  In South Texas, it is unknown if 

freshwater inflow, by delivering nutrients and organic matter from the watershed, or other 

environmental conditions are more important in determining estuarine NEM.  

 

In chapter one NEM is calculated and its relationship to freshwater inflow and other 

environmental conditions is determined in Lavaca Bay, Texas.  It is hypothesized that 

NEM in this shallow subtropical estuary is mainly dependent on the quantity of 

freshwater inflow recently delivered from the associated watershed.  The results of the 

analysis are used to produce a model for estimating NEM under different freshwater 

inflow conditions.  Simulated and observed NEM rates are compared under a wide range 

of gauged freshwater inflow conditions into Lavaca Bay.  Environmental conditions on 

days with differences between simulated and observed NEM rates are then used to 

hypothesize which other environmental conditions could be added to the model to make 

it more robust. 
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Chapter two extends the scope of the findings in chapter one by quantifying which spatial 

and temporal scales are important to NEM.  Here NEM methods are applied to quantify 

variability and assess the relevant spatial and temporal scales in estuarine metabolic 

processes.  Gross primary production and respiration rates are also estimated from daily 

cycles in dissolved oxygen.  Information about the scales that ecosystem processes 

respond to changing environmental conditions is needed for use in chapter three’s 

predictive ecosystem modeling effort.  The discrete nature of bay watersheds in Texas, 

when coupled with a steep freshwater inflow gradient along the coastline, provides a 

natural experiment of conditions necessary for assessing spatial and temporal variability 

of NEM, gross primary production, and respiration rates, and their response to changing 

environmental conditions.  Environmental conditions are compared to NEM, gross 

primary production, and respiration rates to quantify their relative influences on 

metabolic processes.  Chapter two extends the range of potentially influential 

environmental conditions, such as temperature and salinity, by sampling many more days 

in the year than chapter one.   NEM is hypothesized to be significantly different at three 

different spatial scales: among bays (100 km), within bays (10 km), and between surface 

and bottom water (1-3 m).  NEM is also hypothesized to be significantly different at three 

temporal scales: daily, monthly, and seasonally.  The validity of using NEM calculations 

on the spatial and temporal scales of routine monitored water quality data is assessed 

through comparisons of NEM on intra-bay and intra-water column.  The potential for 
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combining data from multiple bays to produce a predictive NEM model that can respond 

to changing environmental conditions is assessed.   

 

Chapter three covers the creation of an integrated NEM/hydrological model to assess how 

predicted climate and watershed changes might affect freshwater inflow and ecosystem 

metabolic rates as indicated by NEM in Texas estuaries.  First, freshwater inflow, 

salinity, and temperature’s influence on NEM is modeled in two separate bay systems 

using the results from chapters one and two.  Then, a hydrological model is developed to 

estimate freshwater inflow under the wide range of observed and predicted precipitation 

conditions.  Nexrad precipitation data and the Soil Conservation Service’s Curve Number 

Method are combined to simulate runoff from precipitation inputs and landscape 

characteristics that are spatially and temporally variable.  Finally the NEM and 

hydrological models are linked to provide the means to estimate NEM under various 

watershed development and climate change scenarios.  Estimates of NEM during inflow 

events under predicted future climate and watershed development conditions are 

compared to present day NEM.  Comparisons between present and future NEM are used 

to test the hypothesis that predicted changes will result in more heterotrophic estuarine 

ecosystems. 
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Chapter 2:  

Net Ecosystem Metabolism as an Indicator of Freshwater Inflow Effects and 

Impairment in a South Texas Shallow Water Estuary. 

 

Abstract 

Estuaries and other coastal ecosystems by definition depend on freshwater inflow to 

exist.  Freshwater inflow rates in many estuaries are changing due to changing land use 

patterns, water diversions for human consumption, and climate effects, but there are no 

standard criteria to determine minimum inflow rates.  An indicator is required so that a 

model can be produced that can predict how changing hydrology might affect estuarine 

metabolic rates, productivity, and impairment.  One indicator of estuarine metabolic rates 

is net ecosystem metabolism (NEM).  It is hypothesized that NEM in a Texas shallow 

water estuary will depend on recently delivered freshwater inflow.  To test this 

hypothesis, daily NEM was calculated from short term changes in dissolved oxygen 

measurements in Lavaca Bay, Texas and related to freshwater inflow and other 

environmental conditions.  There was a significant relationship between NEM and 

cumulative ten-day freshwater inflow (FW) in upper Lavaca Bay, with more 

heterotrophic conditions occurring after high freshwater inflow events.  No significant 

relationship existed between NEM and FW in lower Lavaca Bay, where other 

environmental conditions may be more influential.  An empirical model simulating 

NEM’s response to FW in upper Lavaca Bay was more accurate during moderate to high 
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flows than during low flow conditions.  The location in respect to freshwater inflow point 

sources constrained the spatial extent of FW effects on NEM.  NEM can be quite variable 

on intra-bay spatial scales.  Size and strength of environmental condition gradients within 

an estuary may determine how representative a single calculation of NEM is of that entire 

estuary.  Also, NEM can only accurately predict shifts from balanced to heterotrophic 

conditions due to large increases in FW.  The NEM model’s use as an indicator is 

spatially limited to the upper regions of the bay and becomes more accurate during 

freshwater inflow pulses.  Inclusion of other environmental factors, such as temperature 

or irradiance, could increase the accuracy of the NEM model during low flow conditions.  

It is concluded that the NEM model does not provide a very useful estuarine-wide 

indicator for estimation of freshwater inflow effects on ecosystem metabolic rates, but 

that it could be useful for assessing freshwater inflow effects in the upper regions of 

Lavaca Bay. 
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Introduction 

Estuaries and other coastal ecosystems by definition depend on freshwater inflow to exist 

(Ketchum 1951, Pritchard 1967).  Freshwater inflow rates are changing in most estuaries 

because of changes in land use and cover, water diversion for human uses, and climate 

change effects.  These changes generally result in decreased freshwater inflow, loss of 

pulsed events, and changes in the timing of pulses. Minimum freshwater inflow levels are 

required by many states and countries to protect estuarine ecosystems, but there is no 

standard approach or criterion to set inflow levels (Montagna et al. 2002a).  Also, 

freshwater inflow is delivered from a watershed as a result of precipitation events that can 

be highly variable.  The typical precipitation pattern in South Texas, for example, results 

in relatively small base flows punctuated by large inflow events from frontal systems and  

tropical storm activity (Orlando et al. 1993).  Freshwater inflow transports sediment, 

nutrients, and organic matter from a watershed to an estuary.  Thus, the inherent 

variability in freshwater inflow affects nutrient and organic loading to estuaries.  Nutrient 

and organic loading and thus freshwater inflow have been linked to estuarine metabolic 

rates (D’Avanzo et al. 1996, Kemp et al. 1997, Caffrey 2004). There is a need to predict 

how anthropogenic changes in freshwater inflow might affect estuarine ecosystem 

metabolic rates.   

 

Anthropogenic modification of freshwater inflow can drastically change the structure of 

South Texas estuarine ecosystems but freshwater inflow’s relationships to ecosystem 

metabolic rates have not been adequately quantified.  For example, restored inflow to 
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Rincon Bayou Texas, after damming reduced freshwater inflow by 55%, resulted in 

infauna abundance, biomass, and diversity increases (Montagna et al. 2002b).  Increased 

freshwater inflow restored the ecosystem characteristics of this salt marsh nursery habitat 

to the range required for estuarine dependent, commercially important species such as the 

brown shrimp, Farfantepenaeus aztecus (Riera et al. 2000).  The effects from changes in 

freshwater inflow on estuarine ecosystem metabolic rates, unlike changes in structure, 

requires an indicator that can quantify results of all biological processes within a defined 

area on relatively short temporal scales.  Net ecosystem metabolism (NEM), first 

proposed by H. T. Odum (1956) may provide an indicator of ecosystem metabolic rates 

that fulfills the above mentioned requirements.  NEM is calculated by subtracting aerobic 

respiration rates from primary productivity for all biological components contained in a 

defined body of water.  A positive NEM indicates an autotrophic ecosystem where 

primary productivity exceeds respiration rates.  A negative NEM indicates a 

heterotrophic ecosystem where respiration rates exceed primary productivity.  Changes in 

NEM may be driven by environmental conditions that vary temporally on daily, such as 

freshwater inflow, to seasonal scales, such as annual cycles of temperature.  In South 

Texas, it is unknown if freshwater inflow, by delivering nutrients and organic matter 

from the watershed, or other environmental conditions are more important in determining 

estuarine NEM.  

 

The balance between heterotrophic and autotrophic estuarine conditions is a measure of 

an ecosystem’s organic matter production / remineralization and has implications for the 
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balance between nutrient assimilation and release.  A heterotrophic ecosystem is 

supported by remineralization of stored or imported organic matter.  Inputs of organic 

matter from deltaic regions explained stable carbon isotope values in 25% of particulate 

organic matter samples in Lavaca Bay (Parker et al. 1989), and during high freshwater 

inflows terrestrial organic carbon can be distributed throughout Texas bay systems (Jones 

et al. 1986).  Thus, Texas estuaries have the potential to be net heterotrophic ecosystems 

as long as organic matter inputs are relatively labile.  An autotrophic ecosystem buries or 

exports organic matter.  High rates of organic production in estuaries have been attributed 

to high rates of nutrient inputs (Nixon et al. 1986).  Increased allochthonous inputs of 

inorganic nutrients without concurrently increased allochthonous inputs of organic 

carbon tend to result in autotrophic estuarine conditions (Oviatt et al. 1986).  Also, 

heterotrophic ecosystems regenerate and export nutrients, while autotrophic ecosystems 

require inputs of inorganic nutrients (Smith et al. 1991).  The balance between 

allochthonous organic matter and nutrient inputs has been hypothesized to explain 

variability in estuarine NEM (Kemp et al. 1997).  Thus, NEM may be used to indicate 

organic matter and nutrient sources and sinks.   

 

Longley (1994) conceptually divided Texas estuaries into upper, mid, and lower-bay 

zones based on physical and biological processes.  Heterotrophic conditions are promoted 

in the upper-bay zone as bacteria breakdown river-borne particulate organic matter.  

Nutrient loads in freshwater inflow and regenerated dissolved nutrients from the 

sediments can not be fully utilized, the majority of the time, by phytoplankton growth 
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because of light limitation caused by high turbidities.  The upper-bay zone can 

incorporate released nutrients only when wind and currents are calm enough to produce 

less turbid conditions as particles settle out of the water column.  Thus, the upper-bay 

usually has a detritally based food-chain reliant on terrestrial sources of organic matter.  

The mid-bay zone also has high rates of benthic organic matter processing (Montagna et 

al. 1989), but a larger proportion of regenerated nutrients from the sediments are 

incorporated into planktonic biomass as the water column becomes less turbid.  The mid-

bay food chain is transitional between detrital and planktonic.  The lower-bay zone, with 

its more consistent habitat, has characteristically high rates of phytoplankton growth.  

Fixed materials remain incorporated in biomass longer and nutrient uptake is efficient.  

As a result primarily planktonic food chains develop in lower-bay zones and dissolved 

nutrient concentrations are typically low.  NEM may provide a means to quantify the 

spatial extent of the first two of these three conceptual zones under various freshwater 

inflow conditions.   

 

Ecosystem metabolic rates can lead to dystrophic or hyperautotrophic conditions when 

oxygen production and consumption rates exceed the assimilation capacity provided by 

physical processes such as diffusion and advection (Viaroli and Christian 2003).  NEM, 

as an indicator of metabolic rates in an ecosystem, may be useful to estimate dissolved 

oxygen impairment.  Dissolved oxygen concentrations in Texas bays and estuaries are 

considered unimpaired if they remain sufficiently high to maintain these ecosystems in an 

aquatic life category designated by the Texas Commission on Environmental Quality 
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(TCEQ) (Texas Administration Code, Title 30, Part 1, Ch. 307).  If average daily 

dissolved oxygen concentrations drop below 5 mg O2 l-1 or concentrations drop below 4 

mg O2 l-1 at anytime during a 24-hour period then ecosystems designated as supporting 

exceptional aquatic life are considered impaired by TCEQ.  The United States 

Environmental Protection Agency’s 2002 303(d) list reported that, nationally, there were 

4641 impaired water bodies listed for organic enrichment and low dissolved oxygen.  

Low dissolved oxygen / organic enrichment ranked fifth behind pathogens, metals, 

nutrients, and sedimentation on the list of the top 100 impairments.  Dissolved oxygen 

impairment has led to the approval of 947 total maximum daily load (TMDL) programs, 

representing over 10% of the total number currently approved nationally.  In Texas, low 

dissolved oxygen / organic enrichment ranks second behind pathogens on the list of top 

impairments.  One effect of altered dissolved oxygen dynamics is the increase in bottom 

water hypoxia events during summer months (Applebaum et al. 2005).  Causes of bottom 

water hypoxic conditions include water column stratification, nutrient enrichment, high 

rates of organic matter decomposition, high salinity, and high water temperatures (Officer 

et al. 1984, Pokryfki and Randall 1987, Ritter and Montagna 1999, Rabalais et al. 2001).  

A large imbalance between planktonic and benthic photosynthesis and respiration can 

result in waters becoming hypoxic or anoxic.  Large areas of shallow water estuaries in 

Texas can become hypoxic during summer months when high levels of water column 

primary production, water column stratification, high benthic respiration rates, high water 

temperatures, high salinity, and reduced flushing by freshwater inflow combine to reduce 

bottom water dissolved oxygen levels to dangerous levels for most aerobic organisms 
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(<2.0 mg O2  l-1).  Over one half of the estuaries in the Gulf of Mexico exhibit moderate 

to severe dissolved oxygen depletion (<5.0 mg O2  l-1), a currently used indicator of 

aquatic ecosystem impairment (Bricker et al. 1999).   

 

NEM was calculated and its relationship to freshwater inflow and other environmental 

conditions was determined in Lavaca Bay, Texas.  It was hypothesized that NEM in this 

shallow subtropical estuary was mainly dependent on the quantity of freshwater inflow 

recently delivered from the associated watershed.  The results of the analysis were used 

to produce a model for estimating NEM under different freshwater inflow conditions.  

Simulated and observed NEM rates were compared under a wide range of gauged 

freshwater inflow conditions into Lavaca Bay.  Environmental conditions on days with 

differences between simulated and observed NEM rates were used to hypothesize which 

other environmental conditions could be added to the model to make it more robust. 

 

Methods and Materials 

A monitoring plan assessed both the spatial and temporal variability in NEM using high-

frequency dissolved oxygen measurements in Lavaca Bay, Texas, USA.  Spatial coverage 

(Fig. 2.1) was provided by sampling six different Texas Commission of Environmental 

Quality (TCEQ) sites (Table 2.1).  The Lavaca River, discharging into the north-eastern 

region of the upper-bay, provides the major point source of freshwater inflow to Lavaca 

Bay.  Stations were spatially divided into upper-bay (stations 1-3), and lower-bay 

(stations 4-6) groups which are hydrologically partially separated by a shoreline 
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constriction and the pylons of the Highway 35 over-pass (Fig. 2.1).  The shoreline 

constriction and pylons combine to slow water movement into the lower-bay.  Temporal 

coverage was provided by monthly to bi-monthly sampling between late spring and early 

fall in 2002-2003.  There were ten separate deployments in total, each at least one month 

apart.   

 

Open-water dissolved oxygen measurements have been used to estimate NEM, providing 

spatially and temporally integrated estimates of metabolic processes since Odum’s 

seminal work in the 1950’s (Odum 1956).  NEM is a calculation of the change in 

dissolved oxygen concentration resulting from biological processes in an aquatic 

ecosystem over a period of 24-hours.  Atmospheric oxygen flux must, therefore, be 

estimated to separate physical and biological influences on dissolved oxygen 

concentration (Odum and Wilson 1962).  Atmospheric oxygen flux is influenced by a 

combination of dissolved oxygen concentration gradients and near surface turbulence 

dynamics.  Consequently, the physical factors driving near surface turbulence must be 

accounted for. 

 

The relatively high wind speeds that occur across the shallow water estuaries of Texas 

indicate that wind will dominate the physical control of atmospheric oxygen flux.   Texas 

estuaries experience sustained wind speeds commonly around 7-8 m s-1 (~13-18 mph), 

but commonly have daily variations in wind speed of 10 m s-1 (23 mph) (Texas Coastal 

Ocean Observation Network data at http://lighthouse.tamucc.edu/TCOON/HomePage).  
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Meteorological forcing dominates water exchange and circulation in South Texas 

estuaries because of shallow water depths (~2-4 m), small tidal range (~0.25 m), little 

freshwater inflow (~0-800 million m3 y-1), and long over-water fetches (Orlando et al. 

1993).  These characteristics when combined with ample sunlight and high temperatures 

make South Texas estuarine ecosystems particularly amenable to open-water methods of 

estimating NEM (Kemp and Boynton 1980).  The two main assumptions for using open-

water changes in dissolved oxygen concentration to calculate NEM are valid in Lavaca 

Bay.  First, residence time, based on tidal exchange and freshwater inflow, can be as high 

as 77 days in Lavaca Bay (Armstrong 1982).  Long residence time when combined with 

the relatively homogenous muddy bottom habitat of Lavaca Bay helps to ensure that 

water moving past a fixed point in the estuary will have a similar metabolic history over a 

24-hour period.  Secondly, relatively high temperatures and ample sunlight, when 

combined with shallow water depth and long residence times, should yield dissolved 

oxygen concentrations that retain a biologically controlled signal even after physical 

influences are accounted for.  The highly dynamic influence of wind speed on surface 

turbulence, however, requires that estimates of NEM in this region be properly adjusted 

for changes in atmospheric oxygen flux due to changing wind speeds.  

 

A wind-dependent diffusion coefficient similar to that proposed by D’Avanzo et al. 

(1996) or Marino and Howarth (1993) is preferable to assuming a constant diffusion 

coefficient in systems encountering highly variable wind speeds (Caffrey 2004).  A 

comparison of three wind-dependent diffusion coefficients with a constant coefficient of 
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0.5 g O2 m-2 h-1 concluded that the constant coefficient was only similar to the wind-

dependent coefficients at wind speeds from 0-5 m s-1 and greatly underestimated air-sea 

exchange at winds greater than 8 m s-1 (Caffrey 2004) (Table 2.2).  The three wind-

dependent diffusion coefficient equations are similar when plotted over wind speeds from 

0-10 m s-1 (Fig. 2.2).  D’Avanzo et al. (1996), studying a shallow estuarine system in 

Waquoit Bay, Cape Cod, Massachusetts, estimated relatively higher air-sea exchanges 

over the entire range of wind speeds than that found for the wide range of systems used 

by Marino and Howarth (1993), which included deep open-ocean waters.  The present 

study uses D’Avanzo et al.’s (1996) diffusion coefficients in calculations of NEM’s 

relationship to freshwater inflow because their study system and the present study’s 

estuarine system have similar shallow water depths. 

 

Fifty-eight 24-hour water quality monitoring samples, 22 water column nutrient samples, 

and 22 water column chlorophyll-a samples were taken at mid-depth over a two year 

period (2002-2003).  Salinity, water temperature, and depth daily means were calculated 

from multiparameter sonde measurements.  Water quality parameter measurements 

(dissolved oxygen concentration and saturation, temperature, pH, specific conductivity, 

depth, and salinity) were measured every 15 minutes at mid-depth of each station using 

YSI series 6 multiparameter data sondes.  Models 6920-S and 600XLM data sondes with 

610-DM and 650 MDS display loggers were used.  The series 6 parameters have the 

following accuracy and units: temperature (± 0.15oC), pH (± 0.2 units), dissolved oxygen 

(± 0.2 mg l-1), dissolved oxygen saturation ( ± 2%), specific conductivity (± 0.5% of 
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reading depending on range), depth (± 0.2 m), and salinity (± 1% of reading or 0.1 ppt, 

whichever is greater).  Salinity was automatically corrected to 25oC.   

 

Chlorophyll-a was measured from two 10-ml sub-samples taken at mid-depth with a 1-L 

van Dorn bottle.  Chlorophyll-a samples were filtered on site and stored in dry ice until 

returned from the field.  Chlorophyll-a concentration was determined using non-

acidification fluorometric techniques (Welschmeyer 1994).  Water column nutrient 

analyses for ammonium, phosphate, silicate, and nitrate plus nitrite were run on a Lachat 

Quikchem 8000 using standard colormetric technique (Parsons et al. 1984, Diamond 

1994).   

 

NEM was calculated using open-water diurnal curve methods (Odum 1956).  Dissolved 

oxygen concentrations were converted to a rate of change in dissolved oxygen 

concentration by subtracting each 15-minute measurement from the previous one.  These 

rates of change per 15 minutes were then adjusted to control for diffusion of oxygen 

between the water column and the atmosphere by using percent saturation of dissolved 

oxygen in the water column, the wind dependent diffusion coefficient K (g O2 m-2 h-1) 

proposed by D’Avanzo et al. (1996), and wind speed data from the Texas Coastal Ocean 

Observation Network Sea Breeze station using the equation: 

 

Rdc = R - ((1-((S1 + S2) / 200)) K / 4); where  

Rdc (mg O2 l-1 15 minutes-1) = diffusion corrected DO rate of change, 
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R (mg O2 l-1 15 minutes-1) = observed DO rate of change, 

S1 and S2 = DO percent saturations at time one and two respectively, 

K (g O2 m-2 h-1) = diffusion rate at 0% DO saturation.  

Note: 1 g O2 m-2 h-1 = 1 mg O2 l-1 h-1 at a depth of one meter. 

 

To calculate daily NEM the 15-minute diffusion corrected rates of dissolved oxygen 

change were then summed over a 24-hour period, starting and ending at 8 AM.  Open-

water dissolved oxygen methods similar to those used here have been used in a variety of 

estuaries to calculate NEM (Kemp et al. 1992, D’Avanzo et al. 1996, Borsuk et al. 2001, 

Caffrey 2003).   

 

Principal component analysis (PCA) was used to quantify the temporal and spatial 

variability of environmental characteristics among stations.  Results from the PCA will 

be used to assess whether upper and lower-bay station groups encounter different 

environmental conditions due to their respective distances from the mouth of the Lavaca 

River.  NEM was regressed (step-wise linear regression) against cumulative ten-day 

freshwater inflow (FW), salinity, water temperature, water column depth, water column 

chlorophyll-a, and water column nutrients.  Freshwater inflow was calculated by 

summing all daily United States Geological Survey (USGS) gauged river flow (m3 day-1) 

into the bay during the ten days prior to sampling.  A ten-day period was identified as the 

time interval needed to capture the response of estuarine benthic communities to 

relatively recent freshwater inflow (Kalke and Montagna 1991, Montagna and Kalke 
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1992) and provides sufficient time to incorporate the time interval of most storm systems 

in the study area.   

 

A NEM model was produced for upper Lavaca Bay from the linear regression 

relationship between NEM results for upper-bay stations and freshwater inflow into the 

bay.  Simulated NEM’s were compared to observed NEM’s calculated during 2003.  The 

difference between simulated and observed NEM was used to hypothesize whether 

inclusion of other environmental variables in the model would make it more robust.  

Quarterly sampled open-water dissolved oxygen data at station 3 during 2004 was used to 

validate the NEM model.  Water quality data was measured for a week at a time during 

each season (Chapter 3).  NEM was calculated using the same methods as those used to 

produce the NEM model.  NEM results in 2004 were compared to those predicted from 

the relationship between 10-day cumulative freshwater inflow and NEM to assess the 

capability of the NEM model to predict NEM under a wider range of environmental 

conditions than observed in 2002-2003. 

 

Results 

Observed NEM ranged from a low of -2.89 mg O2 l-1 d-1 to a high of 3.43 mg O2 l-1 d-1 

(Table 2.3).  Environmental characteristic measurements also varied widely over the two 

years of sampling (Tables 2.3).  Salinity varied from 1.18 to 26.90 ppt. and temperature 

from 20.89 to 30.99 oC.  Ambient phosphate concentrations ranged from 0.01 to 5.52 

µmol l-1, silicate from 4.05 to 266.89 µmol l-1, total inorganic nitrogen from 0.42 to16.89 
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µmol l-1, and chlorophyll-a from 2.33 to 15.48 µg l-1 (Table 2.4).  Nitrogen to phosphorus 

ratios averaged 4.62 implying possible nitrogen limitation of primary production.  

Phosphorus concentrations generally decreased as water flowed down estuary implying a 

river source.  Nitrogen concentrations were more spatially variable implying multiple 

sources.  Nutrient concentrations remained fairly low and chlorophyll-a concentrations 

were higher at stations closer to the discharge point of the Lavaca River than for those 

further down stream except on 9/23/2003.  High nutrient concentrations and low salinity 

measurements corresponded with a large freshwater inflow pulse on 9/23/2003 which 

pushed the chlorophyll maximum down into the lower-bay.    

 

Principal component analysis allowed for an assessment of covariance between 

environmental characteristics and quantified the importance of each to the total 

environmental variability.  Principal component 1 and 2 accounted for 54.6% and 18.3% 

respectively for a combined 72.9% of the total variance of environmental conditions in 

Lavaca Bay (Fig. 2.3).  Principal component 1 included factors that were dependant on 

freshwater inflow e.g. nutrient concentrations and salinity.  Principal component 2 

represented seasonally changing environmental factors e.g. chlorophyll concentrations 

and temperature.  Differences in sample day environmental characteristics resulted in 

three temporally distinct sample groups (Fig. 2.4a).  These temporal groups coincided 

with high (March 2003, and September 2003) and low freshwater inflow events (all other 

dates) and seasonal environmental characteristics (Fig. 2.4a).  Low freshwater inflow 

events were characterized by high temperatures, salinity, and pH; and low chlorophyll-a, 
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dissolved oxygen (Table 2.3), and nutrient concentrations (Table 2.4).  The high 

freshwater inflow event in March 2003 was characterized by high chlorophyll-a, pH, and 

dissolved oxygen concentrations; moderate salinity; and low temperature and nutrient 

concentrations.  The high freshwater inflow event in September 2003 was characterized 

by high nutrient concentrations; moderate temperature, chlorophyll-a; and low salinity, 

pH, and dissolved oxygen concentration.  Station environmental conditions changed 

spatially by distance from freshwater inflow source within each temporal group (Fig. 

2.4b).  There was, however, no significant overall spatial separation among station 

environmental conditions (Fig. 2.4b).  The environmental characteristics that drove the 

temporal group spatial trends were different in each temporal group.  Stations separate 

along a gradient of temperature, salinity, chlorophyll, and dissolved oxygen 

concentrations from upper to lower-bay during March.   Stations separate along a 

temperature, chlorophyll, and dissolved oxygen gradient from upper to lower-bay during 

April and May.  A salinity and nutrient gradient drove station separation in September.  

Depth had no covariance with other environmental characteristics except a weak 

covariance with salinity (p = 0.026).  Freshwater inflow co-varied directly with water 

column nutrient concentrations (Fig. 2.5), but had no significant relationship with the 

apparently seasonally driven chlorophyll-a water column concentrations.   

 

Step-wise linear regression analysis comparing NEM with chlorophyll-a, PO4, SIO4, 

dissolved inorganic nitrogen, depth, salinity, FW, dissolved oxygen, pH, temperature, and 

depth measurements resulted in only salinity (Fig. 2.6a) having a weak but significant 
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relationship (p ≤ 0.0001, R2 = 0.25) with NEM when all data was pooled together.  

Geographically separating the data at upper and lower-bay stations produced more and 

less significant relationships, respectively, between salinity and NEM than with the data 

pooled together.  Salinity correlated strongly with NEM in upper Lavaca Bay (linear 

regression p ≤ 0.0001, R2 = 0.46) (Fig. 2.6b).  The most autotrophic NEM (3.43 mg O2 l-1 

d-1) in upper Lavaca Bay occurred during times of high salinity (18.70 ppt) and low 

freshwater inflow.  The most heterotrophic NEM (-2.89 mg O2 l-1 d-1) in upper Lavaca 

Bay occurred during times of low salinity (7.32 ppt) implying that freshwater constituent 

loading may be important.  Lower Lavaca bay NEM, however, had an insignificant 

correlation with salinity (linear regression p = 0.1645, R2 = 0.06) (Fig. 2.6c).  The largest 

response in NEM (3.10 mg O2 l-1 d-1) in lower Lavaca Bay, however, occurred during 

times of lowered salinity (19.66 ppt) when the influence of freshwater inflow would be 

felt in the lower reaches of the bay.   

 

Salinity and FW had a significant inverse relationship (p ≤ 0.0001, R2 = 0.51) (Fig. 2.7) 

and historical freshwater inflow into Lavaca Bay matches up closely with a Texas Water 

Development Board salinity dataset measured at mid-bay (Fig. 2.8).  The covariance 

between salinity and FW may explain why addition of FW did not significantly improve 

the fit of the regression once salinity had been added to the step-wise regression analysis.  

The present research assesses the use of NEM as an indicator of freshwater inflow effects 

but salinity integrates freshwater inflow, evaporation, and tidal exchange.  Thus, the 

relationship between NEM and FW was analyzed with linear regression analysis.  Not 
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surprisingly, FW showed an almost identical relationship to NEM as did salinity.  NEM 

in upper Lavaca Bay had a significant linear relationship with FW (p ≤ 0.0001, R2 = 0.43) 

(Fig 2.9a).  There was no significant relationship between NEM and FW in lower Lavaca 

Bay (p = 0.5684, R2 = 0.01) (Fig. 2.9b).   

 

The empirical NEM model for upper Lavaca Bay was as follows: 

NEM = 0.14 – (4.81×10-8) FW 

Where NEM is net ecosystem metabolism (mg O2 l-1 d-1) and FW is cumulative ten-day 

freshwater inflow (m3).  This model was produced directly from the linear regression 

equation comparing NEM to FW in upper Lavaca Bay. 

 

Much of the normal range of FW (< 50 million m3) was captured during our sampling 

period.  Large pulses during late 2002 (> 150 million m3) were an abnormal condition 

resulting in a 200-year flood in much of South Texas (Fig. 2.10) and are considered 

beyond the range of the present model.  No samples were taken during colder winter 

months and so this empirical model is only valid for estimating NEM within a limited 

temperature range (21-30 oC).  The lack of data for calibration of the NEM model during 

moderate freshwater inflows stems from the pulsing nature of precipitation events in 

Texas watersheds, which are characterized by extended periods of drought punctuated by 

flood events (Fig. 2.10).  Pulses of precipitation and subsequent freshwater inflow 

unfortunately did not provide moderate flows during any of this study’s deployments. 
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The pulsing nature of the upper Lavaca Bay NEM model simulation for years 2002 and 

2003 follows the pulsing nature of precipitation events since the model is derived using 

just one forcing variable (Fig. 2.11).  Evidence of the larger NEM variability during low 

inflow periods manifests itself as the large differences between simulated and observed 

NEM during periods of low FW.  The NEM model provides a much tighter fit to 

observed NEM during FW events, but abnormally high inflows during unsampled periods 

of 2002 required bounding conditions to be defined for the model.  Previous research 

calculating ecosystem metabolic rates using open-water methods determined that 

respiration rates could reach almost 4.0 mg O2 l-1 d-1 in Copano and Nueces Bay, Texas 

(Ward 2003).  Nighttime ecosystem respiration rates measured using open-water methods 

in a shallow water estuary (~1 m depth) during warmer months has been reported to 

range between 5-10 g O2 m-2 d-1 (D’Avanzo et al. 1996).  Benthic chamber measurements 

of sediment oxygen demand have been used to calculate oxygen flux into the sediments 

of 0.2-1.3 g O2 m-2 d-1 in Nueces Bay and 0.3-1.9 g O2 m-2 d-1 in San Antonio Bay, Texas 

during 1995 (Montagna unpublished).  Odum and Hoskin (1958) measured sediment 

oxygen demand of 1-2 g O2
 m-2 d-1 in various Texas bays using benthic chambers.  Light-

dark bottle measurements of respiration in upper Lavaca Bay during 2002-2003 resulted 

in an average rate of 1.32 mg O2 l-1 d-1 for the water column (Russell and Montagna 

2004).  When benthic chamber and dark bottle oxygen consumption is combined, 

ecosystem respiration rates are estimated to be at least 2 mg O2 l-1 d-1 in Texas.  Odum 

and Hoskin (1958) compared light-dark bottle, benthic chamber, and open-water 

estimates of metabolic processes and concluded that the enclosed methods estimates were 
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2-10 times smaller than open-water estimates. Therefore, a conservative estimate of 

corresponding open-water respiration rates from the above mentioned bottle and chamber 

studies is between 2-10 mg O2 l-1 d-1.  Observed NEM rates during the present study 

never exceeded -3 mg O2 l-1 d-1 (Table 2.3) and calculations of respiration using open-

water methods in Lavaca Bay during 2004 never exceeded 5 mg O2 l-1 d-1 (Chapter 3).  

Therefore, the NEM model presented here was constrained to not exceed -5 mg O2 l-1 d-1 

even during very high inflows. 

 

The NEM results from station 3 during quarterly sampling in 2004 show a pattern of 

increased heterotrophy with increased FW similar to that from 2002-2003 (Fig. 2.12a).  

NEM predicted by the simple empirical NEM model presented here did not fit with the 

2004 validation data (linear regression, p = 0.0783 and R2 = 0.06).  This lack of fit is 

mainly due to increased scatter during periods of low FW since a closer fit between 

observed and predicted NEM is seen at higher FW values.  Samples taken during colder 

winter months tended to be more autotrophic than predicted, and samples taken later in 

the year when water temperatures had warmed up tended to be more heterotrophic.  The 

larger temperature range (11-30 oC) of samples in 2004 resulted in a significant 

relationship between NEM and temperature (p < 0.0001, R2 = 0.45) (Fig. 2.12b).   

 

The Lavaca Bay ecosystem would have shown dissolved oxygen impairment if NEM 

rates resulted in a dystrophic state (< 5 mg O2 l-1) for sufficient periods of time.  It was 

assumed that a 70% dissolved oxygen saturation in the water column was the threshold 
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below which dystrophy begins.  Dissolved oxygen saturation of 70% corresponds to 

dissolved oxygen concentration just over 5 mg O2 l-1 at average Lavaca Bay salinity and 

temperature, which is the 24-hour threshold of mean dissolved oxygen concentration 

impairment set by TCEQ.  Simulated daily NEM rates were compared to daily oxygen 

diffusion rates from the atmosphere, using D’Avanzo et al.’s (1996) wind-dependant 

diffusion coefficients, at observed average daily wind speeds (Fig. 2.13).  The simulated 

NEM and diffusion rate results from upper Lavaca Bay suggest that this system did not 

become dystrophic and should not have shown impaired dissolved oxygen concentrations 

during 2003, which experienced more normal precipitation events than 2002.  A 

dissolved oxygen impairment assessment, using 24-hour continuously monitored 

dissolved oxygen concentrations, run concurrently with this study concluded that Lavaca 

Bay did not suffer from dissolved oxygen impairment during the study period (Montagna 

and Russell 2003).  Potential dystrophic conditions exist only on days when wind speeds 

are very low (< 2 m s-1), thereby limiting diffusion rates, and FW has been high (> 100 

million m3).  This combination of factors did not occur for sufficient periods of time in 

Lavaca Bay during 2003 to cause dystrophic conditions.  

 

Discussion 

The potential use of NEM as an indicator of freshwater inflow effects in Texas shallow 

water estuaries is spatially limited.  Freshwater inflow only influenced NEM in the upper 

reaches of Lavaca Bay (Fig. 2.9a).  The relatively low freshwater inflows into Lavaca 

Bay become extremely diluted by salt water in the 20 km or so from the river mouth to 
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the estuary mouth.  This dilution results in environmental conditions, such as 

temperature, salinity, dissolved oxygen and chlorophyll concentrations that vary along 

gradients between upper and lower-bay regions (Fig. 2.4b).  No relationship was found 

between FW and NEM in lower Lavaca Bay (Fig. 2.9b).  Therefore, the use of NEM as 

an indicator of freshwater inflow effects, at least in Lavaca Bay, is spatially limited to the 

upper-bay where environmental conditions are more influenced by freshwater inflows. 

 

The lack of a relationship between NEM and FW in the lower-bay may be due to its 

location with respect to sources of nutrient loading.  Gauged river inflow provides 49% 

of the nutrient loads to the Lavaca-Colorado estuarine system (Longley 1994).  Gauged 

river flow enters upper Lavaca Bay via the Lavaca River.  Nutrients in this inflow have to 

travel approximately 6-8 km before they reach the lower-bay.  Nutrient concentrations 

have been shown to decrease with distance from the mouth of the Lavaca River (Jones et 

al. 1986 and Table 2.4) implying assimilation into biomass and are, thus, much reduced 

by the time the water reaches the lower-bay.  Thus, other sources of nutrient inputs, such 

as those from atmospheric deposition and tidal pumping, must provide a larger proportion 

of the nutrient loads in the lower-bay than the freshwater dominated upper-bay.  The 

most autotrophic NEM values in lower Lavaca Bay took place during a large freshwater 

event when salinity was reduced to ~20 ppt at station 6 and nutrients (DIN = 5.01 µmol   

l-1) and chlorophyll-a (12.28 µg l-1) were higher than any other time during this study 

(Fig. 2.6).  Thus, FW can have an effect on lower-bay metabolic rates, but only during 

very high river discharges when river constituent loading becomes the dominant source 
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of nutrients.  Tidal entrainment and atmospheric deposition combined to provide up to 

40% of the nitrogen loads to Nueces Bay, Texas under non-flood conditions (Brock 

2001) which implies that these sources can be very important in Texas.  Regenerated 

nutrients from upper-bay decomposition of allochthonous organic matter will integrate 

freshwater loads over time, and this combined with a relatively steady flux of nitrogen 

from the atmosphere and tidally entrained waters helps explain the lack of a short-term 

response to increased freshwater inflow in lower Lavaca Bay NEM. 

 

Variability in upper Lavaca Bay NEM became larger as FW decreased.  Other 

environmental factors may become more influential than freshwater inflow during low 

flow periods.  Multiple freshwater point sources present at Lavaca Bay (i.e., rivers and 

streams) may have led to the relatively larger variability in NEM during low freshwater 

inflow periods.  Placedo and Garcitas Creeks, which are usually insignificant freshwater 

point sources compared to the Lavaca River, can contribute up to about half of the total 

flow into Lavaca Bay during low freshwater inflow periods and can contribute up to 100 

times more inflow than the Lavaca River during rare localized precipitation events.  

Localized differences in land use / land cover may influence NEM as the proportion of 

freshwater inflow from these local watersheds becomes more prevalent.  Shallow depths 

in the upper-bay may also have contributed to the higher NEM variability during low 

inflow periods when water clarity tends to increase.  The effects of changing daily 

irradiance on daytime ecosystem production (D’Avanzo et al. 1996) and 

microphytobenthic photosynthesis rates (Blanchard and Montagna 1992) may explain 
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some of the variability in NEM at shallow depths.  Finally, freshwater inflow’s influence 

on NEM may not be linear.  Lack of NEM data during moderate and very high freshwater 

inflows, however, makes it difficult to assess the shape of the relationship curve.  NEM 

may respond in a more complex manner to increases in freshwater inflow than was 

assumed in this study.   

 

A more complex relationship between freshwater inflow and NEM than assumed in this 

study may result from shifts in the loading and balance of freshwater inflow constituents.  

Freshwater inflow alone does not drive NEM in estuaries, but rather the organic and 

inorganic loads contained in that inflow does.  Howarth et al. (1991) concluded that 

increased organic carbon, sediment, and nutrient loading in freshwater inflow into the 

Hudson River Estuary since European settlement have had significant effects on estuarine 

metabolism.  Nutrient loading (D’Avanzo et al. 1996) and organic loading (Smith and 

Hollibaugh 1997) have been proposed to influence NEM rates in estuaries.  The ratio of 

nutrient to organic loading in freshwater inflows has also been hypothesized to explain 

NEM variability in estuarine systems (Kemp et al. 1997).  Caffrey (2004) concluded that 

68% of the variation in NEM among 42 National Estuarine Research Reserve (NERR) 

systems could be explained by changes in nutrient loads from freshwater inflow.  It is 

clear from the present study’s results that concentrations of limiting nutrients, such as 

dissolved inorganic nitrogen, increased as a function of freshwater inflow (Fig. 2.5), but 

dissolved inorganic nitrogen had no significant relationship with NEM.  The lack of a 

relationship in this study may stem from the measurement of nutrient concentrations 
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instead of calculating nutrient loads.  Ambient nutrient concentrations may be very 

different than the concentrations initially loaded into an ecosystem because of biological 

utilization.  Nutrient loads into Lavaca Bay, however, have been calculated (Longley et 

al. 1994) and it was concluded that nutrient loads were sufficient for assimilation of 

organic carbon loading.  This implies that primary production in Lavaca Bay is not 

limited by nutrients alone, which may help explain the lack of response of NEM to 

changes in nutrients.  High turbidity and subsequent light limitation of primary 

production has been provided as an explanation for the lack of nutrient limitation 

(Longley et al. 1994).  Thus, organic matter loads, delivered from the watershed by 

freshwater inflow, may be responsible for the heterotrophic response of upper Lavaca 

Bay NEM to increased freshwater inflow.  Organic matter loads could be processed in the 

upper reaches of Lavaca Bay and may not be directly transported to lower reaches where 

no significant relationship between freshwater inflow and NEM was found.  This 

significant intra-bay spatial difference in the relationship between freshwater loading and 

NEM could not have been found in many past estuarine metabolic rate studies because 

NEM has often been measured at only one or two closely located stations per estuary 

(D’Avanzo et al. 1996, Caffrey 2003).  

 

Net heterotrophy implies that upper Lavaca Bay functions as a net carbon sink.  The 

NEM model predicts more heterotrophy during higher inflow periods.  Stable isotope 

measurements from samples taken between the Lavaca River and the mouth of Lavaca 

Bay estimated that 25-50% of particulate organic matter samples had a terrestrial origin 
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(Parker et al. 1989).  The signal of a terrestrial origin in particulate organic matter 

decreased with distance from the river, but in years with high FW terrestrial carbon was 

detected throughout the system.  Net heterotrophy in upper Lavaca Bay is consistent with 

other estuaries, such as Chesapeake Bay, where the upper-bay acts as a terrestrial carbon 

sink and a regenerated nutrient source for areas further down stream (Kemp et al. 1997).   

  

It is important to note that only aerobic processes are accounted for by NEM.  Anaerobic 

processes taking place below the oxic surface layer of the sediment remineralize organic 

matter without consuming oxygen.  Therefore, estuarine ecosystems are more 

heterotrophic than estimated by NEM.  Depth integrated sulphate reduction rates can 

contribute up to 49% of carbon oxidation in coastal sediments (Holmer 1999).  Thus, in 

the shallow water ecosystems of Texas a rough estimate of organic carbon oxidation 

could be twice that estimated by NEM.  Little information exists for determining sulfate 

reduction rates under different environmental conditions, but evidence suggests that the 

complexity of organic matter (Kristensen et al. 1995) and periodicity of oxygen depletion 

(Aller 1994) can have significant effects on anaerobic microbial processes.  

Quantification of sulphate reduction rates in Corpus Christi Bay, Texas is currently 

underway (Sell and Morse submitted).  Thus, NEM can only be used to estimate organic 

matter oxidation due to aerobic processes until better quantification of anaerobic 

metabolism under different environmental conditions is completed.  Net heterotrophic 

NEM results, thus, should be viewed as underestimations of the total heterotrophic nature 

of Texas estuarine ecosystems. 
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Additional factors that could be included in the upper Lavaca Bay NEM model were 

assessed by examining the environmental conditions during sample dates when observed 

and simulated NEM rates did not closely match.  Most of the differences between 

observed and simulated NEM rates occurred during times of low freshwater inflow (Fig. 

2.11).  A close examination of environmental conditions on these dates identifies an 

interesting trend.  Dates with more autotrophic observed NEM rates than predicted by the 

model simulation were clear and sunny, while dates with more heterotrophic observed 

rates than predicted were cloudy and shaded.  D’Avanzo et al. (1996) found that daytime 

ecosystem production rates were correlated with daily irradiance.  This implies that 

including daily irradiance rates may produce a more robust NEM model.  No irradiance 

measurements were taken close to Lavaca Bay during this study, however.  The closest 

irradiance meter in the region is located at The University of Texas at Austin’s Marine 

Science Institute, in Port Aransas TX, too far from Lavaca Bay to justify using the data.  

A comparison of NEM from a bay closer to a continuously monitoring irradiance meter is 

required to better assess the influence of daily changes in irradiance on NEM.  Other 

environmental factors such as temperature may have more influence on NEM rates than 

found in this study.  Most of the sampling occurred during late spring, summer, or early 

fall.  Extending sampling into winter months should provide a large enough temperature 

range to better assess the influence of temperature on NEM. 
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Much of the scatter driving the lack of fit between the validation data and the NEM 

model may be due to the increased temperature range of the validation data as well as 

seasonal effects (Fig. 2.12a).  An increase of 5-20 oC between sampling periods in 2004 

may be responsible for the observed switch between net autotrophic and net heterotrophic 

conditions (Fig. 2.12b).  Respiration rates also tended to increase steadily during 2004 in 

Lavaca Bay (Chapter 3) which helps to explain the more heterotrophic conditions during 

the fall season.  The 2004 NEM data may, thus, not represent a good validation dataset 

since half of the data were collected outside the environmental/temporal limits of the 

NEM model.  The 2004 validation dataset does, however, lend support for inclusion of 

temperature in future modeling efforts of NEM over wider ranges of environmental 

conditions. 

 

NEM has potential as an indicator of dissolved oxygen impairment.  Unfortunately for 

this study, but fortunately for fauna in Lavaca Bay, sampling occurred during a period 

when dissolved oxygen conditions remained above impairment levels (Fig. 2.13).  It is 

not surprising to find dissolved oxygen concentration above those of the impaired 

threshold, because the combination of calm conditions and large freshwater inflows don’t 

occur regularly.  Large freshwater inflows are usually attributed with storm events that 

have higher wind speeds.  NEM needs to be compared to dissolved oxygen 

concentrations in a more impaired bay before NEM can be properly assessed as an 

indicator of dissolved oxygen impairment. 
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The NEM model presented here may not be a very useful indicator of freshwater inflow 

effects in the entire expanse of a shallow water estuary, as the NEM model is only 

sensitive to changes in freshwater inflow in regions close to freshwater inflow.  Also, the 

NEM model is only accurate enough to predict shifts from balanced to heterotrophic 

conditions due to large increases in FW.  One of the more interesting results from this 

study, however, is that NEM responds differently in upper and lower-bay areas to 

changes in FW.  Previous research concluded that NEM is not significantly different at 

distances < 1.4 km (Caffrey 2003, D’Avanzo et al. 1996).  The present study’s results 

suggest that NEM is variable between upper and lower-bay stations at distances < 6 km.  

Therefore, the size and gradients of environmental conditions within an estuary may 

determine how representative a single calculation of NEM is of that entire estuary.  

Bathymetry may also play a role in determining the spatial extent represented by single 

station measurements of NEM.  High rates of biological production or consumption of 

oxygen, and little dilution in shallow, warm waters may magnify any NEM spatial 

differences in Texas bays.   

 

During periods of high FW, upper Lavaca Bay became more heterotrophic.  It is 

speculated here that the increased heterotrophy is a consequence of the combination of 

increased oxidation of organic matter loads and light limitation of primary production.  

This implies that changes in watershed hydrology, and organic or nutrient enrichment 

could be influential on estuarine metabolic rates.  Inclusion of other environmental 

factors, such as temperature and irradiance, should make the NEM model more accurate 
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during periods of low freshwater inflow.  NEM measurements, when taken over a wider 

range of environmental conditions, may provide the indicator for creation of a NEM 

model that estimates the effects on estuarine metabolic rates from large anthropogenic 

changes in environmental conditions and hydrology.  Large changes in freshwater inflow 

and temperature may arise, for example, due to climate change and watershed 

development.  The simple empirical model presented in this study, however, is only valid 

for assessment of freshwater inflow effects on NEM during the time frame of this 

research.  Also, the NEM model should not be applied, in its current form, to 

environmental conditions outside this study’s observed temperature range. 
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Table 2.1  University of Texas Marine Science Institute stations sampled for net ecosystem metabolism 
with Texas Commission on Environmental Quality descriptions and locations. 

 

Station No. Assessment Short Description Latitude (N) Longitude (W) 

UTMSI      TCEQ Unit

LB 1 17552 Upper-Bay Lavaca Bay So. of 
Garcitas Cove  

28.69683456  96.64499664

LB 2 17553 Upper-Bay  Lavaca Bay West 
of Point Comfort  

28.67436218  

  

  

  

  

96.58280182

LB 3 13383 Upper-Bay Lavaca Bay at SH 
35 

28.63888931 96.60916901

LB 4 17554 Lower-Bay Lavaca Bay East of 
Noble Point  

28.63933372 96.58449554

LB 5 13384 Lower-Bay Lavaca Bay at 'Y' at 
CM 66 

28.59583282 96.56250000

LB 6 17555 Lower-Bay Lavaca Bay South 
of Rhodes Pt. 

28.59769440 96.51602173

 
 
 
 
 
 
 
 
 

40 



Table 2.2  Wind dependent and constant diffusion coefficient (K) equations.  Diffusion 
coefficients (K) are in g O2 m-2 h-1.  Odum and Wilson; and Marino and Howarth 
estuarine subset equations estimated from graphs. 

 

Author(s) Location(s) Wind Speed 
Range (m s-1) 

Equation 
X = Wind Speed 

Variability 
Explained (%) 

Odum and 
Wilson, 1962 

Texas Gulf 
Coast 

0-12 0.2x  NA 

Marino and 
Howarth, 1993 

World Wide 
Full data set 

0-12 0.1098e(0.249x) 55 

Marino and 
Howarth, 1993 

Estuarine 
data subset 

0-12 e(1.00 + 0.4x)  NA 

D’Avanzo et 
al., 1996 

Waquoit Bay NA 0.56e(0.15x) NA 

Caffrey, 2004 NERR sites 
 

0-10 0.5 (Constant) NA 
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Table 2.3  Monitoring dates by station (Sta.) listing results for net ecosystem metabolism (NEM), mean daily salinity (Sal.), 
temperature (Temp.), and sonde deployment depth which is half the total water column depth. * = replicate 

      Date Sta NEM
(mg O2 l-1 d-1) 

Sal. 
(ppt) 

Temp. 
(oC) 

Depth 
(m) 

Date Sta. NEM
(mg O2 l-1 d-1) 

Sal. 
(ppt) 

Temp. 
(oC) 

Depth 
(m) 

4/24/2002           1 -2.8 12.99 26.70 0.72 4/15/2003 1 -0.51 14.95 22.71 0.80
4/24/2002             

     
     
      
      

2 1.12 15.33 26.75 0.76 4/15/2003 2 -0.71 18.73 22.63 0.83
4/24/2002 4 -1.43 22.74 26.36 0.85  4/15/2003 2*

 
 -1.13 18.55 22.60 0.85

4/24/2002 5 -0.48 22.74 26.36 0.85  4/15/2003 3 -1.82 17.98 22.26 1.13
4/24/2002 6 -0.55 24.58 26.51 1.28  4/15/2003 4 -1.15 20.70 22.12 1.18
5/22/2002 1 -1.37 18.58 23.43 0.85  4/15/2003 6 -0.95 22.58 22.08 1.22
5/22/2002            4 -1.35 24.81 23.51 1.23 5/28/2003 1 1.17 17.86 26.62 0.83
5/22/2002             

            
           
            

5 -0.49 24.82 23.42 0.86 5/28/2003 1*
 

1.01 17.48 26.54 0.80
5/22/2002 5*

 
-1.31 25.18 23.44 0.89 5/28/2003 2 3.43 18.70 26.70 0.84

5/22/2002 6 -1.07 26.90
 

23.62 1.22  5/28/2003 3 1.36 20.87 26.98 1.02
8/21/2002 1 -1.94 9.48 30.21 0.65 5/28/2003 4 1.37 22.33 27.05 1.06
8/21/2002            

            
            
      

2 -0.7 11.10 30.32 0.71 5/28/2003 4*
 

1.52 22.30 27.03 1.07
8/21/2002 2*

 
-1.41 11.19 30.26 0.74 5/28/2003 5 1.13 23.41 27.23 0.86

8/21/2002 4 -1.30 12.74 30.37 0.87 5/28/2003 6 1.61 24.21 27.28 1.19
8/21/2002 4* -0.70 12.81 30.31 0.91  7/22/2003 2 -0.68 9.58 30.99 0.63
8/21/2002      

      
            

5 -1.05 17.87 30.33 0.77  7/22/2003 3 -1.84 9.72 30.83 1.00
8/21/2002 6 -0.06

 
18.97 30.31 1.12  7/22/2003 4 -2.10 10.49 30.88 0.84

10/9/2002 1 0.4 12.88 27.13 0.79 7/22/2003 4* -1.76 10.48 30.88 0.84
10/9/2002            

      
1* 0.13 13.01 27.07 0.86 7/22/2003 6 -0.53 22.00 30.68 0.92

10/9/2002 2 -0.86 15.12 27.34 0.80  8/19/2003 1 -0.02 13.33 30.86 0.63
10/9/2002            

            
             

      

4 -0.80 17.89 27.31 1.06 8/19/2003 1*
 

0.49 13.74 30.94 0.64
10/9/2002 5 -0.82 19.87 27.46 0.89 8/19/2003 2 0.23 17.83 30.91 0.60
10/9/2002
 

6 -0.44 21.03
 

27.62
 

1.20 8/19/2003 5 0.27 24.54 30.80 0.78
 8/19/2003 6 0.43 25.54 30.71 0.99

          9/23/2003 1 -2.83 1.20 25.40 0.68
        
        

      

 9/23/2003 1*
 

 -2.21 1.18 25.40 0.68
 9/23/2003 2 -2.54 5.77 25.73 0.77

3/18/2003 1 -1.33 10.50 21.53 0.78  9/23/2003 3 -2.89 7.32 25.68 1.10
3/18/2003      

     
           

2 -0.01 14.42 21.48 0.74  9/23/2003 4 -0.26 8.50 25.52 1.07
3/18/2003 3 -0.15 15.22 21.07 1.20  9/23/2003 4*

 
 -0.90

 
8.42 25.61 1.06

3/18/2003 6 -0.13 19.71 20.89 1.12 9/23/2003 6 3.1 19.66 26.06 1.11
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Table 2.4  Monitoring dates by station (Sta.) listing results for water column phosphate 
(PO4), silicate (SIO4), nitrate + nitrite + ammonium (DIN), chlorophyll-a (Chl-a), and 
cumulative ten-day freshwater inflow (FW).  *Nutrient samples on 4/15/2003 were taken 
during routine quarterly sampling which was limited to station 2 and 4. 
 

Date Sta. PO4 
(µmol l-1) 

SIO4 
(µmol l-1) 

DIN 
(µmol l-1)  

Chl.-a 
(µg l-1) 

FW 
(m3) 

4/24/2002 1 1.05 75.39 3.49 15.48 5160040 
4/24/2002 2 0.46 65.73 0.42 8.84 5160040 
4/24/2002 4 0.60 63.34 0.50 8.64 5160040 
4/24/2002 5 0.63 45.19 0.42 6.64 5160040 
4/24/2002 6 0.59 19.39 2.32 3.88 5160040 
3/18/2003 1 0.40 41.60 0.68 17.82 9097576 
3/18/2003 2 0.49 46.38 0.81 6.24 9097576 
3/18/2003 3 0.34 55.22 0.42 6.33 9097576 
3/18/2003 6 0.01 4.05 0.96 10.73 9097576 
4/15/2003* 2 0.66 107.67 3.35 5.54 4883601 
4/15/2003 4 0.55 94.14 1.36 5.39 4883601 
5/28/2003 1 0.62 69.79 0.81 5.47 1706288 
5/28/2003 2 0.66 76.83 0.89 7.15 1706288 
5/28/2003 3 0.51 50.49 1.59 6.00 1706288 
5/28/2003 4 0.33 31.68 1.56 6.85 1706288 
5/28/2003 5 0.62 35.40 3.58 2.33 1706288 
5/28/2003 6 0.47 31.88 1.20 7.69 1706288 
9/23/2003 1 5.52 266.89 13.39 6.32 52393329 
9/23/2003 2 3.14 220.76 15.60 10.08 52393329 
9/23/2003 3 3.47 194.62 16.89 10.64 52393329 
9/23/2003 4 2.78 187.18 13.30 10.99 52393329 
9/23/2003 6 1.98 145.49 5.01 12.28 52393329 
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Figure 2.1  Map of station locations in Lavaca Bay, Texas, USA.  Stations 1-3 are 
geographically partially separated from station 4-6 by the US highway 35 bridge 
constriction and pylons.  Lavaca River discharges into northeastern Lavaca Bay.  Lavaca 
Bay is located on the western Gulf of Mexico Texas coastline (insert).   
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Figure 2.2  Comparison of three wind dependent and one constant diffusion coefficients 
(K) at different wind speeds.  Diffusion potential at higher wind speeds is underestimated 
by the constant coefficient. 
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Figure 2.3  Principal component analysis loads. PC 1 scores are determined by event 
driven environmental conditions, while PC 2 scores are determined by seasonal changes 
in temperature. 
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Figure 2.5  Comparison of Lavaca Bay dissolved inorganic nitrogen concentrations and 
cumulative ten-day freshwater inflow.  DIN increases with higher freshwater inflows, 
especially in upper bay stations 1-3.  Best fit regression line (solid) and 95% confidence 
intervals (dashed) show trend, but lack of nutrient data during moderate flows hampers 
analysis. 
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Figure 2.6  Lavaca Bay net ecosystem metabolism vs. salinity (Regression line and 95% 
confidence intervals).  A)  Significantly more bay-wide heterotrophic conditions 
correspond to periods of low salinity.  Increased heterotrophy with lower salinity is 
evident in B) upper-bay regions but not in C) lower-bay regions. 
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Figure 2.7  Comparison of mean daily salinity and cumulative ten-day freshwater inflow 
(Regression line and 95% confidence intervals).  Stations closer to mouth of the Lavaca 
River (1-4) are more affected by freshwater inflow than a station further down estuary 
(6). 
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Figure 2.8  Cumulative ten-day freshwater inflow into Lavaca Bay compared to daily 
averaged salinity record measured at mid Lavaca Bay.  Peaks in freshwater inflow 
correspond well with periods of decreased salinity. 
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Figure 2.9  Comparison of net ecosystem metabolism and cumulative ten-day freshwater 
inflow (Regression line and 95% confidence intervals) in A) upper and B) lower Lavaca 
Bay. Freshwater inflows influence on NEM is spatially limited to the upper bay. 
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Figure 2.10  Cumulative ten-day gauged freshwater inflow into Lavaca Bay, Texas. 
(Circles denote sample dates.) 
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Figure 2.11  Model simulated daily NEM results (solid line) compared to observed NEM 
(circles) for 2002 and 2003.  The largest deviations between simulated and observed 
NEM’s occur during low freshwater inflow periods.  Model is constrained both 
temporally and in magnitude. 
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Figure 2.12  NEM validation data during 2004.  A) NEM was more heterotrophic at 
higher freshwater inflows.  Data showing scatter during periods of low freshwater inflow 
grouped together by temperature and season.  B)  Temperature’s influence on NEM 
during 2004. 
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Figure 2.13  Simulated daily NEM results for upper Lavaca Bay (2003) compared to the 
threshold of dystrophic estuarine conditions.  Simulated NEM rates of biological oxygen 
consumption never exceeded the assimilation capacity provided by diffusion.   
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Chapter 3: 

Net Ecosystem Metabolism Spatial and Temporal Variability in the Western 

Gulf of Mexico Estuaries. 

 

Abstract 

Ecosystem processes are spatially and temporally dynamic.  Spatial and temporal 

variability in net ecosystem metabolism (NEM) was assessed in Texas shallow water 

estuaries.  NEM was calculated from high-frequency dissolved oxygen measurements.  

NEM integrates the ecosystem processes of photosynthesis, aerobic respiration, and 

chemical oxygen demand and provides an estimation of organic carbon and nutrient 

sources or sinks.  Data were collected in four bays along the east-west precipitation 

gradient of the Texas coast in the Western Gulf of Mexico.  Inter-bay, intra-bay, and 

water column spatial scales were assessed for NEM variability.  Seasonal, monthly, and 

daily temporal scales in NEM were also assessed.  Environmental conditions were 

compared to NEM values to determine their influence.  Significant NEM spatial 

variability on inter-bay, intra-bay, and water column spatial scales was found.  

Significant intra-bay and water column spatial variability was ephemeral, however.  

Significant NEM temporal variability on seasonal, monthly, and daily scales was found.  

Temperature, salinity, and freshwater inflow were the most influential environmental 

factors controlling seasonal, monthly, and daily NEM values respectively.  Models of 

NEM must account for both the spatial and temporal variability found during this study. 
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Introduction 

Ecological processes in estuarine ecosystems are driven by a suite of environmental 

factors.  Some influential environmental factors, such as seasonal temperatures and 

irradiance, change in predictable ways.  Others, such as freshwater inflow and salinity, 

are less predictable and are often associated with ephemeral events.  Estuaries and other 

coastal ecosystems by definition depend on these dynamic freshwater inflow events to 

exist (Ketchum 1951, Pritchard 1967).  Nutrients and organic matter loaded by freshwater 

inflow have been linked to estuarine productivity, health, and function (D’Avanzo et al. 

1996, Kemp et al. 1997, Caffrey 2004).  Sediment, nutrients, and organic matter, are 

delivered from a watershed as a result of precipitation events that can be highly variable.  

The typical precipitation pattern in South Texas, for example, results in small base flows 

punctuated by large inflow events caused by frontal systems or tropical storms (Orlando 

et al. 1993).  Spatial and temporal variability in environmental conditions, such as 

temperature and salinity, may modify estuarine ecosystem metabolic rates.  Estuarine 

ecosystem metabolic rates could be affected by the interaction of nutrient and organic 

matter loading with light availability, temperature, dissolved oxygen (DO) 

concentrations, and salinity.  A greater understanding of spatial and temporal variability 

in estuarine ecosystem response to changing conditions is needed to assess the influence 

of different environmental conditions.  Understanding the relevant scales of ecosystem 

responses is becoming more important as many semi-arid estuaries are threatened by 

environmental conditions that are changing due to climate change and watershed 

development. 
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Net ecosystem metabolism (NEM) may provide an indicator of ecosystem metabolic 

rates that can be used to understand the relevant scales of estuarine ecosystem response to 

changing environmental conditions.  NEM is calculated from open-water high-frequency 

dissolved oxygen measurements and integrates the ecological processes of 

photosynthesis, aerobic respiration and chemical oxygen demand.  NEM is the daily rate 

of an ecosystem’s biological production or consumption of dissolved oxygen (Odum 

1956).  Dissolved oxygen is the universal currency of aerobic biological processes.  

Dissolved oxygen is produced and consumed by biological processes ranging from 

phytoplankton photosynthesis to the oxidation of reduced compounds produced by 

anaerobic bacteria in the sediments.  Thus, NEM provides an indirect estimation of the 

balance between organic matter production and remineralization in an ecosystem.  NEM 

calculations from open-water dissolved oxygen measurements are only valid, however, 

under certain conditions.  Dissolved oxygen concentrations must contain a signal that is 

controlled by biological activity after physical influences are removed and dissolved 

oxygen concentrations must be measured in volumes of water that have had similar 

metabolic histories over a 24-hour period.  Kemp and Boynton (1980) concluded that 

small shallow-water communities with little physical circulation and moderate 

metabolism were most suitable for application of open-water NEM methods.  In suitable 

environments, NEM could provide metabolic process information on daily time scales 

and spatial scales limited only by the metabolic histories of the water.  
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Large spatial and temporal variability in estuarine environmental conditions have limited 

the scope of conclusions made from previous attempts to determine ecological process 

responses to changing conditions.  Caffrey (2004) completed one of the most 

comprehensive studies of spatial and temporal variability using NEM as an indicator of 

estuarine processes.  Caffrey (2004) analyzed high-frequency DO data from 42 sites 

within 22 National Estuarine Research Reserves (NERR) over a 5 year period.  The large, 

continental scale of Caffrey’s study, however, limited her analysis to seasonal and 

interbay scales.  Also, the assumption of measurement of water bodies with similar 

metabolic history that is central to NEM calculations was not well supported.  Previous 

studies (Caffrey 2003, D’Avanzo et al. 1996) were used to justify the use of NEM results 

from only one or two sites and only one depth as representative of NEM in entire 

estuaries.  Unfortunately, within-bay NEM results from these previous studies were not 

compared at stations greater than 400 meters (Caffrey 2003) and approximately 700 

meters apart (D’Avanzo et al. 1996).  Surface and bottom water NEM result comparisons 

were even more limited.  Caffrey (2003) compared gross primary production, respiration, 

and NEM calculations from surface and bottom deployments at only one site in 

Apalachicola Bay, FL.  Caffrey (2003) concluded that surface and bottom gross primary 

production and respiration results were not significantly different, but that NEM was 

significantly different.  D’Avanzo et al. (1996) used comparisons of vertical profiles to 

assess the vertical and horizontal homogeneity of small (1.4 km length) sub-estuaries.  

Profiles were only assessed at the beginning of each 5 to 25 day continuous DO 

monitoring deployment.  Net primary production and respiration were not significantly 
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different in surface and bottom waters, but no attempt was made to compare NEM.  Thus, 

it is very difficult to assess the validity of using only one mid-estuary NEM calculation to 

represent entire estuaries larger than 1.4 km in length.  Also, evidence of depth 

differences in NEM exists because benthic processes play a large role in controlling 

dissolved oxygen concentrations in shallow water estuaries.  The spatial and temporal 

scales of variability of NEM must be better quantified if NEM is to be used as an 

indicator of the response of estuarine ecosystem processes to changing environmental 

conditions.     

 

Here NEM methods are applied to quantify variability and assess the relevant spatial and 

temporal scales in estuarine metabolic processes.  Information about the scales that 

ecosystem processes respond to changing environmental conditions is needed for use in 

future ecosystem modeling efforts.  The discrete nature of bay watersheds in Texas, when 

coupled with a steep freshwater inflow gradient along the coastline, provides a natural 

experiment of conditions necessary for assessing spatial and temporal variability of NEM 

and its response to changing environmental conditions.  Environmental conditions are 

compared to NEM to quantify their relative influences on metabolic processes.  NEM is 

compared at three different spatial scales: among bays (100 km), within bays (10 km), 

and between surface and bottom water (1-3 m).  NEM is also compared at three temporal 

scales: daily, monthly, and seasonally.  The validity of using NEM calculations on the 

spatial and temporal scales of routine monitored water quality data is assessed through 

intra-bay and intra-water column comparisons.  The potential for combining data from 
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multiple bays to produce an NEM model that can respond to changing environmental 

conditions is assessed.   

 

Methods and Materials 

Study area and environmental conditions 

The southeastern coastline of Texas is dominated by a linked lagoonal system.  This 

mostly sub-tropical system experiences annual water temperatures ranging from 10-30 

oC.  The Texas lagoonal estuaries are unique in that each major bay system receives 

freshwater inflow from only one or two major river-watershed systems.  The lagoonal 

estuaries are physiographically similar, but differ due to a climatic gradient along the 

coast.  Precipitation along the Texas coastline decreases from moderately wet conditions 

in northeastern watersheds to semi-arid conditions in southwestern watersheds (Fig. 3.1). 

This climatic gradient influences freshwater inflow (Table 3.1), salinity, nutrient loading, 

and residence time in Texas estuaries (Table 3.2).  Data for table 2.2 were compiled from 

those presented by Longley (1994), who assessed historical trends (1941-1987) in 

freshwater inflow and their effects on Texas estuaries.  The climatic gradient results in a 

two orders of magnitude decrease in freshwater inflow from northeast to southwest 

(Montagna and Kalke 1995).  Mean daily river flow rates range from a high of 116 m3 s-1 

in the Guadalupe River to a low of 28 m3 s-1 in the Aransas River (NOAA 1997).  

Freshwater flowing over the salt water dam into Nueces bay, however, can completely 

stop when removal of water from the ungauged region of the Nueces River is higher than 

flow rates.  Actual daily differences in freshwater inflow among bays can also be much 
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greater than mean daily freshwater inflow differences imply, because inflow is driven by 

short-lived precipitation pulses, rather than average base flows in the semi-arid south-

western watersheds of Texas.  Each estuarine system along the Texas coastline has river 

flow into a secondary bay, which is partially separated from a larger primary bay by a 

land constriction.  The primary bays are either directly or indirectly connected to the Gulf 

of Mexico.  Secondary bays, therefore, have more direct influence from freshwater than 

primary bays.  River flow results in a longitudinal salinity gradient within each secondary 

bay (Longley 1994).  Past studies have taken advantage of these climatic and longitudinal 

gradients to determine freshwater inflows influence on zoogeographic distributions 

(Montagna and Kalke 1992, 1995). Within the context of past studies, it is hypothesized 

that the influence of varying environmental conditions will affect estuarine NEM along 

the Texas coastline.  The estuaries of Texas provide ideal environments for application of 

open-water NEM methodology.  Texas estuaries fulfill all the requirements set forth by 

Kemp and Boynton (1980) for environments suitable for open-water NEM methods: 

shallow-water communities with long residence times, little physical circulation, and 

moderate metabolism. 

 

Inter-bay variability 

Estuarine NEM variability may exist due to differences in freshwater inflow.  It is 

hypothesized that NEM is variable on inter-bay spatial scales (> 30 km).  The present 

study’s spatial sampling design included one station located in the freshwater inflow 

region in each of the following secondary bays: Lavaca Bay (LB), San Antonio Bay 
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(SAB), Copano Bay (CB), and Nueces Bay (NB).  Sampling was restricted to regions 

most affected by freshwater inflow because freshwater inflow’s influence on estuarine 

ecosystem function does not extend into the lower half of a Texas secondary bay 

(Chapter 2).  The temporal sampling design included weekly deployments during every 

quarter of 2004 at stations LC 15, GE B, and NC A in Lavaca, San Antonio, and Nueces 

Bays respectively, and monthly at one (MAA) of three stations (MAA-MA3) in Copano 

Bay (Fig. 3.2).  Stations MA2 and MA3 are used to assess intra-bay variability in Copano 

Bay (See below).  Stations were either at or very close to previously sampled locations.  

Station names follow the original naming convention (Estuary + Station) previously 

established by Montagna and Kalke (1995) for these locations.  A two-way ANOVA 

(alpha = 0.05) was used to test for significant NEM differences between bays and 

seasons.  Tukey’s honestly significant difference (HSD) post-hoc analysis was used to 

test for significant differences among all pair-wise comparisons. 

 

Intra-bay variability 

Ecosystem response to environmental conditions extends from river point sources of 

freshwater inflow into the upper reaches of Lavaca Bay (Chapter 2).  It is hypothesized 

that intra-bay variability in NEM does not exist within the upper reaches of Copano Bay 

(< 4 km), and that one station (MAA) can be used to represent the entire upper-bay.  To 

test this hypothesis a spatial sampling design was employed that included three 

synoptically sampled stations (MAA, MA2, and MA3) located along the longitudinal 

salinity gradient produced in upper Copano Bay by Aransas River freshwater inflow (Fig. 
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3.3).  The temporal sampling design included sampling for one-week periods during the 

months of March, June, August, September, and November of 2004.  A two-way 

ANOVA (alpha = 0.05) was used to test for significant NEM differences between stations 

and months. Tukey’s HSD post-hoc analysis was used to test for significant differences 

among all pair-wise comparisons. 

 

Intra-water column variability 

Stratification events can separate surface and bottom waters into layers with different 

environmental conditions.  It is hypothesized that NEM in shallow water estuaries is 

variable on small vertical spatial scales (meters) as a result of stratification events.  The 

water column was simultaneously sampled 0.5 m from the surface and 0.25 m from the 

bottom to quantify differences between depths.  Because stratification in these shallow 

bays can be ephemeral, the temporal sampling design included deployments lasting for 

one-week periods every quarter during 2004 at stations LC 15, GE B, and NC A in 

Lavaca, San Antonio, and Nueces Bays respectively, and monthly at station MA A in 

Copano Bay (Fig. 3.2).  A t-test (alpha = 0.05) was used to test for significant NEM 

differences between surface and bottom water for all data pooled together and then within 

each separate week and bay.  Grouping the data into separate weeks allowed analysis of 

significant differences between consecutive days with and without stratification events.  

A previously developed water-column stratification index (Sigma Sal.) (Ritter and 

Montagna 1999) was calculated for each station every 15 minutes by subtracting surface 
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from bottom salinity.  A threshold of 5 ppt difference between top and bottom salinity 

was used to designate stratification events. 

 

Temporal variability 

Environmental conditions change on daily to seasonal time scales.  Therefore, it is 

hypothesized that estuarine NEM is variable on daily, monthly, and seasonal temporal 

scales.  The main effects of daily, monthly, and seasonal variability on NEM were 

analyzed during the above mentioned ANOVA’s and t-tests.    

 

Sample measurements 

During sampling, dissolved oxygen and other water quality parameters were measured 

every 15 minutes at surface and bottom depths using YSI series 6 multiparameter data 

sondes.  Models 6920-S and 600XLM data sondes with 610-DM and 650 MDS display 

loggers were used.  The series 6 parameters have the following accuracy and units: 

temperature (± 0.15oC), pH (± 0.2 units), dissolved oxygen (± 0.2 mg l-1), dissolved 

oxygen saturation (± 2%), specific conductivity (± 0.5% of reading depending on range), 

depth (± 0.2 m), and salinity (± 1% of reading or 0.1 ppt, whichever is greater).  Salinity 

was automatically corrected to 25oC.   

 

Net ecosystem metabolism 

NEM was calculated using open-water diurnal dissolved oxygen curve methods first 

proposed by H. T. Odum in 1956 and modified for use in a variety of estuaries since then 
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(Odum, H. T. 1956, Odum and Hoskin 1958, Kemp and Boynton 1980, D’Avanzo et al. 

1996, and Caffrey, 2003, 2004).  Briefly stated, dissolved oxygen concentrations were 

converted to a rate of change in dissolved oxygen concentration.  These rates of change 

were then adjusted to control for diffusion of oxygen between the water column and the 

atmosphere.  This was achieved by using percent saturation of dissolved oxygen in the 

water column, the wind dependent diffusion coefficient K (g O2 m-2 h-1), proposed by 

D’Avanzo et al. (1996), K / 10 for bottom waters during periods of salinity stratification, 

and wind data from Texas Coastal Ocean Observation Network (TCOON) stations using 

the equation: 

 

Rdc = R - ((1-((S1 + S2) / 200)) K / 4); where  

Rdc = diffusion corrected oxygen concentration rate of change per 15 minutes, 

R = observed oxygen concentration rate of change per 15 minutes, 

S1 and S2 = dissolved oxygen percent saturations at time one and two respectively, 

K = diffusion coefficient at 0% dissolved oxygen saturation per hour. 

 

To calculate daily NEM the 15-minute diffusion corrected rates of dissolved oxygen 

change were then summed over a 24-hour period, starting and ending at 8AM.  Open-

water dissolved oxygen methods similar to those used here have been used in a variety of 

estuaries to calculate NEM (Kemp et al. 1997, D’Avanzo et al. 1996, Borsuk et al. 2001, 

Caffrey 2003, and Chapter 2).   
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Gross primary production and respiration rates 

Net primary production (NPP) and respiration (R) rates were estimated by summing 

daytime and nighttime diffusion corrected dissolved oxygen concentration changes 

respectively.  Gross primary production (GPP) was then estimated by adding NPP to R 

during daylight hours.  GPP and R can be affected by temperature effects on 

physiological mechanisms (Caffrey 2003).  GPP is also influenced by light availability 

(D’Avanzo et al. 1996).  It is hypothesized that GPP and R rates will generally follow the 

seasonal temperature cycle, with higher rates during summer.  The exception to this 

pattern may be during discrete freshwater inflow events when allochthonous organic 

matter loading or nutrient inputs may stimulate aerobic respiration rates or primary 

production respectively.  The same sampling design and analysis used for NEM is used to 

test for significant differences in GPP and R on inter-bay, intra-bay, and intra-water 

column spatial scales as well as on seasonal, monthly, and daily temporal scales. 

 

Environmental conditions 

Environmental condition data was gathered from various sources.  Hourly irradiance data 

was gathered at the University of Texas at Austin’s Marine Science Institute (UTMSI) in 

Port Aransas, Texas.  Hourly wind speed was downloaded from the TCOON stations 

located closest to each study site.  Freshwater inflow was downloaded from United States 

Geological Survey (USGS) gauged river flow (m3 day-1) into each bay.  Flow gauges in 

the Lavaca, Guadalupe, Aransas, and Nueces Rivers are numbered USGS 08164000, 
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08188800, 08189700, and 08211500 respectively.  Placedo and Garcitas creeks, which 

also drain into upper Lavaca Bay, are monitored by USGS stations 08188800 and 

08164600 respectively.  Variability in environmental conditions and water quality 

parameters was assessed using principal component analysis and subsequent linear 

regression analysis with NEM results.  NEM results were also individually compared to 

temperature, salinity, and ten-day cumulative freshwater inflow (FW) using regression 

analysis to assess their relationship in each of the four bays as these three environmental 

factors explained the majority of environmental variability.  NEM in Copano Bay was 

compared to surface irradiance measurements using regression analysis. 

 

Results 

Inter-bay variability 

Significant inter-bay differences in NEM were found between bays and seasons, but an 

interaction between bays and season complicates interpretation of trends (p < 0.0001) 

(Fig. 3.4a).  The nature of the interaction is that Copano Bay (CB) in the Mission-Aransas 

estuary was more heterotrophic (mean ± standard error = -2.47 ± 0.35 mg O2 l-1 d-1) in 

winter than the other bays, and remained net heterotrophic throughout the year.  Also, 

San Antonio Bay (SAB) in the Guadalupe estuary was more autotrophic than the other 

three bays during spring (2.24 ± 1.83 mg O2 l-1 d-1) and summer (-0.16 ± 0.36 mg O2 l-1  

d-1), but Nueces Bay (NB) in the Nueces-Corpus estuary was more autotrophic during fall 

(0.23 ± 1.25 mg O2 l-1 d-1).  Lavaca Bay (LB) in the Lavaca-Colorado estuary fell within 

the range of the other three bays, but declined from autotrophic conditions (2.10 ± 0.50 
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mg O2 l-1 d-1 ) in winter to heterotrophic conditions by summer (-2.62 ± 0.51 mg O2 l-1    

d-1).  NEM was generally most autotrophic during winter and most heterotrophic during 

summer (Fig. 3.4a) in all the bays but San Antonio Bay which responded differently to 

changing conditions.   

 

Significant differences in GPP exist between bays, but again the specific differences 

depend on season (p < 0.0001) (Fig. 3.4b).  A large spike in gross primary production 

was measured during spring in San Antonio Bay (6.08 ± 1.76 mg O2 l-1 d-1) setting it 

apart from the other three bays.  Both Nueces (4.79 ± 0.79 mg O2 l-1 d-1) and Copano 

Bays (4.04 ± 0.19 mg O2 l-1 d-1) had highest GPP during fall.   

 

Significant differences in R were found between bays and seasons, but again an 

interaction exists between bays and seasons (p < 0.0001) (Fig. 3.4c).  San Antonio Bay, 

again acting differently than the other three bays, changed from having the highest R in 

spring (4.24 ± 0.74 mg O2 l-1 d-1) to the lowest in summer (1.68 ± 0.22 mg O2 l-1 d-1).  In 

the other bays, respiration rates generally increased steadily from winter to fall (Fig. 

3.4c).   

 

Intra-bay variability 

Significant intra-bay differences in NEM were found among Copano Bay stations, but 

with a weakly significant p-value of 0.049, and a significant interaction (p = 0.005) (Fig. 

3.5a).  Station MA3 was more autotrophic during June (-0.78 ± 0.35 mg O2 l-1 d-1) than 
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the other two stations, and MA2 was more autotrophic during November (1.05 ± 0.3 mg 

O2 l-1 d-1).  The larger standard error and more autotrophic NEM (0.8 ± 1.44 mg O2 l-1 d-1) 

associated with station MAA in August resulted from the loss of bottom water data.  

Throughout 2004, station MA2 and MA3 generally tended to be less heterotrophic than 

station MAA (Fig. 3.5a).   

 

GPP at station MAA tended to be higher than other Copano Bay stations, but this 

relationship is dependant on interactions between stations and months (p < 0.0001) (Fig. 

3.5b).  Station MAA had the highest GPP (1.73 ± 0.18 mg O2 l-1 d-1) in March.  Even 

with the loss of bottom water data from station MAA during August it is likely that MAA 

had significantly higher GPP than MA2 and MA3 during late summer because in 

September station MAA showed significantly higher GPP (3.5 ± 0.27 mg O2 l-1 d-1) than 

other stations in Copano Bay (Fig. 3.5b).   

 

Station MAA showed characteristically higher R than other stations in Copano Bay 

during all sample months except June (Fig. 3.5c).  R at station MAA was highest in 

September (4.54 ± 0.42 mg O2 l-1 d-1).  R at MA2 doubled, from 1.60 mg O2 l-1 d-1 to 3.28 

mg O2 l-1 d-1 between March and June, but returned to lower values by August (1.82 mg 

O2 l-1 d-1). 
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Water column variability 

No significant differences were found between surface (-0.74 ± 0.48 mg O2 l-1 d-1) and 

bottom (-1.12 ± 0.48 mg O2 l-1 d-1) NEM with all data pooled together (p = 0.1319, n = 

403), but bottom water tended to be more heterotrophic than surface water during most of 

the year (Fig. 3.6).  Significantly (p < 0.05) more heterotrophic conditions in bottom 

water occurred in Nueces Bay during October (mean surface and bottom NEM = 2.85 mg 

O2 l-1 d-1 and -2.36 mg O2 l-1 d-1), and in San Antonio Bay during July (0.75 mg O2 l-1 d-1 

and -1.07 mg O2 l-1 d-1), and October (-2.08 mg O2 l-1 d-1 and -5.97 mg O2 l-1 d-1) as a 

possible consequence of benthic aerobic respiration and sediment oxygen demands 

during warm water stratified conditions.  Bottom water, however, was significantly more 

autotrophic than surface water in most bays during January when turbidity in the water 

column tends to decrease.  For example, surface and bottom water NEM during January 

was 1.60 ± 1.99 mg O2 l-1 d-1 and 3.92 ± 1.99 mg O2 l-1 d-1 in Nueces Bay, 1.27 mg O2 l-1 

d-1 and 2.94 mg O2 l-1 d-1 in Lavaca Bay, and -1.81 mg O2 l-1 d-1 and 2.69 mg O2 l-1 d-1 in 

San Antonio Bay.  Significant (p < 0.0001) temperature or salinity vertical stratification 

was measured during the above mentioned periods of differences in surface and bottom 

NEM.  Sigma Sal. values greater than one yielded relatively larger Sigma NEM, the 

difference between bottom and surface water NEM, results than those observed during 

more vertically homogenous conditions, which suggests that there may be some threshold 

value for the effect of stratification on NEM differences (Fig. 3.7).  No significant 

differences in GPP (p = 0.07) or R (p = 0.81) between surface and bottom waters were 

found.  
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Monthly variability 

The most temporally complete data set was from Copano Bay, station MAA and had 138 

samples from 69 days in 12 different weeks.  There were significant differences between 

NEM at station MAA on a monthly scale (p < 0.0001) (Fig. 3.8).  The most heterotrophic 

NEM conditions occurred during the months of May (-3.40 ± 0.56 mg O2 l-1 d-1) and 

October (-3.11 ± 0.56 mg O2 l-1 d-1).  The only autotrophic results occurred during 

August, but the loss of bottom water data during that one deployment resulted in higher 

average NEM values than if bottom water was included.  If the mean NEM of stations 

MA2 and MA3 are used as estimates for MAA then the August NEM would be closer to 

-0.5 mg O2 l-1 d-1.   

 

GPP was also significantly different by month (p < 0.0001) (Fig. 3.8).  Late summer / 

early fall months tended to have higher GPP values than other months.  August, 

September, and October had mean GPP’s of 5.22 mg O2 l-1 d-1, 3.50 mg O2 l-1 d-1 and 

4.04 mg O2 l-1 d-1 respectively.  Again, August had a bias due to loss of bottom water 

data.  Winter and spring months had the lowest GPP.  February and April had mean 

GPP’s of 1.30 mg O2 l-1 d-1 and 1.53 mg O2 l-1 d-1 respectively. 

 

Respiration was significantly different by month with highest rates generally occurring 

during late spring, most of summer (June is the exception), and early fall (p < 0.0001) 

(Fig. 3.8).  Respiration reached a high of 7.10 mg O2 l-1 d-1 in October, and a low of 1.66 
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mg O2 l-1 d-1 in February.  Respiration increased from a rather invariable base level of 3.0 

– 4.0 mg O2 l-1 d-1 to significantly elevated levels of 5.6 – 7.1 mg O2 l-1 d-1 during May 

and October.   

 

Daily variability 

Daily significant differences in NEM between consecutive days only occurred when data 

was separated into weekly groups by bay and then only during 3 of the 24 weeks of data.  

Two of these weeks with daily differences in NEM occurred in Copano Bay, and one in 

Nueces Bay.  Daily NEM in Copano Bay significantly changed from a mean of 0.40 mg 

O2 l-1 d-1 to -1.83 mg O2 l-1 d-1 between February 18th and 19th and then back to -0.33 mg 

O2 l-1 d-1 by February 20th.  During April, significant consecutive daily NEM differences 

in Copano Bay occurred four times with the largest difference (-4.49 mg O2 l-1 d-1 to 1.07 

mg O2 l-1 d-1) happening between April 13th and 14th.  Four significant consecutive daily 

NEM differences also occurred in Nueces Bay during April with the largest difference    

(-0.62 mg O2 l-1 d-1 to -2.79 mg O2 l-1 d-1) happening between April 10th and 11th. 

 

Daily differences in GPP were similar to NEM in that there were very few days that were 

different than the mean (p < 0.0001).  No significant differences existing between 

consecutive days.  Daily differences in R were significant (p < 0.0001), but like GPP 

were not found on consecutive days. 
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Comparison of NEM, GPP, and R to other methods 

Previous research calculating ecosystem metabolic rates using open-water methods 

determined that respiration rates could reach almost 4.0 mg O2 l-1 d-1 in Copano and 

Nueces Bay, Texas (Ward 2003).  Nighttime ecosystem respiration rates measured using 

open-water methods in a shallow water estuary (~1 m depth) during warmer months has 

been reported to range between 5-10 g O2 m-2 d-1 (D’Avanzo et al. 1996).  Benthic 

chamber measurements of sediment oxygen demand have been used to calculate oxygen 

flux into the sediments of 0.2-1.3 g O2 m-2 d-1 in Nueces Bay and 0.3-1.9 g O2 m-2 d-1 in 

San Antonio Bay, Texas during 1995 (Montagna unpublished).  Odum and Hoskin (1958) 

measured sediment oxygen demand of 1-2 g O2
 m-2 d-1 in various Texas bays using 

benthic chambers.  Light-dark bottle measurements of respiration in upper Lavaca Bay 

during 2002-2003 resulted in an average rate of 1.32 mg O2 l-1 d-1 for the water column 

(Russell and Montagna 2004).  When benthic chamber and dark bottle oxygen 

consumption is combined, ecosystem respiration rates are estimated to be at least 2 mg 

O2 l-1 d-1 in Texas.  Odum and Hoskin (1958) compared light-dark bottle, benthic 

chamber, and open-water estimates of metabolic processes and concluded that the 

enclosed methods estimates were 2-10 times smaller than open-water estimates. 

Therefore, a conservative estimate of corresponding open-water respiration rates from the 

above mentioned bottle and chamber studies is between 2-10 mg O2 l-1 d-1.  Observed 

NEM rates during a previous study in Lavaca Bay never exceeded -3 mg O2 l-1 d-1 
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(Chapter 2).  Estimates of NEM and respiration rates in the present study, thus, fall within 

the observed range using other methods  

 

Environmental variability 

Water temperature followed a seasonal cycle with lows during winter months and highs 

during summer (Table 3.3).  Daily average temperature ranged from a low of 10 oC in 

San Antonio Bay during January to a high of 32 oC in Copano Bay during August.  

Nueces Bay had slightly lower temperatures than the other three bays throughout the 

year.  Temperatures during deployments tended to remain stable, but some weeks showed 

daily temperature changes of about 1 oC, and on a few occasions, water temperatures 

decreased by as much as 7 oC in 24-hours.  Rapid temperature changes were mostly 

associated with decreasing salinity (-2 ppt) during April storm events. 

 

Irradiance followed a seasonal cycle similar to temperature (Fig. 3.9).  Mostly clear sky 

conditions in Texas during sampling yielded highest irradiance rates in summer and lows 

during winter.  A few exceptions to this trend were observed during large precipitation 

events during April and May when irradiance decreased markedly. 

 

Salinity was highest during January and remained that way until April (Table 3.4).  Large 

freshwater inflows (up to 182 x 106 m3 d-1) beginning in April and continuing through 

most of early summer resulted in large decreases in salinity (down by as much as 23 ppt) 

in all bays.  All four bays had salinity at or near zero by July.  The lowest amount of 
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change in salinity occurred in Copano Bay, which started the year relatively fresh (8 ppt).  

Copano Bay remained relatively fresh throughout the year with an annual daily average 

salinity of 6 ppt.  Salinity began to recover towards pre-spring levels by September in all 

four bays.   

 

Freshwater inflow followed the expected pattern, at least during the first three months of 

the year, of decreasing flow from Northeast to Southwest along the Texas coastline 

(Table 3.5).  San Antonio Bay, located to the south of Lavaca Bay, is fed by a much 

larger watershed than Lavaca Bay.  Thus, San Antonio Bay receives, on average, higher 

flows than Lavaca Bay even though the San Antonio Bay watershed receives less annual 

precipitation per km2.  Freshwater inflow increased as much as 100 x 105 m3 d-1 in April 

and remained high in Lavaca, San Antonio, and Nueces Bays through early summer.  

Copano Bay received a shorter duration and less extreme freshwater pulse (~16 x 105 m3 

d-1) starting in April and ending in May.  Freshwater inflow into Copano Bay decreased 

to spring levels (~2 x 105 m3 d-1) in June and was low throughout most of the remaining 

year.  Nueces Bay experienced a large freshwater inflow event in July (103 x 105 m3 d-1).  

San Antonio Bay freshwater inflows were proportionally the least affected by the spring 

runoff event as average inflow rates are generally higher than the other bays (Table 3.2). 

 

Principal component analysis (PCA) reduced the large data set (8 variables, n = 421) of 

mean daily environmental and water quality measurements (Temperature, Depth, 

Dissolved oxygen (DO), DO %, Salinity, pH, Freshwater Inflow (FW), and Wind Speed) 
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into 3 principal components that explained a total of ~70 % of the variability (Fig. 3.10).    

Principal component one (PC1), explaining 34.4% of the total variability, included 

factors associated with seasonal changes such as temperature and DO, but also included 

event driven factors such as wind speed, and to a lesser extent, FW and salinity.  

Principal component two (PC2), explaining a further 19.4% of the total variability, 

included factors associated with precipitation events and tidal cycles, such as salinity, pH, 

and depth.  Principal component three (PC3), explaining an additional 15.2% of the total 

variability, included those factors associated with precipitation events such as FW and 

wind speed. 

 

A limited dataset (n = 229) with two additional variables, total daily irradiance and mean 

daily chlorophyll-a concentrations, was included in a separate PCA (Data not shown).  

Irradiance co-varied with temperature (p < 0.0001, R2 = 0.39) and chlorophyll-a had a 

non significant relationship with NEM (p = 0.71).  Thus, irradiance and chlorophyll-a 

were not included in later analysis so sample numbers could be maximized. 

 

Regression analysis of principal component (PC) scores and NEM showed a significant 

relationship with PC 1 scores which are mainly driven by temperature, salinity, and 

dissolved oxygen (p < 0.0001, R2 = 0.48) (Fig. 3.11a).  The majority of NEM results are 

clustered around zero on PC 1.  More NEM results, however, are heterotrophic than 

autotrophic.  The largest magnitude NEM results are seen during negative PC 1 (Low 

temperature, high salinity, high dissolved oxygen) conditions when NEM is very 
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autotrophic.  A statistically significant but very weak relationship also exists between 

NEM and PC 2 scores which include influences from depth, pH, temperature, and salinity 

(p < 0.0001, R2 = 0.12) (Fig. 3.11b).  Highly positive PC 2 scores (Low pH, low salinity) 

correlate with more autotrophic NEM’s mainly in San Antonio Bay, but the majority of 

NEM’s group around zero on PC 2.  PC 3, which is associated with precipitation events 

and FW, had a non-significant relationship with NEM when all four bays were pooled 

together (p = 0.2763).  Because significant differences in NEM exist between bays, each 

bay’s PC 3 scores were separately regressed against NEM.  This quantified each 

individual bay’s response to precipitation events and increased FW.  No significant linear 

trends were found between individual bay’s NEM and PC 3 scores in any of the bays 

except Nueces Bay (p < 0.0001, R2 = 0.36) (Fig. 3.12). 

 

Temperature and individual bay NEM 

San Antonio Bay had erratically changing NEM values over a range of temperatures (13-

30 oC) (Fig. 3.13a).  NEM values in San Antonio Bay ranged from a high of 12.09 mg O2  

l-1 d-1 to a low of -8.23 mg O2 l-1 d-1 and had a non-significant relationship with 

temperature (p = 0.4916, R2 = 0.01).  Copano Bay had relatively stable NEM values 

(mean = -1.12 mg O2 l-1 d-1, SE = 0.10 mg O2 l-1 d-1) over a similar range of temperatures 

(16-30 oC) (Fig. 3.13b).  Copano Bay NEM results were not significantly related to 

temperature (p = 0.4869, R2 <0.01).  Lavaca and Nueces Bay results, on the other hand, 

show decreasing NEM values with increasing temperatures (Fig. 3.13c and d).  NEM in 

Lavaca and Nueces Bay ranged from a high of 5.63 mg O2 l-1 d-1, and 5.93 mg O2 l-1 d-1 
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respectively during winter when temperatures are lowest to a low of -6.27 mg O2 l-1 d-1 

and -5.1 mg O2 l-1 d-1 during late summer when temperatures are highest.  Thus, Lavaca 

Bay (p < 0.0001, R2 = 0.45) and Nueces Bay (p = 0.0003, R2 = 0.24) NEM results were 

significantly related to temperature. 

 

Irradiance and NEM 

Irradiance measurements were compared to NEM results in Copano Bay (Fig. 3.14).  No 

change in NEM was observed over the range of irradiance measured.  A slightly more 

heterotrophic trend in NEM may exist at irradiance less than 200 µmol photons m-2 s-1, 

but lack of data during those periods hampers analysis.  Therefore, light limitation of 

primary producers in Copano Bay, which could potentially produce more heterotrophic 

conditions, may not be as important as other limiting factors.  An alternative explanation 

is that the turbid conditions result in such severe light limitation in the water column that 

slight shifts in surface irradiance do not matter.  

 

Salinity and individual bay NEM 

San Antonio Bay NEM results varied erratically over the range of salinity (0-25 ppt) (p = 

0.8101, R2 < 0.01) (Fig. 3.15a).  Copano Bay NEM results showed little response to 

salinity (p = 0.1131, R2 = 0.01), but salinity did not change as much as in other bays (0-

14 ppt) (Fig. 3.15b).  Lavaca Bay (p < 0.001 R2 = 0.40) and Nueces Bay (p < 0.001 R2 = 

0.47) had NEM results that significantly varied with changing salinity.  Lavaca Bay NEM 

results ranged from a high near 6 mg O2 l-1 d-1 during high salinity periods (25 ppt) to a 
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low near -5 mg O2 l-1 d-1 during low salinity periods (0 ppt) (Fig. 3.15c).  Nueces Bay had 

similarly responding NEM results with highs near 6 mg O2 l-1 d-1and lows near -4 mg O2 

l-1 d-1 at salinity values near 25 ppt and 0 ppt respectively (Fig. 3.15d).   

 

Salinity and temperature’s influence on NEM 

The covariance of salinity and temperature during 2004 makes it difficult to separate each 

factor’s influence on NEM.  An analysis of residual variability in NEM explained by 

each factor after accounting for the other during step-wise linear regression helped to 

unravel the signals.  Both factors had a significant influence on NEM even after 

accounting for the other.  Salinity explained the majority of NEM variance (p < 0.0001, 

R2 = 0.389).  The influence of temperature on NEM was much reduced but it still helped 

to explain another 3% of the variability in NEM (p = 0.037).  Thus, even though salinity 

and temperature covaried during 2004, inclusion of both factors in estimates of NEM will 

improve accuracy. 

 

Freshwater inflow and NEM 

Copano Bay (Fig. 3.16) had relatively lower NEM values (mean = -1.12 mg O2 l-1 d-1, SE 

= 0.10 mg O2 l-1 d-1) at most FW amounts than the other three bays (mean = -0.58 mg O2 

l-1 d-1, SE = 0.28 mg O2 l-1 d-1) (Figs. 3.17-3.19).  Average NEM in Copano Bay 

increased from a basal value of around -1 mg O2 l-1 d-1 during the lowest FW to around 0 

mg O2 l-1 d-1 at FW less than 2 million m3.  Less data exists for evaluating NEM under 

inflows above FW of 2 million m3, but the results show a decreasing trend in NEM down 
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to values around -4 mg O2 l-1  d-1 as FW increases to 7 million m3.  The limited samples 

collected at FW above 7 million m3 in Copano Bay occurred during one particularly large 

inflow event in April.  NEM values started out autotrophic and then dropped to around    

-4.00 mg O2 l-1 d-1 after a day of freshwater inflow around 30 million m3 and then became 

autotrophic again (1.00 mg O2 l-1 d-1) for a day or two as freshwater inflow slackened to 

around 7 million m3 d-1 (Fig. 3.17).  NEM values then returned to more normal values (-1 

to -2 mg O2 l-1 d-1) as freshwater inflow slowed to 2 million m3 d-1.   

 

Lavaca Bay NEM results show a similar pattern to Copano Bay results over a similar 

range of freshwater inflows (Fig. 3.18).  Lavaca Bay NEM results reached highs of 

around 2 mg O2 l-1 d-1 at FW of 2 million m3 before dropping to around -3 mg O2 l-1 d-1 at 

FW of 8 million m3.  It is not clear what the response to moderate freshwater inflows is in 

Lavaca Bay as NEM results varied widely between FW of 10-20 million m3.  Some of 

this variability may be due to relatively autotrophic conditions observed during a period 

of subsiding FW after a large precipitation event.  At FW greater than 20 million m3, 

NEM results became more stable around a value of -2 mg O2 l-1 d-1. 

 

Nueces Bay NEM results exhibited more heterotrophic conditions at higher FW (Fig. 

3.19).  NEM values were around 3 mg O2 l-1 d-1 at FW of 500 thousand m3 but were as 

heterotrophic as -4 mg O2 l-1 d-1 at FW of 2 million m3.  At FW of 50-200 million m3, 

NEM results remained fairly stable around -2 mg O2 l-1 d-1 to -3 mg O2 l-1 d-1.  The 
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extreme range of FW experienced by Neuces Bay and the subsequent lack of data to 

define the relationship between NEM and FW at more moderate FW restricts analysis.    

 

San Antonio Bay had highly variable NEM results clustered into two separate FW ranges 

(Fig. 3.20).  No obvious pattern was observed with changes in FW.  San Antonio Bay FW 

rates are generally higher than the other three bays, and so the range of FW was much 

reduced as increases in river discharge during precipitation events result in proportionally 

small changes in FW.  Much more data may be required to provide enough of a range in 

FW to assess the relationship between NEM and FW in San Antonio Bay. 

 

Discussion 

NEM is driven by environmental conditions.  Temporal variability of environmental 

conditions, and thus NEM, followed both seasonally and event driven patterns.  Out of 

the environmental conditions measured during the present study, temperature, salinity, 

and FW had the most influence on NEM (Fig. 3.10).  Which scales are relevant for 

modeling NEM, thus, depends on the spatial and temporal variability of these 

environmental conditions in the modeled system.  The accuracy of using NEM 

measurements to calibrate an indicator of the effects of changing conditions, therefore, 

depends on using proper temporal and spatial scales. 

 

NEM was significantly different on a seasonal scale (Fig. 3.4a).  Changes in temperature, 

salinity, and FW may all be influential on this temporal scale.  Seasonal temperature 
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changes have been proposed as one of the most influential environmental factors on 

NEM.  Caffrey (2003) concluded that seasonal temperature variability explained most of 

the intra-site NEM variability.  She found that NEM and temperature were correlated at 

19 out of 28 National Estuarine Research Reserve (NERR) sites, but this effect could be 

magnified by larger temperature ranges in the mostly temperate NERR estuaries.  In 

Texas, there is a strong correlation between PC 1 scores, which are driven by seasonal 

temperatures, salinity, and dissolved oxygen, and NEM (Fig. 3.11a).  Most of the 

differences in NEM can be explained by changes in salinity resulting from increased FW 

during warmer months.  Trends in the western Gulf of Mexico NEM results from the 

present study, however, match up well with those from other Gulf of Mexico and 

southeastern U. S. sites (Caffrey 2004), and some residual variability in NEM was 

explained by temperature changes.  Higher spring, summer, and fall temperatures resulted 

in more heterotrophic conditions in two (Lavaca and Nueces) of the four bays, with sites 

balanced to autotrophic during colder winter months (Fig. 3.13a-b).  Annual average 

NEM in all four bays was thus net heterotrophic.  Overall, NEM values in Texas fall 

within the range of other North Gulf of Mexico sites.  Higher temperatures in Lavaca Bay 

(p < 0.0001 R2 = 0.45) and Nueces Bay (p = 0.0003 and R2 = 0.24) were associated with 

greater heterotrophic conditions and the relationship between temperature and NEM 

remained significant (p = 0.037) after accounting for the influence of salinity.  Copano 

Bay (p = 0.4869) and San Antonio Bay (p = 0.4916) exhibited little NEM response to 

changing temperature (Fig. 3.13).   Thus, past research supports the idea that seasonally 

changing temperatures have a major influence on NEM, but in Texas this influence may 
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be limited by the reduced temperature range.  Salinity and FW may be more important 

than temperature in Lavaca and Nueces Bays, and there is no influence of temperature on 

NEM in Copano and San Antonio Bay.  Lack of a temperature response suggests either 

an ecosystem that has very closely coupled primary production and aerobic respiration 

rates, or an ecosystem that cannot biologically respond to changing temperatures because 

of some other limiting factor.  Changes in enzymatic rates caused by changes in 

temperature would not produce a concurrent dissolved oxygen signal in either of these 

situations. 

 

NEM in Texas was also significantly different on monthly scales (Fig. 3.8).  On weekly 

to monthly scales, ephemeral events, such as storms, may become more influential on 

NEM than seasonal changing environmental conditions.  Storms can result in rapid 

salinity changes.  Salinity has been proposed to influence NEM.  Caffrey (2003) found 

that salinity had a significant correlation with NEM in about half of NERR sites.  

However, she found that NEM was positively correlated with salinity at 6 sites and 

negatively correlated in the other 7 sites.  In Texas, there is a significant negative 

correlation between NEM and PC 1 scores and a positive correlation between NEM and 

PC 2 scores, which are both partially driven by salinity (Fig. 3.11a-b).  Lower salinities in 

Lavaca Bay (p <  0.0001 R2 = 0.40) and Nueces Bay (p < 0.0001 R2 = 0.47) were 

associated with increased heterotrophic conditions (Fig. 3.15c-d) and are responsible for 

the trend of more heterotrophic conditions at higher PC 1 scores.  Copano Bay (p = 

0.1131) and San Antonio Bay (p = 0.8101) exhibited little NEM response to changing 
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salinity but Copano Bay experienced a much reduced range of salinity than did the other 

three bays and San Antonio Bay responded differently to FW in spring than the other 

three bays.  The positive correlation between PC 2 scores and NEM are mainly due to the 

very autotrophic conditions in San Antonio Bay during a period of decreased salinity, and 

lower ratios of organic carbon to nutrients (Table 3.2) in this bay may explain some of 

this response. Salinity by itself can determine the community structure of organisms in 

Texas estuaries (Montagna and Kalke 1995) which could affect metabolic rate, but 

salinity is also an indirect indicator of freshwater constituent loading and possible 

turbidity.   The large increase in primary production during the late spring FW event in 

San Antonio Bay implies that the planktonic producer community is well established here 

and more than capable of a large autotrophic response to a pulse of nutrients (Fig. 3.4b).  

Thus, in San Antonio Bay a drop in salinity could represent increased nutrient loading.  

The same drop in salinity, however, could represent increased organic loading in the 

other three bays, as summer respiration rates increased after large magnitude FW 

decreased salinity (Fig. 3.4c).   This implies that either a well established planktonic 

primary producer community is not present or that the magnitude of FW increases 

observed during the present study represent large disturbances to the planktonic 

community.  Either of these situations would result in more heterotrophic conditions as 

the less disturbed benthic bacterial community processes FW delivered organic matter.  

Also, the ratios of organic carbon to nutrients are higher in Lavaca and Copano Bays than 

in San Antonio Bay (Table 3.2) and this may result in any nutrient stimulation of primary 

production being overwhelmed by organic matter stimulation of respiration.  Past and 
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present results support the idea that salinity can be a direct or indirect influential factor on 

NEM on monthly time scales.  

 

Environmental conditions occasionally change so rapidly that NEM is significantly 

different on consecutive days within a week.  Large daily variability in estuarine 

metabolism rates have been reported by D’Avanzo et al. (1996) and Caffrey (2004).  In 

Texas bays, significant differences were found between NEM values on consecutive 

days, but only rarely.  Most of the significant differences between daily NEM occurred 

during April.  The most variable environmental condition on daily time scales was 

freshwater inflow, with dramatic increases beginning in April.  For example, freshwater 

inflow rates during the April deployment in Lavaca Bay increased from 125 m3 s-1 to 

5366 m3 s-1 between April 10th and April 12th.  Freshwater inflow rates into Copano Bay 

were 168 m3 s-1 just two days before the deployment period in April, but had returned to 

more normal rates of 1 m3 s-1 by the end of the deployment.  Thus, it may be important to 

integrate freshwater inflows over more than one day to capture its influence on NEM.  

With the potential of large changes in NEM on daily time scales it is important to sample 

multiple days within each month so that this variability does not bias results.  At least 7 

days within each month were sampled in the present study and this produced large 

enough sample sizes to find significant differences between months even when within 

month daily variability was high. 
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Daily variability in NEM can be quite large during FW events.  The best example of this 

was observed during April in Copano Bay when sampling took place starting just after a 

large inflow event had started and continued until freshwater subsided.  The NEM results 

in Copano Bay above cumulative ten-day FW of 7×106 m3 are the result of this event 

(Fig. 3.17).  NEM was initially net autotrophic, which may be due to primary producers 

responding to the initial dissolved nutrient pulse that precipitation events bring to 

estuaries.  The following 3 day’s NEM values were much more heterotrophic which 

implies dominance of metabolic rates by labile organic matter processing.  As freshwater 

inflow subsided and conditions stabilized, the ecosystem again became net autotrophic.  

This autotrophic response was probably due to the release of dissolved nutrients into the 

water column as benthic organisms processed organic matter loads and planktonic 

primary producers reestablished themselves in the upper-bay.  Overall, however, the 

ecosystem was net heterotrophic during and after the FW event.  Thus, the combined 

result of event dynamics follows the general pattern of response of increased 

heterotrophy with increased FW and lowered salinity. 

 

The largest of the three spatial scales (inter-bay) exhibited the most significant 

differences in NEM.  Complex interactions between seasonal and ephemeral 

environmental conditions make it difficult to pinpoint the most influential factor on any 

particular bay’s NEM.  Autotrophic conditions during spring in San Antonio Bay may be 

a response to increased freshwater inflow, but other bays became more heterotrophic 

during the same period which agrees with the results from 2002-2003 in Lavaca Bay.  
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Thus, San Antonio Bay should be considered separately from the other three bays due to 

its relatively high average FW and subsequently proportionally smaller change in FW 

during storm events.  Relatively heterotrophic conditions in Copano Bay during most of 

the year match well with NEM values from Lavaca and Nueces Bays during spring and 

summer, but Copano Bay is much more heterotrophic during winter than any of the other 

bays.  Potentially influential environmental conditions on NEM at inter-bay scales 

include the presence of specific estuarine habitat types (i.e. seagrass beds or marsh), and 

salinity differences (Caffrey 2004), as well as nutrient and organic matter load 

differences from each bay’s watershed (Howarth et al. 1991, Kemp et al. 1992, 

D’Avanzo et al. 1996, Eyre and McKee 2002, Wang et al. 2003).  The link between the 

last three factors in the present study is freshwater inflow.  Freshwater inflow, through its 

effect on turbidity and salinity conditions, can determine the estuarine community 

structure of aerobic organisms in Texas estuaries (Montagna and Kalke 1995).  Nutrients 

and organic matter are mainly delivered through freshwater inflow because Texas 

estuaries are micro-tidal (Whitledge 1989a, 1989b, Longley 1994).  Kemp et al. (1997) 

hypothesized that the ratio of nutrient to organic loading explains variations in estuarine 

NEM, where lower ratios result in more heterotrophic conditions.  Salinity had a 

significant relationship with NEM in Lavaca and Nueces Bays (Fig. 3.15c-d).  However, 

a linear relationship between FW and NEM during the present study was not found in any 

of the bays.  The larger range of salinity and temperature observed during the present 

study may have dominated the significant relationship between NEM and FW found 

previously in Lavaca Bay (Chapter 2).  A combination of the more intensely sampled 
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summer NEM data (Chapter 2) and the more seasonal present study’s NEM data may 

help assess the relative influences of FW, salinity, and temperature.  As freshwater inflow 

increases during an event, however, it is thought that the ratio of nutrients to organic 

matter will increase during an initial pulse of dissolved nutrients, and then will decrease 

as more terrestrial organic particulates are eroded from a watershed (Jones et al. 1986, 

Parker et al. 1989).  Thus NEM will become more autotrophic, due to increased nutrient 

loading, as FW begins to increase from base flow levels.  Further more, as FW continues 

to increase and begins to disturb the planktonic community, NEM will become more 

heterotrophic due to increased organic matter consumption by benthic microheterotrophs.  

Evidence for this pattern of ecosystem response to changes in FW is provided by the 

event dynamics during the April inflow event in Copano Bay (Fig. 3.17).  During 

analysis it was assumed that the relationship between FW and NEM was linear, which 

may not be valid.  In Copano Bay, a non-linear NEM response to increasing FW was 

observed when the event dynamics of April are excluded from the data, with initially 

increasingly autotrophic NEM, a peak, and then increasingly heterotrophic conditions as 

FW increased from base-flows to large inflow pulses (Fig. 3.16).  Moderate inflows may 

provide more dissolved nutrients to primary producers than organic matter to consumers 

thereby driving NEM more autotrophic.  Low inflows may cut off the flow of new 

nutrients, leaving consumption of previously loaded organic matter to dominate 

metabolic rates.  Large inflows also result in more heterotrophic conditions, but this may 

be due to the large amount of particulate organic matter that can be loaded into a system 

during these events.   Therefore, FW dynamics may be more influential on NEM than 
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presented here, and the results suggest that FW may be the most influential 

environmental condition in Copano Bay where temperature and salinity effects are 

negligible.       

 

NEM values among stations in Copano Bay, in general, were not significantly different 

on intra-bay scales.  Significant differences among Copano Bay stations, however, did 

occur during select months in 2004.  Station MAA, which is closest to the river mouth, 

tended to be more heterotrophic than two downstream stations, and this difference 

became significant in June and November (Fig. 3.5a).  Caffrey (2004) assumed no 

significant intra-bay differences in NEM, but NEM results in Copano Bay occasionally 

exhibited small but statistically significant intra-bay differences at distances between 2 

and 4 km. 

 

Significant differences in NEM between surface and bottom waters rarely occurred in the 

shallow water estuaries of Texas. This is not surprising since the bays in the present study 

have depths that rarely exceed 3 meters.  When significant differences between surface 

and bottom water NEM did occur, however, it was almost always associated with 

significant salinity stratification events (Fig. 3.6).  Salinity differences between surface 

and bottom water, at times, became as large as 9 ppt in shallow water columns (< 3 m 

depth) (Fig. 3.7).  If similar stratification events take place at other sites then dissolved 

oxygen monitoring from a single depth may result in depth specific NEM values.  NEM 

values may become even more non-representative of an entire estuary if, during a 24-
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hour cycle, stratification boundary layers move over the depth of DO probe deployment.  

It may be more informative to use split depth monitoring, as employed in the present 

study, with daily samples at a station being treated as replicates only when salinity is 

vertically homogeneous.  Routine dissolved oxygen monitoring, such as the data from 

NERR sites used by Caffrey (2004), needs to be thoroughly checked for anomalies in 

salinity to rule out stratification of the water column.   

 

Conclusions 

The relevant scales for sampling and modeling NEM depend on the environmental 

variability of the study system.  Texas estuaries have NEM values that vary temporally 

with seasonal, monthly, and daily changes in temperatures, salinity, and freshwater 

inflow.  To reduce error in future NEM monitoring and modeling efforts it will be 

important to integrate over all three of these scales by using a temporal scale of days.   

 

Spatial variability was not as prevalent as temporal variability in Texas.  Most of the 

significant spatial variability in NEM was captured by comparing environmental 

conditions on inter-bay scales.  Some general trends in NEM were found in Lavaca, 

Copano, and Nueces Bays, but San Antonio responded very differently to changing 

environmental conditions.  Each of the four bays was unique in its response to changing 

conditions during at least one time period in 2004.  Thus, the bay’s metabolic response to 

changing environmental conditions should be considered individually, and data from 

different bays should not be pooled together.  Intra-bay variability in NEM was found to 
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be only rarely significant within Copano Bay at distances greater than 2-4 km. This is in 

agreement with the intra-bay spatial scale (< 6 km) of similar responding NEM values 

found previously in Lavaca Bay (Chapter 2).  This, however, suggests that more intensive 

spatial sampling is required before routinely monitored dissolved oxygen data can be 

used to represent NEM for estuaries greater than 6 km in length.  Addition of intra-bay 

and surface to bottom environmental condition variability in future models of NEM 

should be addressed on a bay by bay basic as it could reduce error if horizontal and 

vertical salinity gradients are large in the modeled ecosystem.      

 

The upper regions of Texas estuaries can become more heterotrophic as temperatures 

increase, and salinity decreases.  Predicted climate change and watershed development 

could, therefore, interact to change DO dynamics in estuaries.  If, as predicted for the 

Texas Gulf of Mexico coastline by the Intergovernmental Panel on Climate Change 

(Houghton et al. 2001), the magnitude of freshwater inflow pulses and temperatures 

increase, NEM may become more heterotrophic in Texas estuaries.  Increased 

heterotrophy could influence organic carbon and nutrient dynamics which could lead to 

changes in estuarine primary and secondary production and to possible increased DO 

impairment.  Results from the present study will be used to model potential effects of 

climate change and watershed development in Texas estuaries. 
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Table 3.1  Location, mean 2004 USGS gauged freshwater inflow rates, and approximate 
watershed size of study sites. 

Bay Latitude Longitude Mean Inflow Watershed Size 
Lavaca 28o 38.4’ N 96o 36.6’ W 35.44 m3 s-1 2,110 km2

San Antonio 28o 24.4’ N 96o 42.7’ W 67.34 m3 s-1 15,063 km2

Copano 28o 6.9’ N 97o 1.5’ W 4.55 m3 s-1 2,172 km2

Nueces 27o 51.6’ N 97o 29.0’ W 10.00 m3 s-1 43,439 km2
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Table 3.2  Mean monthly freshwater (FWI) inflow, salinity (Sal.), total nitrogen (N), total phosphorus (P), and total organic 
carbon volume loading (C) (g m-3 yr-1) summaries for Texas estuaries.  Residence (Res.) times (yr) influence nitrogen 

availability (g m-3 yr-1).  Adapted from Longley 1994. 
 

Bay       FWI
(106 m3 month-1) 

Sal. 
(ppt) 

N P C N:P C:N Res.
time 

Res. Time 
weighted N 

Lavaca        100 13.17 3.18 0.48 19.6 6.63 6.16 0.21 0.66 
San Antonio

 
          

        
         

241
 

11.94 10.8 2.25 34.2 4.80 3.17 0.19 2.09
Copano 44 10.94 1.93 0.40 12.0

 
4.83 6.16 3.02 5.83

Nueces 65 21.49 2.10 0.43 6.3 4.88 3.00 0.46 0.97
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Table 3.3.  Average daily water temperatures (oC) by month and bay system during sampling. 
 

Bay Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
Lavaca  13   21   30   27   23 
San Antonio

 
 13           

             
   
           

21 30 27 23
Copano 16 17

 
20
 

21 24
 

29
 

30 29
 

28
 

28 22
 

18
 

24
Nueces 15 20 29 28 23
Average 14 21 30 28 23
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Table 3.4  Average daily salinities (ppt) by month and bay system during sampling. 

Bay Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
Lavaca   22   8   0   8   10 
San Antonio

 
 18            

             
          
            

9 0 13 10
Copano 9 11

 
12
 

4 1 1 1 2 6 7 7 7 6
Nueces 23 5 1 15 11
Average 18 7 1 11 9
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Table 3.5  Average United States Geological Survey gauged cumulative daily freshwater inflow (105 m3)  
by month and bay system. 

 
Bay Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

Lavaca 12     15 15 26 71 86 21 3 2 8 106 5 31 
San Antonio

 
             

        
   
           

45 51 52 69 70 68 69
 

64 59
 

63
 

73
 
 75 63

 Copano 3 3 2 13 16 1 4 3 4 2 7 2 5
Nueces 0.7 0.9 11 111

 
 113

 
 40 103

 
9 26 1 28 22 39

Average 15 17 20 55 68 49 49 20 17 19 54 26 35
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Figure 3.1  East to West precipitation gradient (cm yr-1) in Texas.  The watershed 
locations (outlined in black) result in a northeast to southeast inflow gradient along the 
Texas coastline.  Bays are shown with the following labels: Lavaca Bay = LB, San 
Antonio Bay = SAB, Copano Bay = CB, and Nueces Bay = NB. 
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Figure 3.2  Station locations in Lavaca Bay (LB), San Antonio Bay (SAB), Copano Bay 
(CB) and Nueces Bay (CB).  Station names (estuary + station) from Montagna and Kalke 
1992. River systems within watersheds are shown with gray lines and watersheds are 
shown with black lines. 
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Figure 3.3  Station locations in upper Copano Bay. 
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Figure 3.4  Seasonal and inter-bay variability in A) net ecosystem metabolism, B) gross 
primary production, and C) respiration rates (means ± 1 S.E.) for San Antonio Bay 
(SAB), Lavaca Bay (LB), Copano Bay (CB), and Nueces Bay (NB).    
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Figure 3.5  Monthly and intra-bay variability in A) net ecosystem metabolism, B) gross 
primary production, and C) respiration rates (means ± 1 S.E.) for stations in Copano Bay.  
Note: Bottom depth data missing for August at station MAA. 
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Figure 3.6  Monthly comparison between the average difference of bottom and surface 
NEM’s (Sigma NEM) and the average difference of bottom and surface salinity (Sigma 
Sal.) for each bay.  Positive values mean that bottom water is more autotrophic or more 
saline than surface water.  Weeks with significant (p < 0.05) Sigma NEM are labeled 
with a star (*). 
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Figure 3.7  Overall comparison between the average difference of bottom and surface 
NEM’s (Sigma NEM) and the average difference of bottom and surface salinity (Sigma 
Sal.) for all four bays.  Sigma NEM values over 5 or -5 (mg O2 l-1 d-1) mainly occurred at 
Sigma Sal. values above one (ppt). 
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Figure 3.9  Average daily irradiance rates on sampling dates (meter located on the roof of 
The University of Texas Marine Science Institute, Port Aransas, Texas).  Data courtesy of 
Dr. Kenneth Dunton.  Storm events reduced irradiance rates in April and May (open 
circle) which had potential to affect Copano Bay. 
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Figure 3.10  Principal component analysis of environmental condition and water quality 
variability in the study bays during 2004.  PC 1, 2, and 3 explain 34.4%, 19.4%, and 
15.2% respectively of the total variability.  PC 1 scores are driven by seasonal 
temperatures.  PC 2 scores are driven by salinity.  PC 3 scores are driven by ten-day 
cumulative freshwater inflow. 
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Figure 3.11  A) Principal component 1 scores versus net ecosystem metabolism.  B) 
Principal component 2 scores versus net ecosystem metabolism. 
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Figure 3.12  Principal component 3 scores from Nueces Bay versus net ecosystem 
metabolism. 
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Figure 3.13  Net ecosystem metabolism became significantly more heterotrophic with increased temperatures in two of the 
four bays studied.   A)  San Antonio Bay.  B)  Copano Bay.   C)  Lavaca Bay.  D)  Nueces Bay.   
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Figure 3.15  Net ecosystem metabolism became significantly more heterotrophic with decreased salinity in two of the four 
bays studied.  A)  San Antonio Bay.  B)  Copano Bay.   C)  Lavaca Bay.  D)  Nueces Bay.   
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Figure 3.16  Net ecosystem metabolism exhibited a potential non-linear response to 
increasing ten-day cumulative freshwater inflow to Copano Bay when event dynamics 
above ten-day cumulative freshwater inflows of 7×106 m3 are excluded from the dataset 
(See Fig. 3.20).  Net ecosystem metabolism becomes more autotrophic, peaks, and then 
becomes more heterotrophic as ten-day cumulative freshwater inflow increases from very 
low to moderate flow levels. 
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Figure 3.17  Net ecosystem metabolism in Lavaca Bay becomes slightly more 
heterotrophic with increased inflow, but large amounts of scatter due to temperature, 
salinity, and possible seasonal differences during periods of low flow make this 
relationship non-significant.  Some of the scatter during periods of low freshwater inflow 
may be due to an autotrophic response observed during subsiding inflow. 
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Figure 3.18  Net ecosystem metabolism in Nueces Bay becomes slightly more 
heterotrophic with increased inflow, but large amounts of scatter, similar to found in 
Lavaca Bay make this relationship non-significant.  Scatter is due to temperature, 
salinity, and possible seasonal differences during periods of low flow, as well as lack of 
data during moderate inflow conditions  
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Figure 3.19  Net ecosystem metabolism in San Antonio Bay was highly variable during 
two separate high inflow conditions. 
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Figure 3.20  The temporal response of net ecosystem metabolism to rapidly changing 
daily freshwater inflow.  Net ecosystem metabolism is autotrophic during the first day of 
increased inflow, is net heterotrophic over the following three days, and then becomes 
autotrophic again for a couple of days before returning to more typical heterotrophic 
values during base flow conditions (Aransas River 2002-2005 USGS median gauged 
freshwater inflow  = 22×103 m3 d-1). 
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Chapter 4: 

Predicting climate change and watershed development effects on freshwater 

inflow and net ecosystem metabolism in Copano Bay and Lavaca Bay, 

Texas. 

 

Abstract 

An integrated net ecosystem metabolism (NEM) / hydrological model was produced to 

assess the potential effects on estuarine metabolic processes from climate change and 

watershed development in Copano and Lavaca Bays, Texas.  Copano and Lavaca Bays 

receive freshwater inflow from rural watersheds with < 2 % urban land cover.  Previously 

analyzed high-frequency dissolved oxygen data and calculations of NEM were compared 

to observed environmental conditions.  Monthly NEM calculations allowed for 

comparisons with water temperature, salinity, and freshwater inflow.  An empirical non-

linear regression model relating freshwater inflow to NEM was created for Copano Bay.  

The relationship between different numbers of cumulative daily freshwater inflow was 

compared to the fit of the non-linear model to observed NEM in Copano Bay.  Lavaca 

Bay experienced a wider range of salinity and freshwater inflow than Copano Bay.  An 

empirical multiple linear-regression model relating salinity, freshwater inflow, and 

temperature to NEM was created for Lavaca Bay.  A hydrological model for the Aransas 

River watershed, which drains into Copano Bay, was then created within a geographic 

information system.  Daily NEXRAD precipitation data, land use / land cover 
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characteristics, and soil types were used to estimate and compare simulated runoff to 

observed river flow.  Precipitation was adjusted to simulate runoff due to average present 

day (1.63 cm d-1) and predicted future precipitation events (2.46 cm d-1).  Runoff values 

for present day and future environmental conditions were then used as freshwater inflow 

inputs to the Copano Bay NEM model and the results compared. Watershed 

characteristics were then modified to simulate 100% and 200% increases of urbanization 

in the upper region of the Aransas River watershed.  An average present day and 

predicted future precipitation event was then applied to the hydrological model to assess 

the influence of watershed urbanization alone, and then combined with predicted climate 

change, on runoff.  Again, simulated runoff was used as input to the Copano Bay NEM 

model and the results compared to present day.  The ratio of present day freshwater 

inflow to predicted future flow from the Aransas River watershed was applied to estimate 

predicted future flow in Lavaca Bay, and the results applied as input into the Lavaca Bay 

NEM model.  The response of the two bays to predicted climate change and watershed 

development conditions is compared.  NEM in Copano Bay became more heterotrophic 

at higher freshwater inflows, but had little response to temperature, and salinity.  A 

seventeen-day cumulative freshwater inflow interval was determined to produce the best 

fit between the non-linear model and observed NEM results.  Simulated runoff values 

were strongly related to observed river flows.  Future simulated NEM changes due to 

climate change were not significantly different, but tended to be more heterotrophic than 

present day.  Watershed development tended to increase runoff, but the change in NEM 

was not significant.  Results show a trend of increased heterotrophic estuarine conditions 
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with increased urbanization.  The combination of climate change and watershed 

development produced a 128% increase in freshwater inflow and an 81% more 

heterotrophic NEM.  This change was not significant, however, due to large variance in 

model estimates.  With 6% more freshwater inflow due to slightly more precipitation or 

watershed development than modeled in this study, Copano Bay would likely become 

significantly more heterotrophic than present day.  Inclusion of factors, such as turbidity 

and nutrient to organic matter ratios during different magnitudes of inflow, may improve 

the Copano Bay NEM model.  The Lavaca Bay NEM model also suggests more 

heterotrophic conditions during periods of higher flow.  Salinity, freshwater inflow, and 

temperature combined to explain 45% of the variability in Lavaca Bay NEM.  Model 

error is, unfortunately, still large enough that climate change and watershed development 

effects on environmental conditions do not cause a statistically significant increase in 

heterotrophy.  With uncertainties that exist during attempts to model physical and 

biological parameters on watershed level scales, it is important to view the simulated 

NEM results as possible trends arising from possible future conditions.  The simulated 

results exhibiting a trend towards more heterotrophic conditions in Copano Bay with 

predicted climate change and watershed development likely represents what has 

happened in urbanized estuaries over the last 30-40 years, which could explain the 

increase in estuarine hypoxic events in more developed watersheds. 
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Introduction 

Coastal environments, as the receiving ecosystems of freshwater inflow from watersheds, 

have the potential to be greatly influenced by anthropogenic and climatic watershed 

modifications (Jørgensen 1980, Officer et al. 1984, Rosenberg 1985, Andersen and 

Rydberg 1988, D’Avanzo et al 1996, Montagna et al. 2002a).  Ecosystem ecologists are 

searching to find suitable indicators of estuarine ecosystem response to changing 

environmental conditions so that watershed management can, with some degree of 

certainty, maintain estuaries within an acceptable range of conditions.  The dynamic 

nature of watershed landscape modification, land use/ land cover, and the uncertainties of 

regional meteorological changes due to climate change require scientists to find an 

indicator of ecosystem response that integrates at the watershed level scale.  The inherent 

variability in coastal ecosystems such as estuaries, however, requires scientists to find an 

indicator of estuarine response that is sensitive enough to respond to watershed changes 

on various spatial and temporal scales, but is simple and efficient enough to make spatial 

and temporal assessment under highly variable conditions possible (Chapter 3).  Here it is 

proposed that net ecosystem metabolism (NEM) is a good indicator for assessment of the 

influence of anthropogenic and climatic watershed modifications on coastal environments 

because NEM has been shown to respond to highly variable spatial and temporal 

environmental conditions in estuaries (Chapter 3). 

 

Climatic changes and anthropogenic watershed modifications during the next one 

hundred years will change freshwater inflow and environmental conditions in coastal 
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areas.  The Union of Concerned Scientists (Twilley et al. 2001), in their regional 

summary of the Intergovernmental Panel on Climate Change findings for the Gulf of 

Mexico (Houghton et al. 2001), reports that precipitation over Texas coastal watersheds 

will increase from 5-25%.  This precipitation will be delivered in higher magnitude 

freshwater inflow pulses.  The incidence of heavy precipitation events and high river 

flows are estimated to increase by 7.5% and 21% respectively.  Anthropogenic watershed 

development may reinforce this increase in higher magnitude freshwater inflow pulses, 

because impervious surfaces reduce the infiltration capacity of the soil (U.S. Soil 

Conservation Service 1986).  This decreased infiltration capacity results in a higher 

percentage of precipitation becoming runoff, which leaves less precipitation to become 

groundwater.  Population in Texas increased by 17.8 million people during the 20th 

century (US Census 2000).  Counties in coastal watersheds, such as San Patricio and Bee 

counties, have had 14.3% and 28.7% population growth respectively between the years 

1990 and 2000, and are predicted to triple over the next one hundred years.  The 

combination of increased magnitude precipitation events and a reduced infiltration 

capacity due to urbanization will result in freshwater inflow delivered in higher 

magnitude but shorter duration pulses.  Decreased groundwater may result in smaller 

river flows during the interval between precipitation events (Houghton et al. 2001, 

Twilley et al. 2001).  Thus, even with more predicted precipitation, average conditions 

may be closer to drought conditions.  Thus, precipitation is estimated to be more variable 

with higher magnitude pulses interspersed with longer dry periods (Houghton et al. 2001, 

Twilley et al. 2001).  Soil moisture is predicted to increase by up to 25% but this is 
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dependant on estimates of evaporation.  The predicted climatic changes and watershed 

development and the resulting modifications to freshwater inflow and environmental 

conditions could affect coastal estuarine ecosystem metabolic processes. 

 

The purpose of the present study was to create models to assess how predicted climate 

and watershed changes might affect freshwater inflow and ecosystem function as 

indicated by NEM in Texas estuaries.  First, freshwater inflow, salinity, and 

temperature’s influence on NEM was modeled in two separate bay systems.  Then, a 

hydrological model was developed to estimate freshwater inflow under the wide range of 

observed and predicted precipitation conditions.  Finally the NEM and hydrological 

models were linked to provide the means to estimate NEM under various land cover/ land 

use development and climate change scenarios.  Estimates of NEM during inflow events 

under predicted future climate and watershed development conditions were compared to 

present day NEM.  Comparisons between present and future NEM were used to assess 

whether predicted changes will result in a more heterotrophic or autotrophic estuarine 

ecosystem. 

 

Methods and Materials 

Study site 

The Texas lagoonal estuarine system contains seven distinct bay systems (Longley 1994).  

Most of these systems incorporate a primary bay with either a direct or indirect opening 

to the Gulf of Mexico, and a smaller secondary bay that receives most of the freshwater 
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inflow from rivers.  The primary and secondary bays are partially separated by a land 

constriction at the mouth of the secondary bay.  Freshwater inflow thus has a greater 

influence on secondary bays.  One of these secondary bays, Copano Bay, Texas (28o 6.9’ 

N, 97o 1.5’ W) and its watershed have unique characteristics that made it particularly 

attractive for the current research goals.  The Aransas River, which drains into Copano 

Bay, drains a relatively small (2,172 km2) watershed.  The watershed can be broken down 

into three sub-basins with different land use/ land cover and soil type characteristics 

(Table 4.1).  The Aransas River watershed is one of only a few south Texas river systems 

that are currently unimpeded by dams.  Copano Bay is a shallow, micro-tidal, meso-

haline, lagoonal coastal plain estuary with wind dominated mixing (Longley 1994).  

Mean daily freshwater inflow over the past 40 years from the Aransas River equals 28 m3 

s-1 (NOAA 1997).  Freshwater is mainly delivered during spring and early summer 

freshets.  Lavaca Bay, located about 100 km to the northeast of Copano Bay (28o 38.4’ N, 

96o 36.6’ W), receives most of its freshwater inflow from the Lavaca River watershed 

(2,110 km2).  Lavaca Bay receives about 4-6 times the amount of freshwater inflow that 

Copano Bay does.  Lavaca Bay also encountered a wider range of freshwater inflows in 

2004 than Copano Bay, and thus provided a model system for addressing salinity effects 

on ecosystem metabolism. 

 

Sampling design 

Water quality and environmental condition data were collected from field studies and 

public websites.  Water quality parameters were sampled at one station in upper Copano 
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Bay for one week each month in 2004, and at three synoptically sampled stations out 

from the river mouth for one week during five different months in 2004 (Chapter 3).  

Samples were taken at both surface (0.5 m from surface) and bottom depths (0.25 m from 

bottom).  Sampling in upper Lavaca Bay took place between 2002 and 2004 (Chapter 2 

and 3).  Daily freshwater inflow from the Aransas River was downloaded from the 

United States Geological Survey (USGS) (USGS station 08189700 Aransas River near 

Skidmore, TX).  Daily freshwater inflow into Lavaca Bay was determined from flow 

gauges in the Lavaca River, Placedo Creek, and Garcitas Creek which are numbered 

USGS 08164000, 08188800, and 08164600 respectively.  Wind speed was downloaded 

from the Texas Coastal Ocean Observation Network for stations in Port Aransas, and Sea 

Breeze, Texas.   

 

Water quality measurements 

During field sampling, dissolved oxygen and other water quality parameters were 

measured every 15 minutes at surface and bottom depths, or at mid-depth, using YSI 

series 6 multiparameter data sondes.  Models 6920-S and 600XLM data sondes with 610-

DM and 650 MDS display loggers were used.  The series 6 parameters have the 

following accuracy and units: temperature (± 0.15oC), pH (± 0.2 units), dissolved oxygen 

(mg l-1 ± 0.2), dissolved oxygen saturation (% ± 2%), specific conductivity (± 0.5% of 

reading depending on range), depth (± 0.2 m), and salinity (± 1% of reading or 0.1 ppt, 

whichever is greater).  Salinity was automatically corrected to 25oC.   
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NEM Model 

The goal was to produce NEM models for Copano and Lavaca Bay that could be used to 

predict NEM changes due to currently available climate change and watershed 

development predictions.  A suite of environmental conditions, driven mainly by 

temperature, salinity, and freshwater inflow, have already been estimated to explain up to 

70% of the total environmental variability at four Texas estuarine sites (Chapter 3).  

Dissolved oxygen and dissolved oxygen percent saturation could not be included in the 

NEM model as they are used in the calculation of NEM and would lead to circular 

reasoning.  Other parameters, such as pH and chlorophyll-a had to be avoided because 

they can be affected by biological processes linked to NEM.  This left freshwater inflow, 

salinity, and temperature as the main candidates for inclusion in the NEM model.  The 

relationships between temperature, salinity, freshwater inflow, and NEM in Copano and 

Lavaca Bay have been previously analyzed using linear regression analysis (Chapter 3).  

In Copano Bay, temperature, salinity, and freshwater inflow were found to not have a 

linear relationship with NEM, but a non-linear trend was evident for freshwater inflow.      

NEM tended to increase to a peak and then decrease as freshwater inflow increased.  

Thus, the relationship between freshwater inflow and NEM was examined with a non-

linear model based on a model used to explain biological structure characteristics at 

different cumulative freshwater inflows (Montagna et al. 2002b).  The assumption behind 

the model is that NEM values peak at some maximum value with small increases from 

130 



base freshwater inflows and NEM values decline prior to and after this peak.  The shape 

of this curve can be predicted with a three-parameter, log normal model: 

 

Y = a (exp (-0.5 (ln (X/c)) /b)2))  

where Y is NEM, 

X is freshwater inflow, 

and as explained in Montagna et al. (2002b) the three parameters characterize different 

attributes of the curve, where “a” is the maximum value, “b” is the skewness or rate of 

change of the response as a function of freshwater inflow, and “c” is the location of the 

peak response value on the freshwater inflow axis.   

 

The model was fit to data using the Regression Wizard in SigmaPlot, which uses the 

Marquardt-Levenberg algorithm to find coefficients (parameters) of the independent 

variables that give the best fit between the equation and the data (SigmaPlot 2000). 

 

Lavaca Bay results implied a multiple-linear relationship between temperature, salinity, 

freshwater inflow, and NEM (Chapter 3).  The linear response in Lavaca Bay, not found 

in Copano Bay, may be due to the wider range of environmental conditions influencing 

Lavaca Bay during 2004.  For example, the range of salinity during 2004 sampling in 

Lavaca Bay was 0-23 ppt while Copano Bay was only 1-12 ppt.  Thus, a multiple linear 

regression analysis was used to create an empirical NEM model for Lavaca Bay that 

would respond to temperature, salinity, and freshwater inflow. 
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The fit of the Copano NEM model curve to observed NEM values was assessed using a 

range of cumulative daily freshwater inflow.  An analysis of R2’s using one to twenty-one 

days of cumulative freshwater inflow into Copano Bay was run and the best fit used for 

NEM model calibration.  This analysis allows for assessment of how many previous days 

inflow influence NEM in Copano Bay, and provides justification for adjusting the 

previously used ten-day cumulative freshwater inflow calculation (Chapter 2 and 3). 

 

NEM results from Copano Bay (Chapter 3) were fitted to the conceptual non-linear 

model.  NEM results were previously calculated using the dissolved oxygen diurnal curve 

method as detailed in Chapter 2.  The entire set of NEM results from Copano Bay was 

used for calibration, except those results from April when an abnormally large freshwater 

inflow event occurred (> 30 million m3 in ten days).  April results were analyzed 

separately for temporal trends in NEM occurring as this freshwater inflow event subsided 

(Chapter 3).   

 

The NEM model is comprised of three parameters; a, b, and c.  Sensitivity of the model 

to each of the parameters was assessed by varying one while holding the other two 

constant.  Validation of the both NEM models was completed by comparing observed to 

simulated NEM results for 2002-2004 and model estimation error was quantified. 
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Hydrological model 

One goal was to assess the influence of precipitation and watershed land use/ land cover 

characteristics on NEM. To facilitate this analysis a simple hydrological model for the 

Aransas River watershed was produced based on the soil conservation service (SCS) 

curve number method (US Soil Conservation Service 1986) and NEXRAD precipitation 

data.  This hydrological model converted spatially and temporally dynamic precipitation 

inputs into runoff.  The model also adjusted runoff by factoring in watershed soil types 

and land use/ land cover of the receiving terrestrial landscape by applying the appropriate 

curve numbers (McCuen 1998).  The model served two purposes.  It was used to assess 

the relationship between precipitation and runoff under present day land use/ land cover 

conditions.  It was also used to estimate runoff from simulated precipitation events using 

predicted land use/ land cover and climate change conditions.  Freshwater inflow into 

Lavaca Bay was adjusted, using the Aransas River watershed as a reference, to reflect the 

estimated effects of climate change and watershed development. 

 

Precipitation – Nexrad 

Daily Nexrad precipitation shape files for the year 2004 were downloaded from the 

National Weather Service website in an undefined geographic projection.  Each file was 

then unzipped four separate times to yield a daily shapefile of precipitation points on a 4 

km by 4 km grid for the entire Southeastern United States.  The projection for each 

precipitation shapefile was defined according to the Hydrologic Rainfall Analysis Project 
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(HRAP) coordinate system using ArcInfo 9.0.  The point shapefiles were then cropped to 

the extent of the Texas state border and subsequently spatially joined to a HRAP 

coordinate grid using their HRAP coordinates.  This resulted in a gridded polygon 

shapefile with each cell’s precipitation value taken from the point located at its center.  

The precipitation polygon file was then cropped to the extent of the Aransas River 

watershed which had been previously delineated from a digital elevation map.  The 

precipitation polygon file was finally converted to a Raster grid file on a 30 m by 30 m 

scale which was bounded by the Aransas River watershed polygon.    

 

Watershed characteristics 

Two components of the watershed were needed to convert precipitation to runoff. The 

first component was the land use/ land cover characteristics of the Aransas River 

watershed.  Land use/ land cover data was downloaded as a Raster grid file from the 

United States Geological Survey’s (USGS) 1992 National Land Cover Dataset.  The 

USGS land use/ land cover data has 30 m by 30 m grid cells.  The land use/ land cover 

data was converted to a polygon shapefile on a scale of 300 m by 300 m.  The second 

component was the soil types in the Aransas River watershed.  This data was retrieved 

from the National Resource Conservation Service’s State Soil Geographic (STATSGO) 

database website as a polygon shapefile.  The soil polygon shapefile was cropped to the 

extent of the Aransas River watershed and split into one shapefile per soil type (Fig. 4.1).  

The Aransas River watershed soils are characterized into three types: soil type B (silt 

loam or loam), soil type C (sandy clay loam) and soil type D (clay loam, silty clay loam, 
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sandy clay, silty clay or clay).  The land use/ land cover polygon data set attribute table 

was then edited so that curve number (CN) estimates (McCuen 1998) for each land use/ 

land cover type were added for each soil type.  A polygon shapefile of CN’s for each soil 

type was created and cropped to the extent of each soil type within the watershed.  These 

CN by soil type shapefiles were converted to Raster grid files on a 30 m by 30 m scale 

and then the mosaic function of ArcInfo 9.0 combined them into one CN Raster grid file 

for the entire Aransas River watershed (Fig. 4.2). 

 

Runoff  

Calculations of runoff take into account both precipitation and the CN of the receiving 

land surface.  Runoff depth was calculated in every 30 m by 30 m grid cell for each day 

of 2004 using the following equations: 

 

Q = (P – 0.2 S)2 / (P + 0.8 S)  

S = (1000/CN) – 10 

Q = 0 at P < Ia 

Where Q is runoff depth in inches d-1, P is precipitation in inches d-1, Ia is the initial 

abstraction number, and S represents the proportion of precipitation that will runoff from 

a particular land use/ land cover located on a particular soil type, with CN being the curve 

number. 
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Runoff depths in inches d-1 were converted to runoff in m3 d-1 by multiplying them by a 

conversion factor of inch to meter of 0.0254 and by 900 m2 (the area of each 30 m by 30 

m grid cell).  Each cells daily runoff was then summed to calculate total daily runoff from 

the entire Aransas River watershed and also from just the portion of the watershed that 

drains to the point where USGS has a river flow gauge.   

 

Hydrological model verification 

The hydrological model runoff results were compared to observed river flow rates in the 

Aransas River (USGS gauge 08189700 near Skidmore, TX).  Daily averaged river flow 

rates in ft3 s-1 were converted to an average river flow in m3 d-1 by multiplying by 

2445.12.  Daily modeled runoff was assumed to be delivered to the river gauge location 

with no lag interval.  Each daily runoff sum above the gauge was compared to that same 

day’s average river flow using linear regression analysis.  This analysis allowed a 

comparison of runoff estimates to observed river flows.  A close fit between simulated 

runoff and observed river flow allows prediction of freshwater inflow in the Aransas 

River under various climatic and watershed development scenarios. 

 

Climate change scenarios 

Climate change predictions estimate a 5-25% increase in precipitation over the next 

hundred years (Houghton et al. 2001, Twilley et al. 2001).  This precipitation is predicted 

to arrive in more intense pulses increasing the incidence of high river flows by up to 

21%.  Temperature is predicted to increase between 2.5 oC and 5 oC with a larger change 
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in summer months than in winter (Houghton et al. 2001, Twilley et al. 2001).  To assess 

the affect of these climate change predictions, NEM was simulated during average 2004 

daily precipitation event conditions (1.63 cm) over the Aransas River watershed.  

Freshwater runoff magnitudes were then adjusted to reflect potential climate change 

effects on precipitation (average daily precipitation event increased to 2.45 cm) during 

the next one hundred years and NEM simulated under the modified conditions.  These 

simulations will allow assessment of the effects of climate change on NEM during inflow 

events. 

 

Watershed development scenarios 

Watershed development over the next one hundred years could result in more land 

becoming impervious as land use/ land cover is modified to accommodate the growing 

housing and agricultural needs of an increasing human population.  Population in Texas 

increased by 17.8 million people between the year 1900 and 2000 (US Census 2000).  

This constitutes a 100-200% increase per 50 years.  Texas population densities are now 

between 75 and 200 people mile-2.  San Patricio and Bee counties, which are located in 

the Aransas River watershed, had 14.3% and 28.7% population growth respectively 

between 1990 and 2000.  Population numbers in San Patricio County, which is located in 

the lower portion of the Aransas River watershed, was predicted to double from around 

60000 to 120000 people between 1990 and 2050.  Actual population numbers in San 

Patricio County increased as predicted from 58749 to 67138 people between the years 

1990 and 2000.  Population densities in the Aransas River watershed portion of San 
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Patricio and Bee counties are approximately 40 people mile-2 (US Census 2000).  The 

national average is 80 people mile-2, and urbanized watersheds such as those in Maryland 

have population densities as high as 542 people mile-2.  Thus the Aransas River 

watershed is considered rural and has < 2% urbanized land cover.  Urbanization with 

increased population numbers produces more impervious surfaces and results in more 

water running off into the river and stream systems of a watershed during precipitation 

events (US Soil Conservation Service 1986).  During large precipitation events in 

unrestricted coastal watersheds without dams most of this runoff will flow downstream to 

become freshwater inflow to estuaries.  The influence of watershed development on 

NEM was assessed by simulating a present day precipitation event (1.63 cm) under 

current land use/ land cover characteristics in the upper Aransas River watershed.  

Precipitation was related to runoff using the hydrological model for the Aransas River 

watershed.  Land use/ land cover was then adjusted to simulate 100% and 200% increases 

in urbanization in the upper watershed (Fig. 4.3) yielding approximately 3 % and 4.5 % 

urbanized land cover.  This percent urbanization can still be considered rural as most 

urbanized watersheds have >10 % urbanized land cover.  NEM response to urbanization 

was then simulated under present day precipitation event conditions and compared to 

present day simulated results. 

 

Combined effects of potential climate change and watershed development 

The effects on NEM from predicted modifications of freshwater inflow due to the 

combination of climate change and watershed development were assessed.  Predicted 
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freshwater inflows during precipitation events may be up to 25 % higher than today, and 

could increase by greater than 25 % as freshwater inflow arrives in larger pulses due to 

urbanization (US Soil Conservation Service 1986, Houghton et al. 2001, Twilley et al. 

2001).  NEM during predicted average freshwater inflow event conditions into Copano 

Bay, due to the combined effects from potential climate change and urbanization, were 

simulated and compared to present day NEM results.  The ratio of present day to 

predicted freshwater inflow into Copano Bay was then used to assess potential changes in 

Lavaca Bay NEM due to similar ratios of change in freshwater inflow to that bay.  

Estimates of the predicted change in Lavaca Bay NEM also incorporate the 5 oC increase 

in temperature predicted by climate change models for Texas coastal areas (Houghton et 

al. 2001). 

  

Results 

Environmental conditions 

Temperatures followed a seasonal cycle with lows during winter months and highs during 

summer (Table 4.2).  Daily average water temperature ranged from a low of 16 oC in 

Copano Bay and 13 oC in Lavaca Bay during January to a high of 30 oC in both bays 

during July.  Water temperatures during deployments tended to remain stable, but some 

weeks had daily temperature changes of about 1 oC, and on a few occasions temperatures 

decreased by as much as 7 oC in 24-hours.  Rapid daily temperature changes were mostly 

associated with decreasing salinity (-2 ppt d-1) during April storm events.  Salinity was 

highest during January-March 2004.  Large freshwater inflows (up to 44×106 m3 d-1) 
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beginning in April and continuing through May in Copano Bay and June in Lavaca Bay 

resulted in large decreases in salinity (down by as much as 22 ppt) in Copano and Lavaca 

Bays.  Salinity was at or near zero by May.  Copano Bay remained relatively fresh 

throughout the year with an annual average salinity of 6 ppt.  Freshwater inflow into 

Copano Bay decreased back to base flow levels (~2×105 m3 d-1) in June and was low 

throughout most of the remaining year.  Salinity did not recover to pre-spring levels until 

September due to the long residence time in Copano Bay.  High freshwater inflow into 

Lavaca Bay started in April and continued through the beginning of July, reaching an 

average inflow of 86×105 m3 d-1 in June. 

 

NEM response to environmental conditions 

Copano Bay had fairly stable NEM values (mean = -1.12 mg O2 l-1 d-1, SE = 0.10 mg O2 

l-1 d-1) over a range of temperatures (16-30 oC) (Fig. 4.4a).  Copano Bay NEM results 

were not significantly related to temperature (p = 0.4869, R2 <0.01), and showed little 

response over a range of salinity (0-14 ppt) (p = 0.1131, R2 = 0.01) (Fig. 4.4b).  NEM in 

Copano Bay increased from a basal value of around -1 mg O2 l-1 d-1 during the lowest 

inflows to around 0 mg O2 l-1 d-1 at ten-day cumulative inflows less than 2×106 m3 (Fig. 

4.4c).  Less data exists for evaluating NEM under ten-day cumulative inflows above 

2×106 m3, but the results show a decreasing trend in NEM down to values around -4 mg 

O2 l-1 d-1 as cumulative inflow increased to 7×106 m3.  The limited samples collected at 

ten-day cumulative freshwater inflows above 7×106 m3 in Copano Bay occurred during 

one particularly large inflow event in April (Fig. 4.4c).  NEM was initially autotrophic 
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during the first day of the freshwater pulse and then dropped to around -4.00 mg O2 l-1 d-1 

after a peak one-day inflow on April 12th around 600×103 m3 d-1 and then became 

autotrophic again (1.00 mg O2 l-1 d-1) for a day or two as one-day freshwater inflow 

subsided to around 150×103 m3 d-1 (Fig. 4.5).  NEM values then returned to more normal 

values (-1 to -2 mg O2 l-1 d-1) as freshwater inflow slowed to 80×103 m3 d-1.   

 

Lavaca Bay NEM results from 2002-2004, when combined, had significant linear 

relationships with temperature, salinity, and cumulative ten-day freshwater inflow (Fig. 

4.6a-c).  Salinity, however, was strongly influenced by ten-day cumulative freshwater 

inflow with an exponential drop from around 22 ppt to 5 ppt as ten-day cumulative 

freshwater inflow increased from base flows of 1×106 m3 to around 20×106 m3 (p < 

0.001, R2 = 0.76) (Fig. 4.7a).  Also, salinity above 20 ppt mainly occurred during winter 

months when water temperatures were below 15 oC (Fig. 4.7b).  Since these three factors 

are interrelated, a multiple linear-regression analysis was used to assess each factors 

influence on NEM while accounting for the influences from the other factors.  Salinity 

alone accounted for 40% (p < 0.001, R2 = 0.40) of the variance in NEM explained by the 

multiple linear-regression model (R2 = 0.45).  Temperature (p = 0.073, additional R2 = 

0.03) and cumulative 10-day freshwater inflow (p = 0.071, additional R2 = 0.02) together 

accounted for another 5% of the variance in NEM.  The combination of these three 

factors, thus, explained 45% of the variability in Lavaca Bay NEM and estimates of NEM 

using the complete three-parameter model had a standard error of 1.64 mg O2 l-1 d-1 (Fig. 

4.8). 
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Copano Bay NEM model calibration 

The fit of the non-linear conceptual model to observed Copano Bay NEM values was 

assessed under various days of cumulative inflow (Fig. 4.9).  It was determined that a 17-

day cumulative inflow provided the best model fit (R2 = 0.15) to observed NEM values in 

Copano Bay.  Adjustment of the previously used 10-day cumulative inflow value in 

chapter 1 and 2 did not change the pattern of response of NEM to increased freshwater 

inflow, but changing to a 17-day cumulative flow helps to reduce the error of estimates 

made from the NEM model.  Even with this adjustment, the predictive power of the 

Copano Bay NEM model remained very low and large changes in NEM would be needed 

to find significant differences in NEM due to the effects of different environmental 

conditions. 

 

NEM results from Copano Bay were used for parameter calibration.   

 

NEM (mg O2 l-1 d-1) = (fx) ∑ 17-day cumulative freshwater inflow (m3) 

NEM (mg O2 l-1 d-1) = a (exp (-0.5 (ln (X/c)) /b2)) 

a = 9.3465 (mg O2 l-1 d-1) 

b = 2.512 (mg O2 l-1 d-1) 

c = 960396 (m3) 

X = cumulative 17-day freshwater inflow (m3) 
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Parameters were set to values derived from the fit between the non-linear model and 

observed NEM over the observed freshwater inflows range.  Using these parameters, 

simulated NEM increases from -1.37 mg O2 l-1 d-1 at cumulative 17-day freshwater base 

flow conditions of 352586 m3 to a peak of -0.65 mg O2 l-1 d-1 at 955003 m3 (Fig. 4.10).  

As cumulative 17-day freshwater inflow continues to increase, NEM steadily decreases to 

an estimated low of -5.50 mg O2 l-1 d-1 at cumulative 17-day inflows close to 20×106 m3.  

This agrees well with the lowest values observed during the largest Copano Bay 

freshwater inflow event that occurred in April 2004 (Fig. 4.5) as well as the maximum 

heterotrophic values observed using alternative methods for quantifying respiration and 

NEM (Chapter 3). 

 

Copano Bay NEM model sensitivity 

The sensitivity of the NEM model was assessed by comparing the shapes of the curves 

relating NEM over a range of freshwater inflow conditions (17-day cumulative inflow 

between 100,000 – 15 million m3) while modifying each parameter separately.  The 

shape of the NEM response curve was calculated at the following range of parameter 

values: a = 5, 10, and 15 (mg O2 l-1 d-1); b = 1.5, 2.5, and 3.5 (mg O2 l-1 d-1); and c = 

500000, 1000000, and 1500000 (m3).  Parameter “a” controls the peak value of NEM 

with higher values yielding more autotrophic conditions (Fig. 4.11a).  Parameter “b” 

controls the skewness of the curve and how fast NEM declines from its peak value with 
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increased inflow (Fig. 4.11b).  Parameter “c” controls which freshwater inflow value 

peak NEM will be located at (Fig. 4.11c).  

 

Copano Bay NEM model estimation error 

Simulated NEM results were compared to those observed at Copano Bay during 2004 

(Chapter 3).  The overall fit of the non-linear model to observed NEM results was 

relatively low (R2 = 0.15) but the relationship was significant (p < 0.0001).  The standard 

error of estimating NEM using the model was 1.46 mg O2 l-1 d-1.   This standard error 

requires a minimum change of ± 2.39 mg O2 l-1 d-1 to produce a significantly different 

NEM result with a 95% confidence interval. 

 

Precipitation 

Precipitation over the Aransas River watershed varied widely during 2004 (Fig. 4.12).  

Daily precipitation, falling over the sub-basin above the USGS river gauge 08189700, 

ranged from zero measurable precipitation up to as much as 11 cm d-1 (4.33 inches).    

Large daily precipitation values occurred mostly during April and May storm events.  

Precipitation was notably low during the first three months of 2004.  Precipitation events 

(>1.65 cm d-1) occurred seven times between June and December.   

 

Runoff potential 

The interaction of soil types with land use/ land cover characteristics within the Aransas 

River watershed yielded distinct areas of potential precipitation infiltration.  The three 
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soil types influenced infiltration potential within each of their respective areas.  This is 

especially evident in the upper Aransas River watershed (Fig. 4.3).  Infiltration potential 

was assessed using initial abstraction (Ia) values for each 30 m by 30 m grid cell.  Values 

for Ia ranged from 0 to 1.4, with 1.4 being the highest infiltration potential.  Soil type B 

(silt loam or loam) yielded an Ia value (mean ± standard error) of 0.84 ± 0.66×10-3.  Soil 

type C (sandy clay loam) yielded an Ia value of 0.59 ± 0.525×10-3.  Soil type D (clay 

loam, silty clay loam, sandy clay, silty clay or clay) yielded an Ia value of 0.23 ± 

0.584×10-4.  Infiltration potential of different land use/ land cover types also influenced 

runoff potential.  Values for Ia ranged between 0 in urbanized areas to 1.4 in forested or 

shrub land areas.   

 

Simulated runoff and observed river flow 

Simulated runoff and observed river flow from the Aransas River watershed area draining 

to the USGS gauge location had a wide range during 2004.  Simulated runoff during 

precipitation events ranged between 4×103 m3 d-1 and 4.4×106 m3 d-1.  Observed river 

flows during the same precipitation events ranged from 20×103 m3 d-1 to 3.3×106 m3 d-1.  

Simulated monthly runoff matched up well with monthly observed river flow (p < 

0.0001, R2 = 0.99) (Fig. 4.13).  The river flow response to increased runoff was more 

scattered at lower flows (p = 0.0035, R2 = 0.68).  This may be due to differences in the 

effects of evaporation during smaller precipitation events.  The average present day 

runoff event was calculated as 1,378,730 m3 d-1.  Assuming events last for 3 days with 

one event during every 17 days; these runoff events would yield a total 17-day 
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cumulative simulated river flow of around 4×106 m3 passing the USGS gauge in the 

Aransas River watershed before it flows into Copano Bay. 

 

Simulated runoff from the area draining towards the USGS river flow gauge also 

compared well with simulated total watershed runoff (p < 0.0001, R2 = 0.91) (Fig. 4.14a).  

Outliers influenced this relationship and so the analysis was re-run without them.  The 

relationship between simulated gauged runoff and simulated total watershed runoff 

suggests that actual river inflow into Copano Bay is approximately 3-4 times larger than 

observed USGS river flow.  This is not surprising, considering the USGS gauge only 

measures river flow from about a third of the total area of the Aransas River watershed.  

Estimated freshwater inflows from the entire Aransas River watershed are, thus, roughly 

equivalent to those measured from the Lavaca River watershed, which has its gauge 

much closer to the point of river discharge than the one in the Aransas River.  A slightly 

less strong, but still significant relationship existed with the outliers removed (p < 0.0001, 

R2 = 0.54) (Fig. 4.14b).  More scatter existed as runoffs increased, implying that as a 

larger proportion of the watershed receives precipitation, differences between sub-basin 

land use/land cover, soil types, and their influence on runoff may become magnified.  

Thus, spatially variable precipitation patterns, such as provided by Nexrad, may be even 

more important for basin scale runoff estimates than those from smaller sub-basins. 
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Climate change scenarios 

NEM was simulated under upper Aransas River watershed present day cumulative 17-

day freshwater event conditions of 4,136,190 m3 and predicted future event conditions 

91% higher at 7,915,263 m3 (Table 4.3).  This assumes an average three days of 

precipitation of 1.65 cm d-1 and an average three days of predicted precipitation of 2.46 

cm d-1 occurring in a 17-day period.  The resulting simulated present day and predicted 

NEM values were not significantly different at -2.11 and -3.43 mg O2 l-1 d-1 respectively 

(t-test, p > 0.1).  The model, however, suggests the potential of 60% more heterotrophic 

conditions with increased precipitation.  To produce significantly different present day 

and predicted NEM results with a 95% confidence interval, 17-day cumulative freshwater 

inflow conditions would have to reach 10×106 m3.  This would require another 21% 

increase in cumulative 17-day freshwater inflow above those predicted in this study.  

 

Watershed development scenarios 

Urbanized areas in the Aransas River watershed currently equal 1.5% (1975 of 134399, 

900 m2 cells) of the total area.  These urbanized areas are mostly surrounded by land use/ 

land cover areas with Ia values of 0.2 to 0.4.  The city of Beeville, Texas, which is located 

in the upper Aransas River watershed, is surrounded by land with higher infiltration 

potential (Ia from 0.8 to 1.4) (Fig. 4.3).  Increased urbanization would result in a 0 - 71% 

decrease in infiltration potential in converted lands.  The percent decrease depends on 

which soil type is developed.  A present day average precipitation runoff event of 1.63 

cm (0.64 inches) homogeneously applied over the upper Aransas River watershed would 
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result in runoffs of 1378730, 1406269, and 1642889 m3  d-1 under present day, low 

urbanization, and high urbanization conditions respectively (Table 4.3).  These daily 

flows would yield, again assuming a three-day precipitation event with no other events 

occurring in the previous 17 days, a cumulative 17-day freshwater inflow of 4136190, 

4218807, and 4928667 m3 respectively (increases of 2% and 19%).   NEM is estimated to 

change from a present day value of -2.11 mg O2 l-1 d-1 to -2.14 and -2.44 mg O2 l-1 d-1 

(1% and 16% more heterotrophic) during low and high urbanization scenarios 

respectively in the upper Aransas River watershed.  This represents a non-significant 

change in NEM with urbanization (t-test, p > 0.1) 

 

Combined effects of climate change and watershed development 

Urbanization and climate change have similar effects on NEM in that they both tend to 

increase freshwater inflow.  The combined influence of increased precipitation and 

increased impervious surfaces due to urbanization in the Aransas River watershed could 

potentially increase freshwater inflow to Copano Bay.  NEM was simulated under future 

cumulative 17-day freshwater inflow conditions, due to the combination of climate 

change and watershed urbanization, of 9431796 m3 (an 128% increase) (Table 4.3).  The 

simulated NEM under these predicted conditions is 81% more heterotrophic at -3.82 mg 

O2 l-1 d-1.  The combination of urbanization and climate change, thus, almost causes 

enough freshwater inflow to produce a significantly more heterotrophic ecosystem.  An 

NEM 8% more heterotrophic than predicted (-3.98 mg O2 l-1 d-1) would be significantly 

different from a present day average event NEM of -2.11 mg O2 l-1 d-1 (t-test, p < 0.1).   
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Predicted NEM in Lavaca Bay 

The Lavaca Bay NEM model is influenced by not only freshwater inflow, but also 

salinity, and temperature.  A similar analysis of how many days cumulative freshwater 

inflow produce the best model fit showed little improvement (Data not shown) from 

changing from the previously used 10-day period (Chapter 3).  The calibrated NEM 

model equation for Lavaca Bay is as follows: 

 

NEM (mg O2 l-1 d-1) = -1.82 (mg O2 l-1 d-1) + 2.62×10-8 (mg O2 l-1 d-1 m-3) FW – 0.07 (mg 

O2 l-1 d-1 oC-1) T + 0.21 (mg O2 l-1 d-1 ppt-1) S 

Where FW is cumulative 10-day freshwater inflow (m3), 

T is temperature (oC), 

and S is salinity (ppt). 

 

Average cumulative 10-day freshwater inflow conditions in Lavaca Bay are around 

10×106 m3 (Fig. 4.7).  Salinity at this average present day inflow is approximately 15 ppt 

(Fig. 4.7).  Application of the a proportional increase in freshwater inflow to Lavaca Bay 

inflow, as calculated from predicted climate change and watershed development 

conditions in Copano Bay, results in a predicted future event inflow into Lavaca Bay of 

around 20-30×106 m3.  With more precipitation over the Lavaca Bay watersheds, 

however, the infiltration capacity of soil there will become saturated more often.  This 

could potential increase the runoff and subsequent inflow into Lavaca Bay during the 
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predicted increased precipitation events.  A predicted future freshwater inflow event was, 

thus, estimated to produce around 40×106 m3 over a 10 day period, which is within the 

range of those observed during 2004 (Fig. 4.7).  This magnitude of freshwater inflow can 

drop salinity to around 0-2 ppt (Fig. 4.7).  A 5 oC temperature increase as predicted for 

this region by climate change model predictions (Houghton et al. 2001, Twilley et al. 

2001), was also applied to the model.  The multiple linear-regression Lavaca Bay NEM 

model predicts an NEM of -0.16 mg O2 l-1 d-1 during present day environmental 

conditions and an NEM 1563% more heterotrophic at -2.66 mg O2 l-1 d-1 during predicted 

future environmental conditions due to climate change and watershed development 

(Table 4.4).  The more heterotrophic simulated NEM value during future conditions, 

however, is not significantly different than simulated present day NEM (t-test, p > 0.1).  

Similar to what was found in Copano Bay, a 7% more heterotrophic NEM value than 

predicted by the Lavaca Bay NEM model (-2.85 mg O2 l-1 d-1) is required to produce a 

significantly different NEM than present day.  All that would be required to produce a 

significantly more heterotrophic NEM would be to model the predicted salinity as 0 ppt 

instead of the 1 ppt used in this study.  Thus, with the large amount of variability 

observed in these systems, the potential for more heterotrophic conditions in Lavaca Bay 

exists. 
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Discussion 

NEM models 

Observed NEM values from Copano Bay followed the shape of the conceptual NEM 

model (Fig. 4.10).  NEM data, however, fit the conceptual model better when they where 

compared to cumulative freshwater inflow from multiple previous days (Fig. 4.9).  A 10-

day period was previously identified as the time interval needed to capture the response 

of estuarine benthic community structure to freshwater inflow events (Kalke and 

Montagna 1991; Montagna and Kalke 1992).  The current research identified the 17-day 

period as the best time interval to capture the response of estuarine metabolism to 

freshwater inflow events in Copano Bay.   

 

Copano Bay had an initially increasingly autotrophic NEM with increased freshwater 

inflow (Fig. 4.10).  This type of ecosystem response to increased inflow is likely 

indicative of increased nutrient loading.  Photosynthetic organisms, which produce 

oxygen as they produce energy during photosynthesis, can combine this energy with 

nutrient loads to produce more biomass.  Increased loading of nutrients was concluded to 

result in more autotrophic NEM’s in marine mesocosms (Oviatt et al. 1986) and in 

natural systems with high nutrient inputs (D’Avanzo et al. 1996).  NEM was significantly 

more autotrophic under conditions of higher nitrogen loading in a study of 42 sites in 22 

National Estuarine Research Reserves (Caffrey 2004). 
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The initially increasingly autotrophic NEM in Copano Bay, with increased freshwater 

inflow, was followed by a peak and then a subsequently decreasing NEM trend as 

freshwater inflow continued to increase (Fig. 4.10).  Heterotrophic ecosystem responses 

have been found in systems dominated by organic carbon loading (Smith and Hollibaugh 

1993, 1997, Cai et al. 1999, and Raymond et al. 2000).  NEM was heterotrophic in these 

organic matter dominated systems.  Overall, Copano Bay remained relatively 

heterotrophic throughout 2004.  This result was also found at most NERR sites (Caffrey 

2004).  Copano Bay, thus, follows the general trend of shallow water estuaries being net 

heterotrophic.  

 

NEM model results were significantly related to observed NEM values in Copano Bay 

but the non-linear relationship had a lot of scatter (p < 0.0001 R2 =0.15) (Fig. 4.10).  The 

large amount of dispersion in observed NEM values, especially during low freshwater 

inflow conditions, may be due to factors not included in the model.  One factor that may 

influence NEM during low freshwater inflow periods is turbidity.  The balance between 

primary production and respiration could be influences by reduced light availability due 

to high turbidity in Copano Bay.  High turbidity conditions exist for the majority of the 

year in Texas bays (NOAA 1997).  Higher turbidities and subsequent lower available 

photosynthetically active radiation (PAR) with depth usually exist in water close to river 

discharge as compared to water closer to an estuary mouth (Kennish 1986).  Secchi 

depths in Copano Bay ranged between 0.5 m during winter to 0.2 m during summer 

(personal observation).  Surface irradiance, and thus PAR, also varied with season, and 
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on shorter time scales associated with clouds (Chapter 3).  Surface irradiance levels 

dropped markedly during the April and May storm events (Chapter 3), but little effect 

was observed on NEM.  Turbidity and in-situ irradiance measurements need to be 

compared to simultaneously calculated NEM values before these relationships can be 

added to the model.    

 

Another factor that may influence NEM could be the balance between nutrients and 

organic matter in freshwater inflow.  A determining factor of the balance between 

autotrophy and heterotrophy is the balance between organic carbon and nutrient loading 

(Kemp et al. 1997, Eyre and McKee 2002).  Nutrient and organic matter loads in the 

micro-tidal estuaries of Texas are mainly delivered through freshwater inflow (Whitledge 

1989a, 1989b, Longley 1994).  The pulsing nature of freshwater inflow sporadically 

delivers nutrients and organic matter at high magnitudes but for short durations.  As 

freshwater inflow increases, the ratio of nutrients to organic matter within the inflow will 

also change, decreasing as more terrestrial organic particulates are eroded from the 

watershed (Jones et al. 1986, Parker et al. 1989).  The NEM model predicts an increasing 

NEM with small increases from base freshwater inflow conditions (Fig. 4.10).  The 

model then predicts more heterotrophic conditions with increasing flow.  It is possible 

that a shift from high to low nutrient to organic matter ratios occurs as freshwater inflow 

increases from base flow levels.  Quantification of nutrient and organic matter loading 

during a range of freshwater inflow conditions would be an important addition to the 

NEM model. 
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NEM event dynamics during a very high magnitude freshwater inflow in Copano Bay 

resulted in a similar response, overall, to that of NEM during increased cumulative flow 

(Fig. 4.5).  Days with net heterotrophic rates as large as -5 mg O2 l-1 d-1 (Fig. 4.5) 

dominated the ecosystem response when all daily NEM were averaged (average NEM =  

-1.37 mg O2 l-1 d-1).  Copano Bay exhibited an initial autotrophic response the day the 

freshwater pulse began and then became relatively heterotrophic as freshwater inflow 

rates continued to increase.  This response may be due an initial phytoplankton response 

to dissolved nutrient inputs followed by large magnitude benthic respiration rates as 

organic matter loads become the main constituent in freshwater inflow.  Within a few 

days as the freshwater pulse subsided, however, the system became relatively autotrophic 

again, even becoming net autotrophic for a few days.  This response suggests that the 

more marine planktonic community may have been flushed downstream during the large 

freshwater pulse and an autotrophic response by phytoplankton may not have occurred 

until the planktonic community reestablished itself as inflow subsided.  These event 

dynamics may be responsible for some of the observed scatter in NEM values from 

Copano Bay as enough days of sampling (n = 69) were completed there that various 

events must be included in the results. 

 

Copano Bay receives freshwater inflow from three point sources.  Error in the NEM 

model may relate to freshwater influences from other point sources than just the Aransas 

River.  This study focused on the influence of the Aransas River, however, and so 
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stations were located close to its discharge point.  Copano Creek discharges into the far 

northeast section of Copano Bay.  Freshwater inflow from Copano Creek would have to 

travel approximately 16 km directly across the bay in order to influence the results of the 

present study. The Mission River discharges into the tertiary Mission Bay before 

freshwater inflow can have any influence on the northwestern area of Copano Bay.  

Water from the Mission River would have to travel approximately 8 km before it could 

have any influence on the closest station in the present study.  By comparison, the 

Aransas River discharges directly into southeastern Copano Bay, and this discharge is 

less than one km from the closest station in the present study and is less than 3 km from 

the farthest station.  The Aransas (8.10 cm) and Mission River (8.47 cm) watersheds 

receive similar amounts of annual precipitation (Quenzer 1998).  The Aransas and 

Mission River watersheds, however, have rather different agriculture (58% and 25% 

respectively) and rangeland land use (38% and 73% respectively).  Even with these 

differences in land use, though, nutrient loads from the two rivers are remarkably similar.  

Total nitrogen loads for Aransas and Mission River are 213,314 and 239,843 kg yr-1 

respectively, and phosphorus loads are 60,900 and 57,801 kg yr-1 (NOAA 1997).  Tidal 

range in Copano Bay is severely dampened by the distance from the Gulf of Mexico, and 

is usually less than one-half meter (Powell et al. 1997).  Residence time in Copano Bay 

has been calculated to be as high as 3 years (Longley 1994) suggesting that water 

circulation and replacement by river inflows is very slow.  Thus, the influence of the 

Mission River freshwater inflow on the area of station locations in the present study is 

significantly reduced by the combination of retention in Mission Bay, little tidal 
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circulation, and the long distance between discharge and station locations.  The influence 

that Mission River freshwater inflow could have on the results of the present study could 

potentially increase during precipitation events producing increased inflows.  Any 

increase in potential influence from the Mission River, however, would coincide with a 

similar increased inflow from the Aransas River which would push water away from the 

present study station locations.  Thus, the influence of Copano Creek and the Mission 

River on NEM results in the present study is assumed to be insignificant when compared 

to that from the Aransas River.  

 

Lavaca Bay NEM results were similar to Copano Bay results in that they generally 

became more heterotrophic at higher freshwater inflows.  The dominant factor explaining 

changes in NEM was salinity (R2 = 0.40), with more heterotrophic conditions during low 

salinities (Fig. 4.6a).  Temperature and freshwater inflow, which were somewhat 

interrelated to salinity (Fig. 4.7), added a small (R2 = 0.05), but significant, amount of 

explanatory power to the overall NEM model (Fig. 4.6b-c).  With 45% of the variability 

in NEM explained by these three factors, the Lavaca Bay NEM model provides much 

more confidence in estimates of NEM during changing environmental conditions than the 

Copano Bay NEM model.  It is interesting to note, however, that the two models 

generally agree about the consequences of increases in freshwater inflow due to climate 

change and watershed development.  The Lavaca Bay NEM model was calibrated with 

NEM values measured over a much wide range of environmental conditions, especially 

salinity, than those in Copano Bay.  This suggests that the relationship between NEM and 
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salinity in Copano Bay may not have been observed due to lack if sampling over a wider 

range of conditions.  A comparison of the shape of the Lavaca Bay and Copano Bay 

model curves illustrates the similarities and differences of the two ecosystems.  Copano 

Bay, although overall it is more heterotrophic than Lavaca Bay, shows an autotrophic 

response at moderate flows.  A combination of nutrient ratios, organic carbon loads, and 

residence times may explain this difference.  Lavaca and Copano Bays have very similar 

phosphorus inputs, but nitrogen loads are higher in Lavaca than Copano Bay.  Thus, the 

nitrogen to phosphorus ratio of nutrients loads into Lavaca Bay is higher (6.63) than that 

in Copano Bay (4.88) (Longley 1994).  The low residence time of Lavaca Bay (77 days) 

as opposed to Copano Bay (1102 days), however, means that nitrogen is much more 

available in Copano Bay (residence time weighted nitrogen = 5.83 g m-3 yr-1) than Lavaca 

Bay (residence time weighted nitrogen = 0.66 g m-3 yr-1) (Longley 1994).  The ratio of 

organic carbon to nitrogen loads, which are identical in Lavaca and Copano Bays (C:N = 

6.16), become much lower in Copano Bay (2.06) than Lavaca Bay (29.70) when nitrogen 

load availability is adjusted to reflect the differences in residence time between the two 

bays.  The slight autotrophic response at moderate flows in Copano Bay may be due to 

this higher availability of nutrients which may dominate metabolic processes until 

organic carbon loads increase during higher freshwater inflows (Jones et al. 1986, Parker 

et al. 1989).     
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Hydrological model 

The hydrological model links spatially and temporally dynamic precipitation data with 

spatially variable landscape characteristics to produce runoff and freshwater inflow to the 

downstream estuary.  This model was created for the Aransas River watershed.  The 

thrust of this modeling effort was to estimate freshwater inflow into Copano Bay under 

predicted future climate change and watershed development conditions.   

 

The SCS curve number method (US Soil Conservation Service 1986) for transforming 

precipitation to runoff was originally designed to assess flooding events due to large 

magnitude precipitation events in urban watersheds.  The original SCS curve number 

method is stated to have less accuracy when runoff is less than 0.5 inch.  The method also 

assumes zero runoff at precipitation less than the initial abstraction value (Ia), which here 

is assumed to be S multiplied by 0.2.  The SCS curve number method does not account 

for changing Ia values, which are dependent on soil moisture content (US Soil 

Conservation Service 1986).  Soil moisture content may have significantly changed in the 

Aransas River watershed during 2004, especially considering the large spatial and 

temporal variability in precipitation that was observed.  Even with the potential short 

comings of using the SCS curve number method for this type of modeling, the rainfall-

runoff model performed quite well.  Simulated monthly runoff was strongly related to 

monthly observed river flows (p < 0.0001, R2 = 0.99) (Fig. 4.13).  The model showed 

more error when simulated monthly runoff and observed river flow were compared while 

excluding the very high inflow months of April and May (p = 0.0035, R2 = 0.68).  This 
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increased error could have arisen due to the lack of an evaporation term in the rainfall-

runoff model.  The significant fit between precipitation, runoff, and observed river flow 

indicates that the combination of Nexrad precipitation data and the SCS curve number 

method can be used to model freshwater inflow under various climate change and 

watershed development scenarios. 

 

 

Climate change and watershed development 

NEM in Copano Bay was more heterotrophic (mean = -3.43 mg O2 l-1 d-1), but not 

statistically significantly so, during predicted future precipitation conditions than during 

present day conditions (mean = -2.11 mg O2 l-1 d-1) (Table 4.3).  NEM becomes 

approximately 63% more heterotrophic with a 91% increase in cumulative 17-day 

freshwater inflow.  Watershed development had less of an effect on net ecosystem 

metabolism than climate change (Table 4.3).  It is important, however, to realize that the 

model only accounts for changes in water quantity arising from urbanization.  It does not 

take into account changes in constituent concentrations in that inflow or water quality.  It 

also does not take into account future water diversions or ground water flows.     

 

The level of urbanization in the Aransas River watershed is very low (currently 1.5%).  

This is one of the many reasons Copano Bay provides a good study site for assessing the 

consequences of potential watershed development.  The NEM model predicts that 

Copano Bay NEM, after an average precipitation event, is currently around -2.11 mg O2 
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l-1 d-1 and could change to -2.44 mg O2 l-1 d-1 with a 200% increase in urbanization in the 

upper Aransas River watershed.  This is not a statistically significant change but these 

estimates of NEM in Copano Bay provide a baseline for comparison to other more 

urbanized watersheds.  It is also important to realize that the present study does not 

attempt to integrate changes in constituent loads into estimates of NEM.  Increased 

agricultural runoff or sewage treatment discharge both effect the response of an estuary to 

freshwater inflow.  For example, the trend of increased extreme heterotrophic or 

autotrophic conditions with increased urbanization is supported by findings from 

urbanized watersheds such as those flowing into the Nueces River Estuary (Borsuk et al. 

2001), Chesapeake Bay estuaries (Kemp et al. 1997, Hale et al. 2004), the Husdon River 

Estuary (Howarth et al. 1992 and 1996), San Francisco Bay (Jassby et al. 1993), and 

Tomales Bay (Smith et al. 1991).  Many of these estuaries and bays have greater than 

20% urbanized land in the corresponding watersheds, and eutrophication was concluded 

as the most influential factor on metabolic rates in these estuaries.  Dissolved inorganic 

nitrogen to total organic carbon ratios in heterotrophic estuaries that act as carbon sinks 

are typically < 0.5 (Kemp et al. 1997).  Texas estuaries fall well within this range at 0.16-

0.33 (Longley 1994, Chapter 3).  Extremely autotrophic estuaries tend to be carbon 

sources and usually have dissolved inorganic nitrogen to total organic carbon rations > 

0.5.  Dissolved oxygen conditions, in the receiving water bodies of heavily urbanized 

watersheds, often become hypoxic (Kemp et al. 1992).  Summertime anoxia/hypoxia in 

the bottom waters of Chesapeake Bay has occurred since the mid-1930’s (Newcombe and 

Horne 1938), and has spatially and temporally increased in recent decades (Heinle et al. 
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1980, Officer et al. 1984).  Historical increases in spatial and temporal occurrences of 

hypoxic events are attributed to anthropogenic inputs in many coastal regions (Jørgensen 

1980, Rosenberg 1985, Andersen and Rydberg 1988).  Years with higher freshwater 

inflows support elevated respiration as a result of nutrient loading, phytoplankton 

assimilation, and subsequent organic matter remineralization, which can lead to rapid 

depletion of dissolved oxygen (Boynton et al. 1982).  The present study provides 

evidence that, as relatively undeveloped watershed become urbanized; NEM becomes 

more heterotrophic as a consequence of just increases in freshwater quantity.  Increased 

constituent loading of either nutrients or organic matter, would, undoubtedly modify this 

response.  Future research efforts should explore the relationships between climate 

change, watershed development, and constituent loading to Texas estuaries. 

 

The degree of change in freshwater inflow from both climate change and watershed 

development combined to determine the magnitude of heterotrophy in Copano Bay 

(Table 4.3).  Copano Bay exhibited more heterotrophic conditions (mean = -3.82 mg O2  

l-1 d-1), with the combination of relatively modest urbanization of the Aransas River 

watershed and predicted precipitation increases due to climate change, than from each 

individually.  This estimate of heterotrophy, especially when the standard error of 1.46 

mg O2 l-1 d-1, could push Copano Bay dissolved oxygen consumption past the 

assimilation capacity afforded by diffusion (Chapter 2).  This large standard error means 

that NEM values as heterotrophic as -6 mg O2 l-1 d-1 are within the 95% prediction 

confidence interval.  On calm days with average wind speeds less than 2 m s-1 daily 
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diffusion from the atmosphere in Texas bays reach a maximum rate of approximately 5 

mg O2 l-1 d-1.  Thus, an NEM value of -6 mg O2 l-1 d-1 would result in a decrease of 

dissolved oxygen concentrations of around 1 mg O2 l-1 which could quickly lead to 

dystrophic conditions and hypoxia in the warm, salty Texas bays where dissolved oxygen 

concentrations at 100% saturation can already be as low as 6 mg O2 l-1.  It is fortunate 

that this combination of conditions (i.e. high freshwater inflow and calm winds) is 

currently rare in Texas. 

 

Conclusion 

The model predicts non-significant changes to NEM in Copano and Lavaca Bays over the 

next one hundred years of climate change and watershed development. However, if 

variability in model estimates is accounted for, Copano Bay may become so 

heterotrophic after increased precipitation events that it might suffer from increased 

occurrences of hypoxia.  Increased urbanization, above the 200% increase modeled in 

this study, could also push NEM in Copano and Lavaca Bay to significantly more 

heterotrophic values after precipitation events.  It is difficult to model NEM during 

intervals between precipitation events because of the large variability at low freshwater 

inflows (Fig. 4.10).  Also, assessment of significant changes in NEM on the time scales 

of climate change and watershed development is hampered by the large variability in 

daily freshwater inflows.  Daily freshwater inflow into Copano Bay, for example, 

changed as much as 30 million m3 in 2004, which is much greater than the predicted 1-2 

million m3 d-1 increase in inflow due to climate change and watershed development.  
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With uncertainties that exist during attempts to model physical and biological parameters 

on watershed level scales, it is important to view the simulated NEM results as possible 

trends arising from possible future conditions.  The simulated results suggest a trend 

towards more heterotrophic conditions in Copano and Lavaca Bay metabolic rates with 

predicted climate change and watershed development. 
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Table 4.1  Size, soil types, and dominant land use/ land cover for the three sub-basins of 
the Aransas River watershed.  The Aransas River watershed soils are grouped into three 
types: soil type B (silt loam or loam), soil type C (sandy clay loam) and soil type D (clay 
loam, silty clay loam, sandy clay, silty clay or clay).  The upper Aransas River watershed 
is the only area with multiple soil types.  Data from the US Soil Conservation Service and 
the National Land Cover Dataset. 
 

Subbasin Size Soil Types Land Use 

Upper 656 km2 B, C, D Shrub land

Middle 710 km2 D Row Crops

Lower 806 km2 D Row Crops
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Table 4.2  Copano Bay (CB) and Lavaca Bay (LB) average daily water temperatures (Temp) (oC), and salinity (ppt) during 
deployments, and United States Geological Survey average gauged daily freshwater inflow (FW) (105 m3) during 2004. 

 
   Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
CB Temp 
 

16    17 20 21 24 29 30 29 28 28 22 18 24 

LB Temp 
 

13           

             

21 30 27 23

CB Salinity 
 

9 11 12 4 1 1 1 2 6 7 7 7 6

LB Salinity 
 

22             

             

8 0 8 10

CB FW 
 

3 3 2 13 16 1 4 3 4 2 7 2 5

LB FW 
 

12             15 15 26 71 86 21 3 2 8 106 5 31
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Table 4.3  Present day and predicted daily precipitation (Precip), total precipitation depths, and freshwater inflows during 
events due to potential scenarios of climate change, urbanization, and their combination in the upper Aransas River watershed.   
 

Scenario  Precip
(cm d-1)

Precip 
Depth     

(cm d-1) 

Freshwater 
Inflow 
(m3 d-1) 

Cumulative 
Event Inflow  

(m3) 

NEM ± SE 
(mg O2 l-1 d-1) 

Present Climate 
 

1.63 91 1378730 4136190 -2.11 ± 1.46 

Predicted Climate 
 

2.46 137 2638421 7915263 -3.43 ± 1.46 

Present 
Urbanization 

 

1.63 91 1378730 4136190 -2.11 ± 1.46 

100% Increase in 
Urbanization 

 

1.63 91 1406269 4218807 -2.14 ± 1.46 

 200% Increase in 
Urbanization 

 

1.63 91 1642889 4928667 -2.44 ± 1.46 

200% Increase in 
Urbanization 
and Predicted 

Climate 

2.46 137 3143932 9431796 -3.82 ± 1.46 
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Table 4.4  Present day and predicted environmental conditions due to climate change and watershed development.  NEM is a 
function of cumulative ten-day freshwater inflow (FW), salinity (S), and temperature (T). 
 

NEM (mg O2 l-1 d-1) = -1.82  + 2.62×10-8  FW – 0.07  T + 0.21  S 
 

Scenario Cumulative Event Inflow Salinity 
(m3) (ppt) 

Temperature 
(oC) 

NEM ± SE 
(mg O2 l-1 d-1) 

Present Day 
 

10×106 15 25 -0.16 ± 1.64 

Predicted Climate and 
200% Urbanization 

40×106 1 30 -2.66 ± 1.64 
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Figure 4.1  Soil groups in the three regions of the Aransas River watershed draining into 
Copano Bay.  The Aransas River watershed soils are grouped into three types: soil type B 
(silt loam or loam), soil type C (sandy clay loam) and soil type D (clay loam, silty clay 
loam, sandy clay, silty clay or clay).   
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Figure 4.2  Curve numbers by soil type in the Aransas River watershed.  Urbanized and 
cropland yield the highest CN numbers.  Areas with high CN numbers have less 
precipitation infiltration capacity. 
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A B

Figure 4.3  Estimated land use / land cover due to two different percent increases in upper Aransas River watershed urbanized 
areas with initial abstraction values used in watershed development scenarios. A) 100%.  B)  200%. 
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Figure 4.4  The response of net ecosystem metabolism to changing environmental 
conditions in Copano Bay.  A) Temperature.  B) Salinity.  C)  Freshwater inflow.  
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Figure 4.5  The temporal response of net ecosystem metabolism to rapidly changing daily 
freshwater inflow.  Net ecosystem metabolism is autotrophic during the first day of 
increased inflow, is net heterotrophic over the following three days, and then becomes 
autotrophic again for a couple of days before returning to more typical heterotrophic 
values during base flow conditions (Aransas River 2002-2005 USGS median gauged 
freshwater inflow  = 22×103 m3 d-1). 
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Figure 4.6  The response of net ecosystem metabolism to changing environmental 
conditions in Lavaca Bay.  A) Temperature.  B) Salinity.  C)  Freshwater inflow. 
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Figure 4.7  Relationships between A) freshwater inflow and salinity, and B) temperature 
and salinity in Lavaca Bay 
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Figure 4.8  Lavaca Bay NEM model.  Simulated NEM values match fairly well with 
those observed during 2002-2004. 
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Figure 4.9  The fit of the model to observed NEM results in Copano Bay was assessed at 
one to twenty-one days of cumulative freshwater inflow.  The best fit was obtained when 
the model was fit to NEM results at 17-day cumulative flow. 
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Figure 4.10  The relationship between observed and model predicted net ecosystem 
metabolism in Copano Bay, 2004.  The non-linear net ecosystem metabolism model 
curve increases, peaks, and then steadily decreases as 17-day cumulative freshwater 
inflows increase.  
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Figure 4.11  Sensitivity analysis of the three parameters in the net ecosystem metabolism 
model over a range of 17-day cumulative freshwater inflows.  A) Parameter a.  B) 
Parameter b.  C) Parameter c. 
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Figure 4.12  Daily average upper Aransas River watershed precipitation calculated from 
Nexrad data.  Annual average precipitation (1.63 cm d-1) during events denoted by dotted 
line. 
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Figure 4.13  A comparison of simulated monthly runoff from the upper Aransas River 
watershed and observed monthly Aransas River flow.  The best fit line is shown with (R2 
= 0.99) and with out (R2 = 0.68) inclusion of the two extreme flow events.  More scatter 
is present at lower flows, possibly due to the effects of differences in evaporation rates of 
runoff. 
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Figure 4.14  Comparison of simulated runoff in the upper sub-basin and simulated runoff 
from the entire Aransas River watershed.  A)  Full data-set.  B)  Without outliers. 
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