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Abstract 

 

Ecosystem function in estuarine environments is known to be an important indicator of 

ecosystem health and productivity.  There is a need to quantify estuarine ecosystem 

function variability and link to freshwater inflow to enable better management of 

ecosystem health and productivity.  An important and quantifiable component of 

ecosystem function is ecosystem metabolism.  Results indicate that open water methods 

were more appropriate than light-dark bottle methods for measuring net ecosystem 

metabolism in shallow water estuarine ecosystems because of the large contribution of 

benthos, which is ignored in water bottles.  Spatial and temporal variability in net 

ecosystem metabolism was found.  Spatial variability was attributed to differences in 

benthic habitats and/or station locations with respect to freshwater inflow point sources.  

Temporal variability in net ecosystem metabolism may be driven by differences in 

seasonal temperatures and freshwater inflow differences on seasonal time scales.  Net 

ecosystem metabolism was directly related to amounts of freshwater inflow.  The 

strength of this relationship depended on proximity to freshwater sources.  Future studies 

of whole ecosystem metabolism in shallow estuarine ecosystems should employ open 

water methods and should strive to link other dynamic environmental conditions, such as 

temperature or irradiance, to ecosystem health, function, and productivity. 
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Introduction 

 

Ecosystem function in estuarine environments is known to be an important indicator of 

ecosystem health and productivity.  Estuarine ecosystems, being areas of transition 

between freshwater inflows and oceanic waters, experience highly variable 

environmental conditions.  There is, therefore, a need to quantify estuarine ecosystem 

function variability so that ecosystem health and productivity can be better understood 

and managed.  An important and quantifiable component of ecosystem function is 

ecosystem metabolism. 

 

Ecosystem metabolism is calculated by subtracting respiration from primary production.  

A positive ecosystem metabolism indicates that primary production exceeds respiration.  

A negative ecosystem metabolism means that respiration exceeds primary production.  In 

the aquatic and terrestrial environments, ecosystem metabolism depends on a variety of 

physical and biological factors.  Physical factors that influence ecosystem metabolism 

measurements include depth, surface wind speed, freshwater inflow, turbidity, substrate 

type, salinity, temperature, current flow rates, nutrient concentrations, detritus, dissolved 

and particulate organic matter, tidal cycles, sunlight, and cloud cover.  Biological factors 

that influence ecosystem metabolism measurements include chlorophyll-a, amount of live 

biomass in the water column and sediment, photosynthesis rates, and respiration rates.  

The large number of highly variable factors influencing ecosystem metabolism in 

estuarine ecosystems requires that measurements of ecosystem metabolism take an 

integrative approach.  Open water diurnal curve and light-dark bottle methods provide 

two alternate integrative measurement techniques that have had widespread use in 

quantifying ecosystem metabolism. 

 

Open water dissolved oxygen measurements have been used to estimate whole ecosystem 

metabolism, providing spatially and temporally integrated estimates of metabolic 

processes, since Odum’s seminal work in the 1950’s (Odum 1956).  Whole ecosystem 

metabolism involves calculating the change in dissolved oxygen concentration resulting 

from biological processes in an aquatic ecosystem over a period of 24 hours.  
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Atmospheric oxygen flux must, therefore, be estimated and adjusted for to separate 

physical and biological influences on dissolved oxygen concentration.  Atmospheric 

oxygen flux is influenced by dissolved oxygen concentration gradients and near surface 

turbulence dynamics.  The physical factors driving near surface turbulence must therefore 

be accounted for during calculations of whole ecosystem metabolism. 

 

Light-dark bottle methods use water enclosures to estimate ecosystem metabolism and 

have had extensive use in limnology and oceanography.  Odum and Hoskin (1958) found 

that bottle methods were not suitable in shallow marine bays for whole ecosystem 

metabolism, but did conclude that they were very useful in determining the planktonic 

portion of metabolism.  Bottle measurements may also miss a substantial amount of short 

term variability encountered in estuaries.  Normal turbulence and continuous nutrient flux 

from other parts of the ecosystem are eliminated in bottle enclosures.  Phytoplankton 

trapped within bottles do not experience the natural variability in light levels that occurs 

as they are vertically mixed in turbulent waters.  

 

We hypothesize that ecosystem metabolism in shallow water estuaries are both spatially 

and temporally variable and related to freshwater inflow.  We also hypothesize that open 

water diurnal curve methods will provide a superior measure of ecosystem metabolism 

relative to light-dark bottle methods in shallow water estuarine ecosystems because of a 

large contribution by the benthos.  We, therefore, hypothesize that benthos make a 

significantly larger contribution to whole ecosystem metabolism than the water column in 

shallow water estuaries.  To test these hypotheses, open water diurnal curve and light-

dark bottle methods were used to quantify spatial and temporal differences in ecosystem 

metabolism dynamics and to assess the contribution by the benthos to whole ecosystem 

metabolism in shallow water ecosystems.   

 

Methods and Materials 

 

Most Texas estuaries are divided into primary and secondary bays.  Lavaca Bay, which is 

the secondary bay of the Lavaca-Colorado Estuary, was used to quantify intra-bay spatial 
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variability in ecosystem metabolism.  Six stations were established in Lavaca Bay (Fig. 

1).  Corpus Christi Bay, a primary bay, Nueces Bay, the corresponding secondary bay, 

and the neighboring Laguna Madre were used to quantify broader scale spatial variability 

in ecosystem metabolism.  Four stations were established in this bay system (Fig. 2).   

Temporal variability in ecosystem metabolism was measured through a quarterly 

sampling plan at all ten stations (Table 1).   

 

Open Water Diurnal Curve Method 

 

Dissolved oxygen and other water quality parameter measurements were taken every 15 

minutes at mid depth using YSI series 6 multiparameter data sondes (Appendix UTSOP 

03).  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 is automatically corrected to 25oC. 

 

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

imply 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 can have daily variations in wind speed from 1-10 m s-1 (~2-23 mph) (Texas Coastal 

Ocean Observation Network data at http://lighthouse.tamucc.edu/TCOON/HomePage).  

Estuaries in other regions of the U.S. tend to have wind speeds in the range of 0-6 m s-1 

(~0-12 mph) with maximum atmospheric oxygen exchanges measured at 8.6 m s-1 (~19 

mph) (Kemp and Boynton 1980; Marino and Howarth 1993).  Meteorological forcing 

dominates water exchange and circulation in South Texas estuaries because of shallow 

water depths (medium depth ~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, high temperatures, and relatively 

steady winds out of the South East make South Texas estuarine ecosystems particularly 
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amenable to open water methods of estimating whole ecosystem metabolism.  Biological 

processes can still dominate dissolved oxygen concentration changes in South Texas 

estuaries even with the prevalence of high wind speeds.  The physical features of South 

Texas estuaries, when combined with the highly dynamic and large influence of wind 

speed on surface turbulence, require that estimates of whole ecosystem metabolism in 

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

 

The wind dependent diffusion coefficients given by D’Avanzo et al. (1996) were applied 

to calculations of whole ecosystem metabolism in Lavaca Bay.  D’Avanzo et al.’s  (1996) 

diffusion coefficients allowed for diffusion corrected calculations of dissolved oxygen 

concentration change that could vary over short temporal scales (hourly).  The major 

physical influence on whole ecosystem metabolism calculations was thus removed by 

adjusting for atmospheric oxygen flux generated during undersaturated or supersaturated 

dissolved oxygen concentration conditions.  Removal of the physical influences on 

dissolved oxygen concentration left just the biologically driven changes in dissolved 

oxygen concentration.   

 

Net ecosystem metabolism was calculated using open water diurnal methods.   Dissolved 

oxygen concentrations were taken every 15 minutes and 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 by using percent 

saturation of dissolved oxygen in the water column and the wind dependent diffusion 

coefficient K (g O2 m-2 h-1) at 0% saturation proposed by D’Avanzo et al. (1996) 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, 

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

K = diffusion coefficient at 0% dissolved oxygen saturation. 
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To calculate daily net ecosystem metabolism, 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 net ecosystem metabolism (Kemp et al 1992; 

D’Avanzo et al. 1996; Borsuk et al. 2001; Caffrey 2003).   

 

Light-Dark Bottle Method 

 

Net ecosystem metabolism will be measured using a modification of the University of 

Texas standard operating procedures (Appendix SOP UT05).  Four light-dark bottle 

replicates per station will be deployed at mid depth so as to correspond with the mid 

depth open water sonde measurements.  Net ecosystem metabolism will be estimated 

from the dissolved oxygen change in light bottles.   

 

The following null hypotheses were tested: 

H01: The water column contribution to whole ecosystem metabolism is less than that 

contributed by the benthos. 

H02: There are no spatial or temporal differences in whole ecosystem metabolism in 

shallow water estuaries. 

 

The first null hypothesis was tested by comparing net ecosystem metabolism 

measurements using light bottles to open water measurements of net ecosystem 

metabolism (2-tailed, paired t-test).  The second null hypothesis was tested for significant 

main effects using a 2-way ANOVA of open water net ecosystem metabolism by station 

and date with no interaction term.  Station and dates are fixed effects, however, date is a 

block variable that controls for differences between dates, but does not have an 

interactive effect with stations.  Means were compared using Tukey’s post hoc pair-wise 

comparison test.   
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Results 

 

Ecosystem metabolism measured with light bottle methods yielded water column 

contributions to whole ecosystem metabolism from 1.03% – 94.68%.  This implies that 

benthic contribution to whole ecosystem metabolism ranges from 5.32% - 98.97% in 

these shallow estuaries.  Results from 28 out of 37 (76%) samples indicate the benthic 

contribution to whole ecosystem metabolism is greater than 50% (Table 2).  The benthic 

contribution to whole ecosystem metabolism was significantly higher (21.3% – 54.6%) 

than that contributed by the water column (p < 0.001) (Table 3).  Light-dark bottle 

methods consistently gave lower net ecosystem metabolism rates than open water 

methods (Figs. 2a-2d).  Open water measurements that include the important contribution 

by benthos in these shallow water systems were, therefore, used to assess the spatial and 

temporal variability in whole ecosystem metabolism. 

 

Spatial and temporal differences were found between whole ecosystem metabolism 

measurements.  There were significant differences in net ecosystem metabolism between 

stations (p = 0.041) and dates (p = 0.005) (Table 4).  No overall interaction between 

stations and dates was present (Fig 3a-3b).  There was a significant difference between 

stations 1 and 8 (p = 0.019) as well as 7 and 8 (p = 0.026) in post hoc pair-wise 

comparisons.  There were significant differences between dates 17 June 2003 and 23 

September 2003 (p = 0.015), and 23 September 2003 and 3 December 2003 (p = 0.004).  

Net ecosystem metabolism on September 23rd was significantly lower than for June 17th 

and December 3rd.   

 

Visual representation of the net ecosystem metabolism within a geographic information 

system revealed seasonal trends.  Net ecosystem metabolism rates in spring tend to be 

relatively balanced, near a value of zero, except at the seagrass dominated station 8, 

which was markedly positive, i.e., primary production is greater than respiration (Fig. 4a-

4b).  Stations close to freshwater point sources were more negative, i.e., respiration 

dominated, than stations further down estuary.  Water column metabolism also becomes 

more dominant as one moves down estuary with the exception of station 8. 
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Net ecosystem metabolism rates in summer tends to be positive, i.e., photosynthesis 

dominates, with only one station (station 8) having a negative net ecosystem metabolism 

(Fig. 5a-5b).  Dominance in the contribution to net ecosystem metabolism switches from 

the benthos to the water column as one move away from freshwater point sources in 

Lavaca Bay.  However, lower bay stations (8, 9, and 10) in Corpus Christi Bay had large 

positive net ecosystem metabolisms dominated primarily by the benthos. 

 

Net ecosystem metabolism rates in fall tend to be relatively negative (Fig. 6a-6b).  All 

stations close to freshwater point sources had large negative net ecosystem metabolism 

rates driven primarily by the benthos.  Lower estuary stations tended to be positive except 

for station 9 with all stations net ecosystem metabolism being driven primarily by the 

benthos. 

 

Net ecosystem metabolism rates in winter tend to be largely positive (Figs. 7a and 7b).  

Lavaca bay stations had positive net ecosystem metabolism rates driven by a large 

contribution from the benthos.  Stations in Nueces and Corpus Christi bay (stations 7 and 

10), which are located in the line of freshwater flow from Nueces River were negative, 

with contributions to net ecosystem metabolism being fairly balanced between the water 

column and the benthos.  Stations 8 and 9 which are located away from the line of 

freshwater flow were positive, with a large contribution to net ecosystem metabolism 

from the benthos. 

 

Discussion 

 

Historically, whole ecosystem metabolism estimates have been calculated using the light-

dark bottle methods.  Only recently, with advent of continuously recording 

multiparameter sondes, have open water diurnal curve methods become practical to 

estimate whole ecosystem metabolism.  We can infer from our results that open water 

diurnal curve methods are preferable to light-dark bottle methods in shallow water 

systems.  The large benthic surface area relative to the water column volume in shallow 
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water estuarine ecosystem results in benthos dominating whole ecosystem metabolism 

(Table 2).  We advise that future studies of whole ecosystem metabolism in shallow 

estuarine ecosystems should employ open water methods because they incorporate the 

benthic component of these ecosystems. 

 

Open water calculations of community gross primary production assume that respiration 

remains at the same level through the daily light-dark cycle.  This assumption is 

necessary to calculate gross primary production by subtracting respiration during the day 

from net ecosystem metabolism.  Night-time community respiration rates, however, have 

been found to reach a maximum just after dusk (Odum and Hoskin, 1958).  This finding 

implies that respiration rates are not constant.  Sediment oxygen consumption, a large 

component of community respiration, also increases as a linear function of temperature 

(Hargrave 1969).  Stations in this study were located where daily water temperature 

fluctuations can be as high as 5 oC (Montagna and Russell unpublished data).  Using a 

constant respiration rate derived from night time values can result in estimates of gross 

primary production that are greatly underestimated because of changes in benthic 

respiration rate resulting from fluctuating temperatures.  Net ecosystem metabolism rates 

provide more realistic estimates of community function than those resulting from the 

artificial separation of net ecosystem metabolism into gross primary production and 

respiration rates.  Until better estimates of daily respiration rate changes are available, we 

conclude that net ecosystem metabolism rates are preferable to separate estimates of 

gross primary production and respiration and are thus reported so.   

 

Within-bay spatial variability appeared to be relatively small in this study with no 

significant pair-wise differences in net ecosystem metabolism between stations on any 

particular date.  This implies that a single mid-bay station would be representative of an 

entire bay.  Caffrey (2004) used a single station to represent an entire estuarine ecosystem 

in her study of net ecosystem metabolism at NERR sites.  Grouping stations by 

geographic location, however, may result in significant differences between upper and 

lower bay groups net ecosystem metabolism response to freshwater inflow (Appendix 3: 

Russell et al. 2004).   
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Between-bay spatial variability exists with significant differences between station 1 in 

upper Lavaca Bay, station 7 in upper Nueces Bay, and station 8 in northern Laguna 

Madre.  The location in relation to freshwater inflow point sources may be the factor 

determining these between-bay differences because both stations 1 and 7 are located near 

river mouths while station 8 was relatively isolated from freshwater inflows (Fig 1-2).  

Russell et al. (2004) concluded that net ecosystem metabolism is related to freshwater 

inflow in upper Lavaca Bay but not in lower Lavaca Bay (Appendix 1).   

 

Within and between-bay temporal variability in net ecosystem metabolism was present 

during 2003 (Table 4).  September 23rd samples from Lavaca Bay were found to have 

significantly lower net ecosystem metabolisms than June 17th samples from Corpus 

Christi, Nueces, and Laguna Madre and December 3rd samples from Lavaca Bay.  A large 

freshwater inflow event into Lavaca Bay, daily mean inflow = 1173.25 ft3 s-1 compared to 

the 66 year historical daily mean inflow = 408.75 ft3 s-1, took place during the four days 

prior to the September 23rd sampling date (USGS website, 

http://waterdata.usgs.gov/tx/nwis/sw).  This freshwater inflow event may have driven net 

ecosystem metabolism down as a consequence of allochthonous organic matter loading 

and subsequent in-situ decomposition.  Freshwater inflow has been shown to drive net 

ecosystem metabolism down into negative rates in Lavaca Bay (Russell et al. 2004).  This 

connection between freshwater inflow and net ecosystem metabolism is supported in this 

study by the relatively negative net ecosystem metabolism results from upper Lavaca Bay 

(Stations 1-3) (Table 2) that imply that location in relation to a freshwater source may be 

important because of loading of autochthonous organic matter. 

 

We conclude that open water diurnal curve methods are more inclusive and probably 

more accurate than light-dark bottle methods to estimate whole ecosystem metabolism in 

shallow water estuarine ecosystems.  The benthic contribution to whole ecosystem 

metabolism was significantly larger than the contribution from the water column, which 

indicates the light-dark bottle methods for estimating whole ecosystem metabolism that 

exclude benthic processes are inappropriate.  This conclusion corresponds with that from 
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Odum and Hoskin (1958).  We also conclude that spatial and temporal variability in net 

ecosystem metabolism is present in shallow water estuarine ecosystems.  Spatial 

variability may be driven by benthic community type and/or geographic location with 

respect to freshwater point sources.  A geographic information system representation of 

the spatial results by season was helpful in uncovering some interesting seasonal trends in 

net ecosystem metabolism.  Temporal variability in net ecosystem metabolism was 

found, but may be more related to freshwater inflow events than other seasonally 

changing environmental conditions.  Net ecosystem metabolism can be used as an 

indicator of ecosystem function.  A model of the relationship between net ecosystem 

metabolism and freshwater inflow could be used to enable better management of 

ecosystem health and productivity.
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Table 1.  Station locations within Lavaca, Corpus Christi, and Nueces Bays and Laguna 

Madre. 

Station 
Number 

UTMSI 
Station 
Name 

Short Description Latitude (N) Longitude (W) 

1 LB 1 Lavaca Bay So. of 
Garcitas Cove  

28.69683 96.64499 

2 LB 2 Lavaca Bay West 
of Point Comfort  

28.67436 96.58280 

3 LB 3 Lavaca Bay at SH 
35 

28.63888 96.60916 

4 LB 4 Lavaca Bay East of 
Noble Point  

28.63933 96.58449 

5 LB 5 Lavaca Bay at 'Y' at 
CM 66 

28.59583 96.56250 

6 LB 6 Lavaca Bay South 
of Rhodes Pt. 

28.59769 96.51602 

7 NCA Middle Nueces  
Bay 

27.84685 97.46913 

8 LM1 North Laguna 
Madre 

27.59688 97.28070 

9 H24 Corpus Christi Bay 
Hypoxia Site 

27.69552 97.20298 

10 NCE North Corpus 
Christi Bay 

27.79722 97.15083 
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Table 2.  Net ecosystem metabolism (NEM) results from light-dark bottle methods and 

open water sonde methods as well as water column (WC) and benthic (B) percent 

contribution to whole ecosystem metabolism listed by date, station (Sta), and depth.   

Date Sta Depth Bottle NEM Sonde 
NEM 

WC % 
Contrib 

B % 
Contrib 

3/18/2003 1 1.4 1.09 -1.03 33.93 66.07 

3/18/2003 2 1.5 1.15 0.05 51.11 48.89 

3/18/2003 3 2.2 -0.16 -0.04 57.39 42.61 

3/18/2003 6 2.4 1.01 -0.12 47.21 52.79 

3/26/2003 7 1.2 2.94 -0.2 48.08 51.92 

3/26/2003 8 1 -0.29 4.64 5.55 94.45 

3/26/2003 9 3 0.58 0.7 82.73 17.27 

3/26/2003 10 3 0.30 0.49 62.12 37.88 

5/28/2003 1 1.5 0.12 -0.48 20.59 79.41 

5/28/2003 2 1.5 0.24 1.15 20.99 79.01 

5/28/2003 3 2.25 0.26 1.53 17.10 82.90 

5/28/2003 4 2 1.71 0.8 66.53 33.47 

5/28/2003 5 1.4 0.48 0.51 94.68 5.32 

5/28/2003 6 2.3 1.49 0.06 51.03 48.97 

6/17/2003 7 1.2 1.05 0.74 73.55 26.45 

6/17/2003 8 0.85 -0.42 5.17 7.64 92.36 

6/17/2003 9 3.1 -0.12 3.34 3.37 96.63 

6/17/2003 10 3 -0.42 0.65 28.26 71.74 

9/23/2003 1 1.8 -1.03 -3.12 36.98 63.02 

9/23/2003 2 1.8 0.44 -2.75 12.18 87.82 

9/23/2003 3 2.5 -0.36 -3.11 11.65 88.35 

9/23/2003 4 2.4 0.76 -0.33 35.66 64.34 

9/23/2003 6 2.6 2.17 3.57 60.87 39.13 

10/1/2003 7 2.2 0.64 -0.93 29.10 70.90 

10/1/2003 8 1.6 0.52 2.11 21.66 78.34 

10/1/2003 9 3.8 -0.02 -0.78 3.07 96.93 

10/1/2003 10 3.7 -0.24 0.69 19.99 80.01 

12/3/2003 1 1.4 0.42 3.03 13.94 86.06 

12/3/2003 2 1.4 0.04 2.92 1.38 98.62 

12/3/2003 3 2.1 -0.34 2.54 10.61 89.39 
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12/3/2003 4 2 -0.02 1.92 1.03 98.97 

12/3/2003 5 1.5 0.34 2.63 13.01 86.99 

12/3/2003 6 2.2 -0.18 1.98 7.73 92.27 

12/10/2003 7 1.4 0.58 -0.72 44.47 55.53 

12/10/2003 8 1 -0.06 2.02 2.82 97.18 

12/10/2003 9 3 0.10 0.64 15.72 84.28 

12/10/2003 10 3 0.22 -0.13 34.71 65.29 

 

 

 

 

Table 3.  Paired sample two-tailed t-test between water column and benthic percent 
contribution to whole ecosystem metabolism. 

Mean Std. 

Deviation 

Std. Error 

Mean 

95% Confidence 

  Lower           Upper 

t df Sig. (2-tailed) 

-37.922 49.938 8.210 -54.572 -21.272 -4.619 36 < 0.0001 

 

 

 

 

Table 4.  Two-way ANOVA of open water net ecosystem metabolism by date and station 

with no interaction term (r2 = 0.706, adjusted r2 = 0.496) 
Source Type III 

Sum of Squares 

df Mean 

Square 

F Sig. 

Corrected Model 88.556 15 5.904 3.358 0.006 

Intercept 20.411 1 20.411 11.610 0.003 

DATE 46.964 6 7.827 4.452 0.005 

STATION 35.814 8 4.477 2.547 0.041 

Error 36.918 21 1.758   

Total 151.072 37    

Corrected Total 125.474 36    
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Figure 1.  Lavaca Bay station locations. 
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Figure 2.  Corpus Christi, Nueces, and Laguna Madre station locations. 
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Figure 3a.  Net ecosystem metabolism from open water methods in Lavaca Bay. 
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Figure 3b.  Net ecosystem metabolism from open water methods in Corpus Christi, 

Nueces, and Laguna Madre. 
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Figure 4a.  Net ecosystem metabolism comparison between March bottle and open water 

methods. 
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May-June 2003
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Figure 4b.  Net ecosystem metabolism comparison between May-June bottle and open 

water methods. 
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September-October 2003
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Figure 4c.  Net ecosystem metabolism comparison between September-October bottle 

and open water methods. 
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Figure 4d.  Net ecosystem metabolism comparison between December bottle and open 

water methods. 
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Figure 5a.  Lavaca Bay Spring whole ecosystem metabolism (size of pie) and percent 

contribution by the water column (white) and the benthos (black). 
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Figure 5b.  Corpus Christi, Nueces, and Laguna Madre Spring whole ecosystem 

metabolism (size of pie) and percent contribution by the water column (white) and the 

benthos (black). 
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Figure 6a.  Lavaca Bay Summer whole ecosystem metabolism (size of pie) and percent 

contribution by the water column (white) and the benthos (black). 
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Figure 6b.  Corpus Christi, Nueces, and Laguna Madre Summer whole ecosystem 

metabolism (size of pie) and percent contribution by the water column (white) and the 

benthos (black). 
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Figure 7a.  Lavaca Bay Fall whole ecosystem metabolism (size of pie) and percent 

contribution by the water column (white) and the benthos (black). 
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Figure 7b.  Corpus Christi, Nueces, and Laguna Madre Fall whole ecosystem metabolism 

(size of pie) and percent contribution by the water column (white) and the benthos 

(black). 
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Figure 8a.  Lavaca Bay Winter whole ecosystem metabolism (size of pie) and percent 

contribution by the water column (white) and the benthos (black). 
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Figure 8b.  Corpus Christi, Nueces, and Laguna Madre Winter whole ecosystem 

metabolism (size of pie) and percent contribution by the water column (white) and the 

benthos (black). 
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EXHIBIT A 
 


EFFECT OF FRESHWATER INFLOW ON MACROBENTHOS PRODUCTIVITY IN MINOR BAY 
AND RIVER-DOMINATED ESTUARIES - FY05 


 
by 
 


Paul A. Montagna 
The University of Texas at Austin 


Marine Science Institute 
750 Channel View Drive 


Port Aransas, Texas 78373 
(361)749-6779 phone 


(361)749-6777 fax 
paul@utmsi.utexas.edu e-mail 


 
INTRODUCTION 
 
 The Texas Water Development Board (TWDB), Bays and Estuaries Research program is 
authorized by Chapter 16.058 of the Texas Water Code.  The Water Research and Planning Fund 
is authorized to provide assistance in the form of grants by Chapter 15 of the Texas Water Code.  
This is a request for funds under these authorizations. 
 From the early 1970's to 2000, TWDB freshwater inflow studies focused on the major bay 
systems of the Texas coast.  These bay systems, which are influenced primarily by river inflow, 
are now well understood.  Attention is now focused on minimum inflows required by small bays 
and river-dominated estuaries.  The major source of inflow to small bays is generally dominated 
by non-point source runoff.  The river estuaries drain directly into the Gulf of Mexico rather than 
into a bay.  There is very little information available on the biotic response to inflow in these two 
types of ecosystems.  The TWDB will be required to complete assessments on minor bays and 
river estuaries between the year 2002 and 2006 (Table 1). 
 Since 1988, UTMSI researchers have been studying the effect of freshwater inflow on 
macrobenthos productivity (Kalke and Montagna, 1991; Montagna, 1989; 1999; 2000; Montagna, 
and Kalke, 1992; 1995; Montagna, and Li, 1996; Montagna, and Yoon, 1991).  These studies 
have demonstrated that long-term hydrological cycles regulate benthic abundance, productivity, 
diversity and community structure.  Benthos are excellent indicators of environmental effects 
because they are very abundant and diverse, and are sessile and long-lived relative to plankton or 
nekton.  Therefore, benthos integrate changes in temporal dynamics of ecosystem factors over 
long time scales and large spatial scales.  Benthos abundance, biomass, and diversity will be 
measured to assess inflow effects on ecosystem productivity.  In addition, relevant water quality 
variables (i.e., salinity, temperature, dissolved oxygen nutrients, and chlorophyll) will be 
measured during each sampling period to assess inflow effects on the overlying water, which 
affects benthos. 
 In FY01 (September 2000 - August 2001), UTMSI began a study of minor bay and river 
dominated estuaries.  The first year focused on the long-term studies of the two river estuaries 
(Brazos and Rio Grande) and completing a focused study of East Matagorda Bay, a minor bay.  
The second year continued long-term monitoring of the two river estuaries and completed a 
focused study of South Bay.  In addition a focused study of an additional minor bay, the Christmas 
Bay Coastal Preserve was begun.  In the third year, long-term monitoring focused on three river 
estuaries (Rio Grande, Brazos River, and San Bernard River) and Cedar Lakes.  For the fifth and 
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final year of this program, monitoring will be completed and a comprehensive final report will be 
produced. 
 
Table 1.  Long-term plan for assessment of minor bay and river-dominated estuaries. 


Date 


Benthic Study Minor Bay / River Estuary 


Start End 


TWDB 
Assessment 


East Matagorda Bay September 1, 2000 August 31, 2001 August 31, 2002 


South Bay Coastal Preserve 
Rio Grande River Estuary 


September 1, 2000 August 31, 2002 
August 31, 2005 


August 31, 2003 


Christmas Bay Coastal 
Preserve 


September 1, 2001 August 31, 2003 August 31, 2004 


Cedar Lakes 
San Bernard River Estuary 


September 1, 2003 August 31, 2005 August 31, 2005 


Brazos River Estuary September 1, 2000 August 31, 2005 August 31, 2006 
 
 
TECHNICAL APPROACH 
 
 This proposal describes a long-term study plan, based on annual projects, to provide data 
to assess inflow effects on minor bays and river estuaries (Table 2).  The design was optimized 
given the following constraints:  
1) data is required by specific dates listed in Table 1,  
2) the annual budget is limited (and can accommodate work at only 10 stations per year),  
3) a minimum of quarterly sampling is required to describe ecosystem dynamics,  
4) a minimum of two stations is required in each bay or river subsystem to describe spatial 
variability,  
5) multi-year sampling is desirable because year-to-year variability of inflow is large,  
6) the sampling design should be balanced to increase statistical power, and  
7) a comparison of the systems with the most and least inflow is desirable to contrast inflow 
effects.  
 Based on these seven constraints and design principles and TWDB requirements (Table 
1) a long-term sampling plan was developed (Table 2).  The current proposal is for one year of this 
schedule.  The program will be incremented annually based on available funds and needs of the 
TWDB.  Quarterly sampling is being proposed, because it has been demonstrated to be effective 
in past benthic studies.  Each quarter, three replicates are required per station.  Thus, a typical 
station yields 12 samples per year. 
 The goal is to provide data to the TWDB one year prior to their deadline for report 
generation.  The next scheduled report is a comprehensive final report for the Rio Grande Estuary, 
Cedar Lakes, San Bernard River, and Brazos River.  The Brazos River and Rio Grande represent 
the two river estuaries in Texas which have the highest and lowest inflow respectively, so 
comparison of these systems over the long-term is desirable. 
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Table 2.  Long-term schedule for sampling minor bay and river-dominated systems.  Table finds 
number of stations and total number of samples.  Total number of samples is the product of the 
number of stations, three replicates per station, and four seasonal sampling trips per station. 


Fiscal Year (Number) 
Minor Bay / River Estuary 


FY2001(1) FY2002(2) FY2003(3) FY2004(4) FY2005(5)


East Matagorda Bay 3 (36)     


South Bay Coastal Preserve 2 (24) 2 (24)    


Rio Grande River Estuary 3 (36) 3 (36) 3 (36) 3 (36) 3 (36) 


Christmas Bay Coast. Pres.  3 (36) 3 (36)   


Cedar Lakes   2 (24) 2 (24) 2 (24) 


San Bernard River Estuary   2 (24) 2 (24) 2 (24) 


Brazos River Estuary 2 (24) 2 (24) 2 (24) 2 (24) 2 (24) 


TOTAL Stations (samples) 10 (120) 10 (120) 12 (144) 9 (108) 9 (108) 
 
 
OBJECTIVES 
 
 This study will have one objective (i.e., task): to determine temporal and spatial variability 
of benthic productivity related to differences of freshwater inflow. 
 
SCOPE OF WORK   
 
 This is a one and one half year project.  It is anticipated that quarterly sampling will take 
place in October 2004, and January 2005, April 2005, and July 2005.  Quarterly sampling will 
proceed according to the schedule outlined in Table 2 (current fiscal year in bold).  Recognizing 
that adverse field conditions or climatological conditions may interfere with project plans, changes 
in sampling sites or schedules may be necessary to satisfy study objectives.  Changes may be 
made by consultation and mutual agreement between the Contract Manager (or other official 
designated by the TWDB) and Principal Investigator. 
 Sediment samples will be collected using cores deployed from small boats.  The position 
of all stations is established with a Magellan Global Positioning System (GPS) with an accuracy of 
±3 m.  Samples for benthic community structure will be collected by hand-held cores (Montagna 
and Kalke, 1992).  The cores are 6.72 cm diameter, covering an area of 35.4 cm2.  The cores are 
sectioned at 0-3 cm, and 3-10 cm depths to examine vertical distribution of macrofauna.  Three 
replicates are taken per station.  Organisms are enumerated to the lowest taxonomic level 
possible, and biomass is determined for higher taxonomic groupings. 
 Hydrographic measurements are made at each station with a multi parameter instrument 
just beneath the surface and at the bottom. The following parameters are read from the digital 
display unit (accuracy and units): temperature (± 0.15 °C), pH (± 0.1 units), dissolved oxygen 
(mg/l ± 0.2), specific conductivity (± 0.015 - 1.5 mmhos/cm depending on range), redox potential 
(± 0.05 mV), depth (± 1 m), and salinity (ppt).  Salinity is automatically corrected to 25 °C. 
 Chlorophyll samples will be filtered onto glass fiber filters and placed on ice (<4.0 ̊C).  
Nutrient samples will be filtered to remove biological activity (0.45 μm polycarbonate filters) and 
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placed on ice (<0.4 ̊C).  Both samples will be frozen on return to the lab.  Nutrient analysis will be 
conducted at The University of Texas at Austin Marine Science Institute using a LaChat QC 8000 
ion analyzer with computer controlled sample selection and peak processing.  Chemistries are as 
specificed by the manufacturer and have ranges as follows: nitrate+nitrate (0.03-5.0 μM; 
Quikchem method 31-107-04-1-A), silicate (0.03-5.0 μM; Quikchem method 31-114-27-1-B), 
ammonium (0.1-10 μM; Quikchem method 31-107-06-5-A) and phosphate (0.03-2.0 μM; 
Quikchem method 31-115-01-3-A).  Chlorophyll will be extracted overnight and read 
fluorometrically on a Turner Model 10-AU using a non-acidification technique (Welschmeyer, 
1994; EPA method 445.0). 
 
 A comprehensive final report will be prepared.  The report will cover all five years of 
sampling for the three river estuaries (Rio Grande, Brazos River, and San Bernard River) and for 
three years of sampling for the Cedar Lakes minor bay. 
 
BUDGET JUSTIFICATION 
 
 The budget is for fiscal year 2004.  The budget is based on nine (9) sampling stations for 
the fiscal year.  A sampling station unit consists of three replicates taken four times per year for a 
total of 12 samples per station per year, extending to a total of 108 benthic samples per year.  The 
cost is based on existing analytical service charges for benthic sample analysis.  Current charges 
are $23/sample for collection and $258/sample for analysis, extending to $3,372/station/year.  
Only two nutrient and chlorophyll samples are taken at each station and cost $24.50/sample, 
extending to $196/station/year.  Sediments are sampled for grain size and elemental content once 
each year in triplicate.  Sediment grain size analysis is $101/sample, and sediment elemental 
analysis is $34/sample, thus the cost for sediment analyses extend to $405/station/year.  Thus a 
complete set of analyses at one station/year is $3973. 
 Sampling Cedar Lakes, San Bernard River, and the Brazos River will require two people 
for three days.  Travel costs will include hotel ($75/person/day) for two nights and meals 
($25/person/day) for three days, extending to $225/person/trip for a total of $1,800/year.  Boat 
and vehicle rental costs an additional $200/trip or a total of $800/year.  Therefore, total UTMSI 
travel costs will be $2,600/year. 
 A small amount of office supplies (e.g., printer cartridges, maps, notebooks, etc.) are 
necessary and are estimated to be $200/year.  Shipping and overnight postage is estimated to be 
about $150/year. 
 Personnel costs are associated with preparing the final report.  A graduate student (to be 
named) will work for two months on the report.  This costs approximately $3,000.  Fringe benefits 
are figured at a rate of 28% of salaries ($1,000). 
 
DELIVERABLES 
 
 1) Quarterly Progress reports, no more than 30 days following each State fiscal quarter: 1 
September - 30 November, 1 December - 28 February, 1 March - 31 May, and 1 June - 31 August. 
 2) Draft Final Report by 31 December 2005.  The Final Report will include figures and 
tables to illustrate the effects of freshwater inflow on benthos over the entire study period.  
Comparisons with other neighboring systems, or similar systems will be made where data exist.  
The Final report will include introduction, methods, results, and discussion sections.  The Final 
report will be accompanied by a transmittal letter. 
 3) Final Report with revisions as requested by TWDB within 30 days of receiving 
comments.  







 5


 
REFERENCES 
 
Kalke, R.D. and Montagna, P.A.  1991.  The effect of freshwater inflow on macrobenthos in the 


Lavaca River Delta and Upper Lavaca Bay, Texas. Contrib. Mar. Sci. 32:49-72. 
Montagna, P.A.  1989.  Nitrogen Process Studies (NIPS): the effect of freshwater inflow on 


benthos communities and dynamics.  Technical Report No. TR/89-011, Marine Science 
Institute, The University of Texas, Port Aransas, TX, 370 pp. 


Montagna, P.A.  1999.  Predicting long-term effects of freshwater inflow on macrobenthos and 
nitrogen losses in the Lavaca-Colorado and Guadalupe Estuaries.  Final Report to Texas 
Water Development Board.  Technical Report No. TR/99-001, Marine Science Institute, 
The University of Texas, Port Aransas, TX, 68 pp. 


Montagna, P.A.  2000.  Effect of freshwater inflow on macrobenthos productivity and nitrogen 
losses in Texas estuaries.  Final report to Texas Water Development Board, Contract No. 
2000-483-323, University of Texas Marine Science Institute Technical Report Number 
TR/00-03, Port Aransas, Texas. 78 pp. 


Montagna, P.A. and R.D. Kalke.  1992.  The effect of freshwater inflow on meiofaunal and 
macrofaunal populations in the Guadalupe and Nueces Estuaries, Texas.  Estuaries 
15:266-285. 


Montagna, P.A. and R.D. Kalke.  1995.  Ecology of infaunal Mollusca in south Texas estuaries.  
Amer. Malacol. Bull. 11:163-175. 


Montagna, P.A., and Li, J.  1996.  Modeling and monitoring long-term change in macrobenthos in 
Texas estuaries.  Final Report to the Texas Water Development Board.  University of 
Texas at Austin, Marine Science Institute, Technical Report No. TR/96-001,  Port Aransas, 
Texas, 149 pp. 


Montagna, P.A. and Yoon, W.B.  1991.  The effect of freshwater inflow on meiofaunal 
consumption of sediment bacteria and microphytobenthos in San Antonio Bay, Texas 
USA. Est. Coast. Shelf Sci. 33:529-547. 


Welschmeyer, N. A.  1994.  Fluorometric analysis of chlorophyll a in the presence of chlorophyll b 
and pheopigments.  Limnol. Oceanogr., 39:1985-1992. 







 6


EXHIBIT B 
 


TASK BUDGET 
 


FOR FY 2005: 1 SEPTEMBER 2004 - 28 FEBRUARY 2005 
 
TASK DESCRIPTION AMOUNT 
1. Contract - UTMSI benthic sample collection and analysis $42,800  
TOTAL BUDGET FOR ALL TASKS $42,800 
 


EXPENSE BUDGET 
 


CATEGORY CONTRACT SUBCONTRACT TOTAL AMOUNT 


A. Salaries & Wages1 3,062.00 NA 3,062.00


B. Fringe2 1,031.00 NA 1,031.00


C. Travel 2,600.00 NA 2,600.00


D. Expendable Supplies 350.00 NA 350.00


E. Subcontract Services NA NA 0.00


F. Tech./Comp. Services 35,757.00 NA 35,757.00


G. Communications 0.00 NA 0.00


H. Reproductions 0.00 NA 0.00


I. Overhead3 NA NA NA


J. Profit NA NA NA


TOTAL $42,800.00 $0.00 $42,800.00
 
 1 Salaries and Wages is defined as the cost of labor of scientists, engineers, 
technicians, stenographers, secretaries, clerks, laborers, etc., for work time directly chargeable to 
this contract. 
 
 2 Fringe is defined as the cost of social security contributions, unemployment, excise, 
and payroll taxes, employment compensations insurance, retirement benefits, medical and 
insurance benefits, sick leave, vacation, and holiday pay applicable thereto. 
 
 3 Overhead is defined as the costs incurred in maintaining a place of business and 
performing professional services similar to those specified in this contract.  These costs are not 
applicable for this project. 
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YSI Sonde Methods


Standard Operating Procedure: SOP UT03


Pre-Deployment Calibration
Preparation For Deployment


Field Work
Post-Deployment Calibration


Maintenance and Storage


1. Introduction


1.1. This SOP describes the laboratory and field procedures used to determine water quality
measurements from field deployments of a YSI 6-series Multi-parameter Water Quality Monitors. 
Models used are 6920-S and 600XLM data sondes with 610-DM and 650 MDS display loggers. 
These units can be used for hand-held discrete sampling and unattended continuous sampling. 
Parameters measured are date, time, depth, temperature, conductivity, salinity, pH, oxygen, and
chlorophyll.  Calibration is performed prior to, and after, sampling to assure data quality.  The
recommended order of calibration is conductivity, pH, oxygen, chlorophyll, and depth.  A “Calibration
Tips” handout was obtained from Michael Lizotte, YSI Applications Engineer, at the March 2001, YSI
training seminar.  The procedures below are derived from this training and from the YSI Environmental
Operations Manual (1999).


1.2. The approach to obtaining high quality data from sondes is to ensure that calibrated values are
repeatable at the end of the measurement period.  The steps are to: 1) calibrate the sondes before field
measurements (pre-deployment calibration), 2) start data logging, 3) log for a latent period in 100%
saturated environment with stable temperature and pressure, 4) make field measurements, 5) log for
post-deployment period in 100% saturated environment with stable temperature and pressure, 6) stop
logging, download data, and 7) calibrate probes.  Data is of acceptable quality when: 1) the pre- and
post-deployment latent period data equilibrate to the same levels, and 2) pre- and post-deployment
calibration values are the same within acceptable ranges.


2. Pre-Deployment Calibration


2.1. Conductivity.  This procedure calibrates conductivity, specific conductance, salinity, and total
dissolved solids. This parameter is measured with the sonde upright.  The conductivity probe is pre-
rinsed with conductivity standard and the rinse is disposed.  Clean conductivity standard is used to fill
the calibration cup to the appropriate volume listed in the table below.  Volumes of standard required
will vary depending on model used.  For maximum accuracy, the conductivity standard used should be
within the same conductivity range as the water sampled.  For example: 1 mS/cm is used for fresh
water, 10 mS/cm for brackish water, and 50 mS/cm for seawater.  Error messages are usually caused
by incorrect entries, for example, entering 50,000 micro-Siemens per cm (µS) instead of 50.0 milli-
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Siemens per cm (the sonde requires input in mS).  Connect sonde to the PC with a field cable, access
EcoWatch for Windows, proceed to Main menu, and select 2-Calibrate.  Immerse probe and rotate
up and down to insure that vent hole is covered and no bubbles are present.  Allow one minute for
temperature equilibration, select 1-Conductivity, 1-SpCond, enter calibration value, and press Enter. 
When Specific Conductance or Conductivity readings show no significant change for ~ 30 seconds,
press Enter, and the screen will indicate that calibration has been accepted, then press Enter again to
return to Calibrate menu.  Following calibration, conductivity should read the same as the standard
used, and the conductivity cell constant should read  ~ 5.0 (± 0.45).  The standard is then recycled and
used as probe rinse for the next calibration.


6920 Sondes


Probe to Calibrate Upright Upside Down


Conductivity 200ml 200ml


pH/ORP 100ml 250ml


Ion-Selective Electrodes (ISE) 125ml 275ml


Turbidity or Chlorophyll 25ml N/A


600XLM Sondes


Probe to Calibrate Upright Upside Down


Conductivity 50ml 50ml


pH/ORP 25ml 50ml


All calibration data is written on the calibration form (Appendix A).


2.2. pH.  A 2-point calibration is performed for pH with the sonde in the upright position using pH
buffer solutions 7 and 10.  The pH probe is pre-rinsed with the pH buffers 7 and 10 at the appropriate
calibration times.  The cup marked “pH 7 Buffer” is filled with the appropriate volume of buffer, one
minute is allowed for temperature equilibration, select 4-ISE1 pH, and then press 2- 2-point.  Press
Enter, type in the value of the buffer, and press Enter again.  Observe the pH readings and when they
show no significant change for ~ 30 seconds, press Enter, and calibration is accepted.  A millivolt
(mV) reading is also taken by going to the Main Menu, selecting Report, and making sure “pH mV” is
highlighted (buffer 7 should read ~ 0 ± 50 mV).  The buffer is then recycled.  The cup marked “pH 10
Buffer” is filled to the appropriate volume, and the sonde is calibrated for the second pH using the steps
stated above.  Once again, a mV reading is obtained (buffer 10 should read ~ –180 ± 50 mV) and the
buffer is recycled.  After recording the pH (mV), the slope of the sensor is determined by calculating
the difference between the two calibration points that are used, for example:
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-177 mV recorded for buffer 10


- 3 mV recorded for buffer 7


-180 mV slope of the sensor


*Note:  The acceptable range of the absolute value of the slope is between 165 to 180. 
If the absolute value of the slope falls below 165, the sensor should be taken out of
service.


2.3. Dissolved Oxygen.  Before complete DO pre-calibration, the DO membrane should be checked
and changed if it appears punctured, torn, or if a bubble is present.  While holding the probe in a
vertical position, apply enough KCl solution to form a meniscus, and secure a membrane between your
left thumb and the probe body.  With the thumb and forefinger of your right hand, grasp the free end of
the membrane, and in one continuous motion, gently stretch it up, over, and down the other side of the
sensor.  Secure the end of the membrane under the forefinger of your left hand, and roll the O-ring over
the end of the probe, being careful not to touch the membrane surface with your fingers.  Small wrinkles
may be removed by lightly tugging on the edges of the membrane.  If bubbles are present, remove the
membrane and repeat steps above.  Trim off any excess membrane with a scalpel or scissors. 
Membranes may be considered slightly unstable during the first 3 to 6 hours after installation and
complete DO pre-calibration should not take place until after this time period.
Use tap water in the calibration cup to rinse probe and discard of water after use.  For calibration,
place approximately 3 mm of tap water in the calibration cup and tighten cup onto sonde.  Then turn
sonde upside-down, secure support stand, loosen lid of calibration cup, and let the probe sit for 10
minutes to allow the air to saturate before proceeding.  From the Calibrate menu, select 2-Dissolved
Oxy, then 1-DO%, and enter current barometric pressure in mm of Hg into computer (Inches of Hg X
25.4 = mm Hg).  Press Enter, observe the DO% readings, and when they show no significant change
for ~ 30 seconds, press Enter. The screen will indicate the calibration has been accepted, press Enter
again to return to the Calibrate menu.  The DO % should read ~ 100.0 % and after five minutes, the
DO Charge should read ~ 50 (± 25). 


*Note: while waiting for DO % value to stabilize, the value should always start high and
decrease to 100.0 %, it should never start low and increase to 100.0 %.  If this occurs,
probe should be rejected and not deployed.  


2.4. Depth.  Sonde is set up the same way as for dissolved oxygen, in water-saturated air.  From the
Calibrate menu, select 3-Pressure-Abs , input 0.00, and press Enter.  When no significant change
occurs for ~ 30 seconds, press Enter for confirmation, and Enter again to return to the Calibrate
menu.


2.5. Chlorophyll.  A 1-point (µg/l) calibration is performed by filling the calibration cup with the
appropriate volume of DI water listed in the table above.  Input the value 0 µg/L, press Enter, and the
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screen will display real-time readings to monitor stabilization.  The wiper is activated 1-2 times by
pressing 3-Clean Optics to remove bubbles from the sensor.  Calibration is completed by pressing
Enter for confirmation, and then Enter again to return to the Calibrate menu. 


There are two ways to calibrate the YSI chlorophyll system:  1. dye solutions (Acridine Orange and
Rhodamine B & WT) and 2. algal suspensions (water samples).  As illustrated in the Calibration Tips
handout, Acridine Orange and Rhodamine B or WT dyes may be used to calibrate the chlorophyll
sensors, but both of these standards will almost certainly be less accurate than using samples of algae
whose chlorophyll has been pre-determined by extractive analysis.  Neither of the dyes directly
correlates to Chlorophyll a, b, c, or d units.  Dye standards should only be used as an approximation
that can be confirmed or adjusted later using the extractive analysis data from the water samples
acquired during the study.  For best results, use only freshly analyzed or prepared chlorophyll
standards.  Dyes may also be harmful to one’s health; the algal suspensions pose no threat.


2.6. Battery Voltage.  Batteries in the sonde are checked to ensure sufficient voltage is present to last
through an entire deployment period.  The amount of voltage required depends on how often
measurements are taken.  For instance, taking a reading every 15 minutes allows the sonde to be
deployed for a longer period of time compared to a reading taken every 2 minutes (depending on
model).  Select 2-Unattended Sampling from the Run menu, then 7-Battery to make sure the battery
voltage is suitable for the length of study, and option 8-Battery life will calculate the approximate
number of days that the batteries will last.  The sonde software automatically calculates the battery life
and the time it takes for the sonde memory to become filled based on duration and interval of the study.


3. Preparation for Deployment


3.1. Discrete Sampling (spot-checking).  All equipment is prepared the day before use.  Membranes
are changed if needed.  The sonde is wrapped entirely in wet, white towels and placed in a plastic
graduated cylinder for stabilization and transport.  This serves three main purposes: it produces a
constant environment of saturation for the sonde, functions as a shock absorber against vibrations, and
reduces extreme temperature changes that may occur in the field.


3.2. Unattended monitoring.  As with discrete sampling, all equipment is prepared the day before and
membranes are changed as needed.  Select 2-Unattended Sampling from the Run menu, 1-Interval
to enter the desired time between samples, 2-Start Date and 3-Start Time  to set the time that data
will begin to log to the sonde memory.  The date and time can be verified and/or corrected any time
using options 4-Status  or 5-System menu from the Main menu.  Enter 4-Duration to set the length of
study in days, 5-File to enter a name of no more than 8 characters, and 6-Site to enter a site name of
no more than 31 characters.  This filename will appear in the sonde file directory, but will not be used to
identify the file after transfer to the computer.  When all information has been entered for unattended
setup, press C-Start Logging, a confirmation screen will appear, select 1-Yes and the display will
show the next date and time that a reading will be logged in addition to the stop date and time ending
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the study.  Note the bottom command will show B-Stop Logging, a confirmation that the logging has
been initiated.
The sonde is protected against bio-fouling organisms (barnacles and algae) by wrapping it in plastic
food wrap covered with duct tape being sure to leave the depth/pressure sensors uncovered (the 2 cm
circle on the side of the sonde just above the grooves where the storage cup is affixed).  The sonde is
left overnight wrapped in damp, white towels so that DO data remains constant and forms a pre-
calibration line prior to deployment.


4. Field Work


4.1. Discrete Sampling.  The sonde is wrapped in towels during transit.  Upon arrival at the site, the
boat is anchored and the following information is recorded at every station just prior to placing the
sonde in the water: station number, date, time, refractometer/salinity, wind speed and direction, a
calibration reading for DO % and DO charge (see Appendix B, Field Data Form).  The sonde is then
lowered into the water at project specific depths.  For example, if a project calls for depth profiles, the
sonde will initially be deployed at 0.00m (surface) and successively lowered 0.50m until the bottom is
reached.  Parameters measured during deployment are depth (suggested at 0.5 m intervals starting with
surface), temperature (°C), salinity (ppt), D.O. (mg/l), D.O. saturation (%), conductivity (mV), and pH. 
Once data is collected from a site, the sonde is placed back into the graduated cylinder for transport to
the next station.  This process is repeated until data from all sites have been recorded.  Upon arrival to
the lab, the sonde and probes are rinsed thoroughly with tap water and the calibration cup, containing ~
25 ml of tap water, is fastened to the sonde for storage.


4.2. Unattended Monitoring.  Sondes (covered in plastic food wrap and duct tape to prevent bio-
fouling) are wrapped in damp towels during transit.  Upon arrival at the site, the boat is anchored with a
3-point mooring; one off the bow, and one off each side of the stern (Figure 1).  The main PVC pole
measures approximately 20 ft in total length with 10 ft in the sediment and 10 ft throughout the water
column.  It is jetted into the sediment off the center of the stern using a gasoline-powered 2 in.
centrifugal water pump.  Signs denoting the area as a University of Texas experimental site are tied to a
2 m long, 2 in diameter pvc pole that is driven ~ 1 m into the sediment making sure to leave enough
slack allowing for floatation.  Each floating sign is placed about 15 - 20 ft from the main pole situated at
90º angles.  Location of the signs should form a large triangle off the stern of the boat (Figure 1).  Since
the exact location of the sondes cannot be detected from the surface, three 1/8 inch nylon safety lines
are tied from the main pole along the bottom to each of the 2 m poles securing a sign.  This allows
divers to locate the sondes starting from any of the three floating signs.  This distance measures ~ 15 -
20 ft. from pole to pole (from each sign to the sondes).  Sondes are secured with stainless steel hose
clamps to the main pole using a 5/16 screwdriver.  The depth at which sondes are deployed is project
specific.  For example, if a project requires that bottom dissolved oxygen be monitored, the sonde will
be deployed within 25cm of the benthos.  A final line is attached from each of the metal ring handles of
each sonde to 1m long, 1in pvc poles adjacent the main pole for additional security (inset of Figure 1). 
It is important that the probes are not exposed to air or left out of the water for any period of time
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during deployment; therefore, changes in the tides are accounted for when these instruments are
mounted.


The length of all lines and pvc poles depends on depth of the water that is sampled, which varies at
each site.


4.3 Retrieval of Sondes after Unattended Monitoring.  The sondes are removed from the water,
the time is recorded, and the sondes are wrapped entirely in damp, white towels and placed in the
plastic graduated cylinder.  As soon as sonde probes acclimate to the damp environment in the
cylinder, a post-deployment calibration begins.  This is a critical time, so the sondes are left overnight
and untouched in the cylinder to ensure a stable environment.  During this period, parameters are
allowed to restabilize to their original pre-deployment measurements; creating post-deployment
calibration data to compare to the pre-deployment calibration data.  The unattended monitoring
terminates when the duration specified has expired or the battery life has ended.  The logging period
may be stopped before the specified duration has expired or the batteries are expended by selecting 2-
Unattended sample from the Run menu, then B-Stop Logging, and 1-Yes to return to the Unattended
setup menu.


4.4 Downloading/Uploading Data.  After probes have stopped logging and a post-deployment
calibration period has occurred, the data is downloaded from the sonde to a windows compatible
computer using Ecowatch Software (Sections 2 & 4, YSI, 1999). 


5. Final Post-Deployment Calibration


5.1. Conductivity.  Repeat steps from complete pre-calibration, but do not recycle the standard.


Record all calibration values on a second calibration form (Appendix A).


5.2. pH.  Repeat steps from complete pre-calibration, but do not recycle the buffers.


5.3. DO.  DO membranes are not changed until after the complete post-deployment calibration is
performed and recorded.  All other steps from the complete pre-calibration are then repeated.


5.4. Chlorophyll.  Repeat steps from complete pre-calibration.


5.5. Depth.  Repeat steps from complete pre-calibration.


6. Clean-up and Maintenance of Sondes for Long-Term Storage


The plastic/duct tape wrap is carefully removed and the sonde is rinsed with tap water and dried.  The
sensor guard is carefully removed, the sensors are cleaned, and DO membrane is replaced.  The
storage cup is filled with ~ 25 ml of tap water and affixed tightly onto the sonde.  The batteries in the
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sonde are replaced if needed.  Barnacles and algae are removed from the sensor guard using a 2
normal HCl acid solution.  The sensor guard is allowed to soak for ~ 30 minutes (as needed) and then
brushed with a toothbrush.  A mild detergent is used as a final wash and the guard is rinsed once again
with water and dried.


7. Bibliography


YSI Inc.  1999.  Environmental Monitoring Systems Operations Manual. Publication number
1700/1725 6-Series Sondes, Item # 069300, Drawing # A69300, Revision A. YSI Inc.,
Brannum Lane, Yellow Springs, Ohio 45387 USA.
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Sonde 1
  Hose
 clamps


Security Line
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Sonde 2


2.0m


0.25m


    U. TEXAS
        EXPERIMENT


NO ANCHORNO DREDGE
FOR INFO


361-749-6779


Safety Lines


Anchor Lines


Figure 1: Deployment of continuously recording data sondes.  Sondes are mounted on a pvc pole using
a small boat.  The pole location is fixed using a three-point mooring system (plan view shown on right). 
The location is marked using signs anchored to pvc poles.  Inset on left shows vertical detail of an
example of a placement and mounting of sondes on the pvc pole; number and depth of sondes
deployed is project specific.
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APPENDIX A: YSI CALIBRATION FORM


Sonde Unit id:  Date of Calibration:  Technician:  


Calibration type:  Pre-deployment Post-deployment


DO membrane changed? Y N Note: Should wait 6 to 8 hours before final DO calibration, run sensor for 15 minutes
in Discrete Run to accelerate burn-in.


Date membrane changed:  


Turbidity wiper changed? Y N Wiper parks ~ 180/from optics? Y N Note: Change wiper i f  probe will  not
park correctly


Chlorophyll wiper changed? Y N Wiper parks ~ 180/ from optics? Y N Note: Change wiper i f  probe will  not
park correctly.


Record battery voltage: 
    Record Calibration Values


Record the following diagnostic numbers after calibration. Actual Sonde after cal


Conductivity cell constant Range 5.0 + 0.5 Conductivity


pH MV Buffer 4 Range +180 + 50 MV pH 4


pH MV Buffer 7 Range 0 MV + 50 MV pH 7


pHMVBuffer l0 Range -180 + 50 MV pH10


Note: Span between pH 4 and 7, and 7 and 10, milli-volt numbers ORP
should be ~ 170 to 180 MV


Depth


DO charge Range 50 + 25 Turbidity


DO gain Range 1.0 -0.3 to +0.4 Chlorophyll


DO


Filename: Site:


DISSOLVED OXYGEN SENSOR OUTPUT TEST (after DO calibration probe in saturated air)


The following tests will confirm the proper operation of your DO sensor.  The DO charge and gain must meet spec before proceeding.


610/650 - Turn off the 610/650, wait 60 seconds.  Power up 610/650 and go to the Run mode, watch the DO %output; it must display a
positive number and decrease with each 4 second sample, eventually stabilizing to the calibration value in approximately 60 to 120
seconds.  Note: You can disregard the first two samples, they can be affected by the electronics warm-up.


PC - Stop discrete and unattended sampling.  Confirm that auto-sleep RS-232 is enabled (found in Advanced Menu under Setup).  Wait
60 seconds.  Start discrete sampling at 4 seconds.  Watch the DO % output, it must display a positive number and decrease with each
4 second sample, eventually stabilizing to the calibration value in approximately 40 to 60 seconds.  Note: You can disregard the first two
samples, they can be affected by the electronics warm-up.


ACCEPT/REJECT criteria is as follows:  The DO output in % must start at a positive number and decrease during the warmup. Example:
117, 117, 114, 113, 110, 107, 104, 102, 101, 100, 100.  Should the output display a negative number or start at a low number and climb up
to the cal point, the probe is rejected and must not be deployed.


 ACCEPT  REJECT
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Notes:
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APPENDIX B: HYDROGRAPHY FIELD DATA FORM


DATE   LOCATION  STATION


TIME  WIND DIR.  WIND SPEED


CLOUD COVER  WAVE HEIGHT  REFRACTOMETER


PERSONNEL


SAMPLES: MACROFAUNA  MEIOFAUNA              CALIBRATION


SEDIMENTS  OTHER      %DO: ______________


NUTRIENTS: SURFACE  BOTTOM      DO charge: __________


CHLOROPHYLL: SURFACE_______________  BOTTOM_________________


MULTIPROBE READINGS:


DEPTH
(m)


TEMP
(°C)


SALINITY
(ppt)


DO
(mg/l)


COND.
(µS/cm)


DO
(%)


pH ORP
(mV)


COMMENTS:


Univ. of Texas, Marine Science Institute, revised 06/12/2001








BOD Methods
SOP UT05, December 2001


Page 1 of 9


Biological Oxygen Demand Determination using a Modified Winkler Procedure


Standard Operating Procedure - UT05


1. Introduction


1.1.  Biological oxygen demand will be determined by in-situ 24-hr field incubations of
water samples.  Dissolved oxygen content will be determined via a modified Winkler method
(Strickland and Parsons 1972).  This modified Winkler procedure is considered the most reliable
and precise method for measuring dissolved oxygen content in sea water (Strickland and Parsons


21972).  It is capable of measuring dissolved oxygen in the range of 0.005 - 8 mg atom O  l  (0.08-1


2 2 2- 128 mg O  l ) with a precision of ± 0.003 mg atom O  l  (0.048 mg O  l ).-1 -1 -1


1.2. The BOD method presented here differs from EPA’s method 450.1 in two ways: 
First, it uses the Strickland and Parsons (1972) modified Winkler method developed for use in
sea water that requires different reagents than EPA’s method developed for use in wastewater
and streams.  The Strickland and Parsons (1972) modified Winkler method was chosen because
it is a standard, scientifically-accepted method, and is highly reliable and precise for sea water
analysis.  Second, the BOD method presented uses 24-hr in-situ field incubations instead of 5-
day 20 °C incubations required in EPA method 450.1.  Five-day 20 °C incubations are not
practical for use in field experiments because of the length of time before a stable temperature
environment can be imposed.  This length of time can be as little as 10 hours for samples
collected within 25 miles of the laboratory, but can be more than 24 hours for samples collected
beyond this 25 mile radius.  Furthermore, BOD values from in-situ incubations have the
advantage of representing a more near approximation of field conditions than laboratory
incubations.  


2. Equipment


6 300-ml BOD bottles (one painted black) for each sampling station
vanDoren Bottle
Auto-pipettes 
5-ml calibrate pipette
Burette
125 ml conical flask with white painted on the outside bottom and 2/3 up the side
White magnetic stirring bar


3. List of Chemicals Required


4 2Analytical grade MnSO • 4H O (500g)
Reagent grade sodium hydroxide (500g)
Reagent grade potassium iodide (300 g)


2 2 3 2Good grade sodium thiosulphate (Na S O  • 5H O) (2.9 g)


2 3Sodium carbonate (Na CO ) (0.1g)
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Carbon bisulphide (CS2) (1 drop)


3Analytical grade potassium iodate (KIO ) (0.4 g)
Soluble starch (2 g)
20% solution of sodium hydroxide 
concentrated HCl 
Glacial acetic acid (2 ml)
Sulphuric Acid (sp gr 1.84) (1 ml per sample titrated)


4. Special Reagents


4 2Manganous Sulphate Reagent – Dissolved 480 g of analytical grade MnSO • 4H O in distilled
water to make 1 l reagent.  Substitutions may be made pursuant to Strickland and Parsons
(1972).


Alkaline Iodide Solution – Dissolve 500 g reagent grade sodium hydroxide in 500 ml distilled
water.  Dissolve 300 g reagent grade potassium iodide in 450 ml of distilled water.  Mix
the two solution, liberating heat.  


Standard  0.01 N Thiosulphate Solution – Dissolve 2.9 g of good grade sodium thiosulphate


2 2 3 2 2 3(Na S O  • 5H O) and 0.1 g sodium carbonate (Na CO ) in 1 liter distilled water.  Add


2one drop of carbon bisulphide (CS ) as a preservative.  Store in a dark well-stoppered
bottle, below 25 °C.


3Exactly 0.0100 N Iodate Solution – Dry analytical grade potassium iodate (KIO ) at 105 °C for 1
hr.  Cool and measure exactly 0.3567 g.  Dissolve in 200 - 300 ml distilled water,
warming slightly.  Cool, pour into 1000 ml measuring flask, and fill to 1 l with distilled
water.


Starch Indicator Solution – Suspend 2 g of soluble starch in 300 - 400 ml of distilled water.  A
20% solution of sodium hydroxide is added with stirring until the solution becomes clear
or opalescent.  Allow the solution to stand for 1 -2 hours.  Add concentrated HCl until the
solution is just acid to the litmus paper.  Add 2 ml glacial acetic acid.  Dilute this solution
to 1 l with distilled water.  Solution should be discarded when the end-point color is no
longer a pure blue or takes on a green/brown tint.


5. Sampling Procedure (at each station)


5.1  Samples will be collected into pre-cleaned, labeled, glass 300 ml BOD bottles. 
Sample labels will include sample ID, date, station number, depth, and BOD treatment.  


5.2  Collect water sample using van Doren bottle from a depth of roughly 1 ft.


5.3  Rinse BOD bottle twice with small amount of water from van Doren bottle.
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5.4  Immediately after the sample is collected, fill 4 BOD bottles (two clear and one
black) using rubber tubing such that the tube end is kept beneath the water surface as each bottle
is filled.  Allow the bottle to overflow at least one volume of the BOD bottle.  This procedure


2minimizes the introduction of additional O  via sample turbulence and agitation.  Stopper the
bottles so that no air remains inside the bottle.


5.5  Incubate the black BOD bottle (dark treatment) and one clear BOD bottle (light
treatment) in-situ.


5.6  Diagram of deployment of BOD bottles for field incubations:
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5.7  Pickle one clear BOD bottle (initial) using manganous sulphate and alkaline iodide
solutions for later titration.  See “Experimental Procedure” for pickling process.


5.8  Retrieve incubated samples after 24 hours and pickle using manganous sulphate and
alkaline iodide solutions for later titration.  See “Experimental Procedure” for pickling process.


5.9 Collect water sample using vanDoren bottle from within roughly 1 ft of the sediment-
water interface and repeat sampling procedure beginning with step 5.2.


6. Experimental Procedure


6.1  Pickling Process


6.1.1  Remove stopper from BOD bottle


6.1.2  Add 1.0 ml mangaonous sulphate just under sample surface


6.1.3  Immediately add 1.0 ml of alkaline iodide just under sample surface


6.1.4  Re-stopper bottle ensuring that no air bubbles are trapped


6.1.5  Mix contents until precipitated manganous-manganic oxide is evenly
dispersed


6.1.6  Allow precipitate to settle for 2-3 minutes and shake bottle again


6.1.7  Allow sample to stand until precipitate has settled 1/3 down


6.1.8  Allow the solution to warm to room temperature


The sample may be allowed to stand indefinitely at this stage.


6.2  Solution Acidification


6.2.1  Add 1.0 ml concentrated sulphuric acid just beneath sample surface


6.2.2  Re-stopper bottle so that no air is trapped


6.2.3  Mix until all precipitate dissolves


If oxygen content is greater than 9.6 mg l , a black or brown precipitate may persist. -1


Continue to mix until it dissolves.  If precipitate still persists, see Strickland and Parsons
(1972). 
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The solution may be allowed to stand several hours or days at this stage.  However, if
water sample is thought to have high organic content, titration should not be delayed.


6.3  Titration – Within 1 hour of acidification


6.3.1  Draw off the surface 50 ml of solution and discard


6.3.2  Transfer 50 ml of solution to conical flask using a pipette (100 ml if DO <
1.6 mg l )-1


6.3.3  Titrate immediately with thiosulphate solution, until sample is a pale straw
color


6.3.4  Add 5 ml of starch indicator


6.3.5  Conclude titration adding thiosulphate fairly rapidly to avoid atmospheric
oxidation of iodide.  Solution should remain colorless for at least 20 seconds at
end point.  If room temperature at titration is greater than 25 °C, see Strickland
and Parsons (1972).


s6.3.6  Record the amount titrated (v )


Thiosulphate in the burette will deteriorate rapidly.  The burette should be flushed several
times with new solution after any shutdown period greater than 2 hours.


7. Calibration – Determination of factor f


7.1  Fill BOD bottle with sea or distilled water


7.2  Add 1.0 ml concentrated sulphuric acid


7.3  Add 1.0 ml alkaline iodide solution


7.4  Mix thoroughly


7.5  Add 1.0 ml manganous sulphate solution


7.6  Mix thoroughly


7.6  Withdraw 50 ml into conical flasks


7.7  Add 5.00 ml of 0.0100 iodate solution using a clean 5 ml pipette that has been
calibrated to check its volume
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7.8  Allow iodine liberation for at least 2 minutes but no more than 5 minutes. 
Temperature should be < 25 °C.   Keep out of direct sunlight.


7.9  Titrate with thiosulphate solution until straw color


7.10  Add 5 ml starch indicator


7.11  Continue to titrate to end point


7.12  Calculate f:


c cf = 5.00/v , where v  = volume titrated for calibration


The average f from three (preferably 5) replicates is recommended for use when
calculating oxygen content.


Calibrate and determine f each day that samples are titrated.


8. Blank Determination


8.1  Fill BOD bottle with sea or distilled water


8.2  Add 1.0 ml concentrated sulphuric acid


8.3  Add 1.0 ml alkaline iodide solution


8.4 Mix thoroughly


8.5  Add 1.0 ml manganous sulphate solution


8.6  Mix thoroughly


8.7  Withdraw 50 ml into conical flasks


8.8  Titrate with thiosulphate solution until straw color


8.9  Add 5 ml starch indicator 


8.9.1  If reagents are good, there should be no blue color with starch.  Check that
blue color does result when 0.1 ml or less of 0.01 N iodate is added. If not,
prepare new reagents.


8.9.2  If slight coloration, continue to titrate until solution is colorless.


b8.9.3  If blank correction (v ) >0.1 ml, new reagents should be prepared.
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Determine blanks each day samples are titrated.


9. Calculations


9.1  Calculate corrected sample titration volume V


s bV = v  - v  


sv  = sample titration volume


bv  = blank titration volume


9.2  Calculate oxygen content in each sample


2mg at O  l  = Y/(Y-2) * 5.00/X * f *V = 0.1006 * f *V -1


Y = total volume of BOD bottle = 300 ml
X = volume of sub-sample titrated = 50 ml
f = calibration coefficient
V = corrected sample titration volume.


29.3  Convert to mg O  l-1


2 2mg O  l  = 16.00 * mg at O  l  -1 -1


9.4  Calculations


I D9.4.1  Biological Oxygen Demand (BOD); BOD = DO  - DO


L D9.4.2  Gross Photosynthesis (GP); GP = DO  - DO


L I9.4.3  Net Photosynthesis (NP); NP = DO  - DO


9.4.4  Equation Legend


I 2DO  = dissolved oxygen (mg O  l ) in initial bottle-1


D 2DO  = dissolved oxygen (mg O  l ) in dark bottle -1


L 2DO  = dissolved oxygen (mg O  l ) in light bottle-1


I L DDO , DO , and DO  must be determined from the same sample of water collected in the
van Doren bottle  step 5.1 .


10. References


Strickland J. D. H. and T. R. Parsons.  1972.  A Practical Handbook of Seawater Analysis. 
Fisheries Research Board of Canada: Ottawa.  Pp. 21-26.
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BOD SAMPLE COLLECTION DATA SHEET


PROJECT: PERSONNEL: 


LOCATION: FIELD SAMPLING DATE: 


W IND DIR.: W IND SPEED: 


CLOUD COV.: W AVE HEIGHT: 


Field Sample Collection


Bottle


ID


Station Surface


or


Bottom


Replicate Time


Sample


Collected


Date


Sample


Incubated


Date 


Sample


Pickled


COMMENTS:  


Univ. of Texas, Marine Science Institute, created 12/04/01
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BOD SAMPLE LABORATORY DATA SHEET


PROJECT: PERSONNEL:  


Laboratory Titration


Bottle


Id


Station Surface or


Bottom


Replicate Titration


Date


Titration


Time


Titration


Amount


COMMENTS:  


Univ. of Texas, Marine Science Institute, created 12/04/01
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Abstract: 25 


Freshwater inflow is necessary to maintain health and productivity in estuarine ecosystems.  26 


There are no standard criteria to set inflow levels, however.  Also, freshwater inflow rates are 27 


changing due to changing land use patterns, water diversions for human consumption, and 28 


climate effects.  There is a need to be able to predict how changing hydrology might affect 29 


estuary health.  One indicator of estuarine health is ecosystem function of which whole 30 


ecosystem metabolism is a major component.  It was hypothesized that whole ecosystem 31 


metabolism in shallow estuaries will depend on freshwater inflow. To test this hypothesis, whole 32 


ecosystem metabolism was calculated in Lavaca Bay, Texas and its relationship to freshwater 33 


inflow determined.  We calculated a significant indirect relationship between whole ecosystem 34 


metabolism and freshwater inflow near to the freshwater source in the upper bay, with more 35 


negative whole ecosystem metabolism occurring after higher freshwater inflow events.  No 36 


significant relationship was found between whole ecosystem metabolism and freshwater inflow 37 


in the lower bay.  The relationship between freshwater inflow and net ecosystem metabolism 38 


could be useful in total maximum daily load (TMDL) programs for dissolved oxygen 39 


impairment.  We conclude that freshwater loading i.e., the combination of water quality and 40 


quantity, drives ecosystem function in shallow water estuaries. The location of freshwater inflow 41 


sources within an estuary, however, is important in regulating this relationship.   42 


 43 


 44 


 45 


 46 


 47 
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Introduction 48 


Freshwater inflow is necessary to maintain both primary and secondary productivity in coastal 49 


estuary ecosystems.  Minimum freshwater inflow levels are required by many states to protect 50 


estuarine health, but there is no standard approach or criterion to set inflow levels (Montagna et 51 


al. 2002).  Also, freshwater inflow rates are changing because of changes in land use, water 52 


diversion for human consumption, and climate change effects.  These anthropogenic changes 53 


result in decreased freshwater inflow and changes in the capture and reduction of flood events.  54 


There is a need to be able to predict how these anthropogenic changes in hydrology might affect 55 


estuarine health.  Estuarine health is the ecological integrity of an entire system.  Ecological 56 


integrity can be defined as a condition of ecosystems that is fully developed when the network of 57 


biotic and abiotic components and processes is complete and functioning optimally (Campbell, 58 


2000).  A reliable and accurate indicator of estuarine health is ecosystem function. 59 


 60 


An important component of ecosystem function is whole ecosystem metabolism.  Whole 61 


ecosystem metabolism is calculated by subtracting respiration from primary production for all 62 


biological components contained in a defined body of water.  A positive whole ecosystem 63 


metabolism indicates that primary production exceeds respiration. A negative whole ecosystem 64 


metabolism means that respiration exceeds primary production.  In the aquatic environment, 65 


whole ecosystem metabolism depends on a variety of physical and biological factors.  Physical 66 


factors that influence whole ecosystem metabolism include depth, surface wind speed, 67 


freshwater inflow, turbidity, substrate type, salinity, temperature, flow rates, nutrient 68 


concentrations, and tidal cycles.  Biological factors that influence whole ecosystem metabolism 69 


include chlorophyll-a, amount of live biomass in the water column and sediment, photosynthesis 70 
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rates, and respiration rates.  Changes in whole ecosystem metabolism may be driven by short 71 


term events, seasonal, or annual cycles of environmental conditions.  Freshwater inflow, by 72 


delivering nutrients and organic matter from the watershed, may be the most important of these 73 


environmental conditions by affecting the health, function, and productivity of estuarine 74 


ecosystems.   75 


 76 


Whole ecosystem metabolism is linked to dissolved oxygen dynamics through the processes of 77 


photosynthesis and respiration.  Dissolved oxygen concentrations must remain sufficiently high 78 


to preserve ecosystem health.  There are currently 4641 impaired water bodies in the United 79 


States listed on the Environmental Protection Agency’s 2002 303(d) list for organic 80 


enrichment/low dissolved oxygen.  Low dissolved oxygen ranks 5th on the top 100 impairments 81 


list.  Low dissolved oxygen is responsible for the approval of 947 total maximum daily load 82 


(TMDL) programs, representing over 10% of the total number currently approved.  One effect of 83 


dissolved oxygen dynamics that has received recent interest is bottom water hypoxia events 84 


during summer months.  Causes of bottom water hypoxic conditions include water column 85 


stratification, nutrient enrichment, and organic matter decomposition (Officer et al., 1984; 86 


Pokryfki and Randall, 1987; Rabalais et al. 2001). The balance between water/sediment interface 87 


photosynthesis and respiration can determine whether these waters become hypoxic or anoxic.  88 


Large areas of shallow water estuaries can become hypoxic during summer months when high 89 


levels of water column primary production, stratification, benthic respiration, and reduced 90 


flushing by freshwater inflow reduce bottom water dissolved oxygen levels to dangerous levels 91 


(<2.0 mg O2  l-1).  Over one half of the estuaries in the Gulf of Mexico exhibit moderate to severe 92 


dissolved oxygen depletion (hypoxia/anoxia), a key indicator of aquatic ecosystem health 93 
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(Bricker et al. 1999).  Hypoxia in Corpus Christi Bay was documented in the summer months of 94 


1988 (Montagna and Kalke 1992) and has occurred every summer since (Montagna and 95 


Morehead 2003).  Organic matter and nutrients delivered by freshwater inflow not only effect 96 


estuarine health but also estuarine function. 97 


 98 


Ecosystem function in Texas shallow water estuaries may be altered by anthropogenic 99 


modifications of Texas watersheds and the subsequent changes in freshwater inflow dynamics.  100 


Restored inflow to Rincon Bayou Texas, after damming reduced freshwater inflow by 55%, 101 


resulted in infauna abundance, biomass, and diversity increases (Montagna et al, 2002).  102 


Increased freshwater inflow restored the ecosystem function of this salt marsh nursery habitat for 103 


estuarine dependent, commercially important species such as the brown shrimp, Farfante 104 


penaeus aztecus (Riera et al, 2000).  Ecosystem function often translates into ecosystem 105 


productivity. 106 


 107 


Ecosystem productivity may be related to freshwater inflow by supplying nutrients and organic 108 


matter from the watershed.  Freshwater inflows to South Texas estuaries are limited (~0-800 109 


million m3 y-1).  An analysis of open water dissolved oxygen measurements to calculate 110 


ecosystem metabolism over the past 20 years concluded that some Texas estuaries have low 111 


amounts of gross primary productivity with only 200 g C m-2 y-1 (Ward, 2003).  Low gross 112 


primary production may be due to lack of freshwater inflow.  Both organic matter and nutrients 113 


can be used to fuel primary and secondary production in an estuary either directly by 114 


incorporation into new biomass or indirectly by re-mineralization. 115 


 116 
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Open water dissolved oxygen measurements have been used to estimate whole ecosystem 117 


metabolism, providing spatially and temporally integrated estimates of metabolic processes since 118 


Odum’s seminal work in the 1950’s (Odum 1956).  Whole ecosystem metabolism is a 119 


calculation of the change in dissolved oxygen concentration resulting from biological processes 120 


in an aquatic ecosystem over a period of 24 hours.  Atmospheric oxygen flux must be estimated 121 


to separate physical and biological influences on dissolved oxygen concentration (Odum and 122 


Wilson 1962).  Atmospheric oxygen flux is influenced by a combination of dissolved oxygen 123 


concentration gradients and near surface turbulence dynamics.  The physical factors driving near 124 


surface turbulence must therefore be accounted for during calculations of whole ecosystem 125 


metabolism. 126 


 127 


It was hypothesized that whole ecosystem metabolism in shallow estuaries will depend on 128 


freshwater inflow. To test this hypothesis, whole ecosystem metabolism was calculated in 129 


Lavaca Bay, Texas and its relationship to freshwater inflow determined.  We calculated whole 130 


ecosystem metabolism from continuous oxygen measurements and compared them to freshwater 131 


inflow amounts. 132 


 133 


Materials and Methods 134 


A monitoring plan was designed to assess both the spatial and temporal variability in whole 135 


ecosystem metabolism using dissolved oxygen concentrations in Lavaca Bay.  Fifty-eight 24-136 


hour water quality monitoring samples, 20 water column nutrient samples, 43 water column 137 


chlorophyll-a, and 50 sediment samples were taken over a two year period (2002-2003) (Table 138 


1a and 1b).  Six different Texas Commission of Environmental Quality (TCEQ) sites were 139 
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sampled to provide spatial coverage (Table 2) (Fig. 1) (http://www.tceq.state.tx.us).  Sites were 140 


divided into upper bay (stations 1-3), and lower bay (stations 4-6) groups.  The upper, lower bay 141 


groups are subdivided by a constriction caused by the Highway 35 overpass (Fig. 1).  Dissolved 142 


oxygen and other water quality parameter measurements were taken every 15 minutes at mid-143 


depth using YSI series 6 multiparameter data sondes.  Models 6920-S and 600XLM data sondes 144 


with 610-DM and 650 MDS display loggers were used.  The series 6 parameters have the 145 


following accuracy and units: temperature (± 0.15oC), pH (± 0.2 units), dissolved oxygen (mg l-1 146 


± 0.2), dissolved oxygen saturation (% ± 2%), specific conductivity (± 0.5% of reading 147 


depending on range), depth (± 0.2 m), and salinity (± 1% of reading or 0.1 ppt, whichever is 148 


greater).  Salinity is automatically corrected to 25oC. 149 


 150 


The relatively high wind speeds that occur across the shallow water estuaries of Texas imply that 151 


wind will dominate the physical control of atmospheric oxygen flux.   Texas estuaries experience 152 


sustained wind speeds commonly around 7-8 m s-1 (~13-18 mph), but can have daily variations 153 


in wind speed from 1-10 m s-1 (~2-23 mph) (Texas Coastal Ocean Observation Network data at 154 


http://lighthouse.tamucc.edu/TCOON/HomePage).  Estuaries in other regions of the U.S. tend to 155 


have wind speeds in the range of 0-6 m s-1 (~0-12 mph) with maximum atmospheric oxygen 156 


exchanges measured at 8.6 m s-1 (~19 mph) (Kemp and Boynton 1980; Marino and Howarth 157 


1993).  Meteorological forcing dominates water exchange and circulation in South Texas 158 


estuaries because of shallow water depths (medium depth ~2-4 m), small tidal range (~0.25 m), 159 


little freshwater inflow (~0-800 million m3 y-1), and long over-water fetches (Orlando et al. 160 


1993). These characteristics when combined with ample sunlight, high temperatures, and 161 


relatively steady South-east winds make South Texas estuarine ecosystems particularly amenable 162 
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to open water methods of estimating whole ecosystem metabolism.  Biological processes can still 163 


dominate dissolved oxygen concentration changes in South Texas estuaries even with the 164 


prevalence of high wind speeds.  The physical features of South Texas estuaries, when combined 165 


with the highly dynamic and large influence of wind speed on surface turbulence, require that 166 


estimates of whole ecosystem metabolism in this region adjust for changes in atmospheric 167 


oxygen flux because of changing wind speeds. 168 


 169 


The wind dependent diffusion coefficients given by D’Avanzo et al. (1996) were applied to 170 


calculations of whole ecosystem metabolism in Lavaca Bay.  D’Avanzo et al.’s diffusion 171 


coefficients allowed for diffusion corrected calculations of dissolved oxygen concentration 172 


change that could vary over short temporal scales (hourly).  The major physical influence on 173 


whole ecosystem metabolism calculations was thus removed by adjusting for atmospheric 174 


oxygen flux generated during undersaturated or supersaturated dissolved oxygen concentration 175 


conditions.  Removal of the physical influences on dissolved oxygen concentration left just the 176 


biologically driven changes in dissolved oxygen concentration.   177 


 178 


Net ecosystem metabolism was calculated using open water diurnal methods.   Dissolved oxygen 179 


concentrations were taken every 15 minutes and converted to a rate of change in dissolved 180 


oxygen concentration.  These rates of change were then adjusted to control for diffusion of 181 


oxygen between the water column and the atmosphere by using percent saturation of dissolved 182 


oxygen in the water column and the wind dependent diffusion coefficient K (g O2 m-2 h-1) at 0% 183 


saturation proposed by D’Avanzo et al. (1996) using the equation: 184 


 185 
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Rdc = R - ((1-((S1 + S2) / 200)) * K / 4); where  186 


Rdc = diffusion corrected oxygen concentration rate of change per 15 minutes, 187 


R = observed oxygen concentration rate of change, 188 


S1 and S2 = dissolved oxygen percent saturations at time one and two respectively, 189 


K = diffusion coefficient at 0% dissolved oxygen saturation. 190 


 191 


To calculate daily net ecosystem metabolism the 15-minute diffusion corrected rates of dissolved 192 


oxygen change were then summed over a 24-hour period, starting and ending at 8AM.  Open 193 


water dissolved oxygen methods similar to those used here have been used in a variety of 194 


estuaries to calculate net ecosystem metabolism (Kemp et al 1992; D’Avanzo et al. 1996; Borsuk 195 


et al. 2001; Caffrey 2003).   196 


 197 


Net ecosystem metabolism was regressed against freshwater inflow, salinity, water temperature, 198 


water column depth, water column chlorophyll-a, water column nutrients, and sediment 199 


characteristics.  Freshwater inflow was calculated by summing all daily USGS gauged river flow 200 


(millions of cubic feet day-1) into the bay during the ten days prior to sampling 201 


(http://waterdata.usgs.gov/tx/nwis/rt).  A ten day period was assumed to be the time interval 202 


needed to capture an estuary’s response to relatively recent freshwater inflow.  Salinity, water 203 


temperature, and depth daily means were calculated from multiparameter sonde measurements.  204 


Chlorophyll-a was sampled by modifying the TCEQ’s Surface Water Quality Monitoring 205 


Procedures Volume 1 (2003) (http://www.tnrcc.state.tx.us/admin/topdoc/rg/415/415.html) 206 


methods for collection of routine water chemistry samples.  Two 10-ml sub-samples from a 1-L 207 


van Doran bottle were collected and filtered on site.  Chlorophyll-a concentration was 208 
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determined using non acidification fluorometric techniques (Welschmeyer 1994).  Water column 209 


nutrient analyses for ammonium, phosphate, silicate, and nitrate plus nitrite were run on a Lachat 210 


Quikchem 8000 using standard colormetric techniques (Parsons et al 1984, Diamond 1994).   211 


 212 


Sediment and macrobenthos were sampled by taking five 6.7 cm diameter cores per station.  213 


Three cores were divided into 0-3 cm and 3-10 cm sections, and preserved in formalin until 214 


macrobenthic analysis.  One core was divided into 0-3 cm and 3-10 cm sections for sediment 215 


grain size analysis; all of the 0-3 cm section and a vertical slice of the 3-10 cm section were 216 


collected in the field, but only 20 cm3 were used in analysis.  Zero to 1 cm and 2-3 cm sections 217 


from the final core were placed in sterile Petri dishes for total carbon, total nitrogen, and total 218 


organic carbon analyses. 219 


 220 


Results 221 


Principle component analysis (PCA) of site specific environmental variables yielded two 222 


relatively distinct groups of stations located in upper and lower Lavaca bay.  Two groups of 223 


stations; 1, 2, and 3 in upper Lavaca bay and station 4, 5, and 6 in lower Lavaca bay were 224 


identified from salinity, temperature, and depth measurements taken during every 24-hour 225 


dissolved oxygen deployment (Fig. 2a).  Salinity and temperature had the highest loading values 226 


with depth being similar to salinity (Fig. 2b).  Principle components 1 and 2 explained 56.3% 227 


and 28.1% respectively of the total variability.  The station groups resulted from a gradient of 228 


high salinity conditions at station 6 in the upper left to lower salinity conditions at station 1 in the 229 


lower right (Fig. 2a).  Temperature depended on time of year when samples were collected with 230 
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lower temperatures corresponding to the lower left and higher temperatures in the upper right 231 


(Fig. 2a).   232 


 233 


Chlorophyll-a measurements resulted in similar station groups as the environmental condition 234 


analysis (Fig. 3).  Stations grouped together into three sets; 1 in upper bay, 3, 5, and 6 in lower 235 


bay, and stations 2 and 4 made up a transitional group.  Significant differences were seen 236 


between station 1 and the group of stations 3, 5, and 6.  Stations 2 and 4 grouped with both upper 237 


and lower bay groups.  The discrepancy between site 3 and 4 falling in an alternate group than 238 


during the environmental condition analysis may be due to resuspension of benthic algae by 239 


turbulence generated as water moves past an overpass located down estuary from station 3 and 240 


up estuary of station 4.  Chlorophyll-a did not have a significant relationship with net ecosystem 241 


metabolism (linear regression, p = 0.5821) (Fig. 4).   242 


 243 


Water column principle component nutrient analysis separated stations along a gradient from 244 


upper to lower bay.  The large change in nutrient concentrations during a large pulse of 245 


freshwater inflow implies that the main driving force behind nutrient concentrations is freshwater 246 


inflow (Fig. 5a).  Upper bay stations encounter slightly higher concentrations of nutrients than 247 


lower bay stations under lower freshwater inflow conditions (Fig. 5b).  Principle component 1 248 


and 2 accounted for 83.3% and 7.9% respectively of the total variance (Fig. 5c).   249 


 250 


Sediment characteristic PCA resulted in a separation between upper and lower bay stations (Fig. 251 


6a).  Principal component 1 and 2 accounted for 60% and 24% respectively of the total 252 


variability (Fig. 6b). Stations were vertically separated on PC 2 by a gradient of sandy sediment 253 







Russell et al. 


 


12


in upper bay to clay dominated sediments in lower bay.  Lower bay stations also had more total 254 


sediment nitrogen.  Station 5 separated from the rest of the stations on PC 1 because of the large 255 


quantities of total carbon, total organic carbon, and rubble measured there.  The rest of the 256 


stations were characterized by a larger percentage of silt and higher concentrations of total 257 


nitrogen.  No significant relationship was found between any sediment characteristic and net 258 


ecosystem metabolism (linear regression, p = 0.076-0.106). 259 


 260 


Linear regression analysis comparing net ecosystem metabolism with freshwater inflow, salinity, 261 


temperature, and depth resulted in only salinity (p < 0.001, R2 = 0.400) or freshwater inflow (p < 262 


0.001, R2 = 0.374) being significant depending on which was entered into the model first.  263 


Freshwater inflow will be used during the rest of the analysis instead of salinity since freshwater 264 


inflow is more manageable by anthropogenic modification of watersheds than salinity. 265 


 266 


Freshwater inflow correlated with net ecosystem metabolism in upper Lavaca bay (linear 267 


regression p≤0.0001, R2 = 0.41) (Fig. 7).  The largest net ecosystem metabolism residuals 268 


occurred during the lowest levels of freshwater inflow into upper Lavaca bay.  The most negative 269 


net ecosystem metabolism values were calculated in upper Lavaca bay.   270 


 271 


Lower Lavaca bay net ecosystem metabolism had an insignificant correlation with freshwater 272 


inflow (linear regression p = 0.3497, R2 = 0.03) (Fig. 8).  The largest response in net ecosystem 273 


metabolism to freshwater inflow, however, was seen in lower Lavaca bay.  The two large 274 


positive values of net ecosystem metabolism in Lower Lavaca bay occurred at station 6 during 275 


higher freshwater inflows. The lack of data during moderate freshwater inflows stems from the 276 
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pulsing nature of precipitation events in Texas watersheds which are characterized by extended 277 


periods of drought punctuated by flood events (Fig. 9). 278 


  279 


Discussion 280 


Freshwater inflow and salinity were determined to be the only factors to have a relationship with 281 


net ecosystem metabolism in Lavaca Bay.  Freshwater inflow and salinity, however, have a fairly 282 


strong inverse relationship to each other (linear regression, p < 0.0001, R2 = 0.43) (Fig. 10).  283 


Freshwater inflow is much more manageable than salinity because freshwater inflow is not as 284 


affected by tidal and meteorological changes.  The large variability in estuarine environmental 285 


factors means that care must be taken to control for effects these factors may have on one’s 286 


response variable of interest, in this case net ecosystem metabolism.  Separation of stations into 287 


two groups located in upper and lower Lavaca Bay, even though no significant relationships 288 


were found, allowed us to remove most of the effects on net ecosystem metabolism from station 289 


differences in temperature, depth, chlorophyll-a, water column nutrients, and sediment 290 


characteristics.  The only other environmental factor that needed to be controlled for was 291 


atmospheric water column oxygen diffusion. 292 


 293 


The large influence that diffusion coefficients have on atmospheric water column oxygen 294 


diffusion and the resulting net ecosystem metabolism values meant that we needed to choose an 295 


appropriate diffusion equation for our specific ecosystem of study.  Caffrey (2004) concluded 296 


that 25% of daily measured oxygen concentration changes at 42 National Estuarine Research 297 


Reserve (NERR) sites were due to atmospheric oxygen flux in water depths of approximately 1 298 


meter.  Estimates of diffusion coefficients and their relationship to wind speed have been 299 
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calculated using a variety of methods.  Odum and Hoskin (1958) used a method based entirely 300 


on the rate of change of dissolved oxygen concentration in South Texas estuaries during night 301 


time periods experiencing constant or near constant wind velocities.  Their results suggest for 302 


Texas shallow water estuaries the volumetric diffusion coefficient k (in mg O2 l-1 hr-1 at 100% 303 


saturation deficit) increases linearly from 0-3 as wind increases from 0-12 m s-1 (0-30 mph) 304 


(Odum and Wilson 1962).  Hartmon and Hammond (1984) working in San Francisco Bay had 305 


similar results and derived an area based wind-dependent diffusion coefficients K (in g O2 m-2 h-1 306 


at 100% saturation deficit) that ranged from approx. 0-1.5 with wind speeds of 0-10 m s-1.  Kemp 307 


and Boynton (1980) assumed that atmospheric flux in relatively deeper systems varied as a 308 


constant function of the oxygen gradient between surface water dissolved oxygen and 309 


atmospheric gas with a diffusion coefficient that varied with both air and water turbulence.  Their 310 


estimates of gas transfer across the air-water interface from measurements using the floating 311 


dome method (Copeland and Duffer 1964; Hall 1970) yielded area based diffusion coefficients 312 


of 0.9 to 9.7 g O2 m-2 h-1.  Boynton et al (1978) also found a similar range of K’s (0.4-10.7 g O2 313 


m-2 h-1) using a variety of methods.  With more use of the floating dome method and 314 


comparisons between different system types (i.e., estuaries, open ocean, and lakes) a more 315 


complete picture of wind speed influence on atmospheric oxygen flux became available (Marino 316 


and Howarth 1993).  A general exponential relationship suggested by Smith (1985) was used to 317 


model oxygen transfer velocity as a linear function of wind speed.  Smith’s log linear model 318 


explained 55% of the atmospheric oxygen flux variability in a combined data set compiled from 319 


a wide range of systems and measurement techniques (Marino and Howarth 1993).  A recent 320 


comparison of three wind-dependent diffusion coefficients with a constant coefficient of 0.5 g O2 321 


m-2 h-1 concluded that the constant coefficient was only similar to the wind-dependent 322 
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coefficients at wind speeds from 0-5 m s-1 and greatly underestimated air-sea exchange at winds 323 


greater than 8 m s-1 (Caffrey 2004) (Table 3).  The three wind-dependent diffusion coefficient 324 


equations are similar when plotted over wind speeds from 0-10 m s-1 (Fig. 11).  D’Avanzo et al. 325 


(1996), studying a shallow estuarine system in Waquoit Bay, Cape Cod, Massachusetts, 326 


estimated relatively higher air-sea exchanges over the entire range of wind speeds than that 327 


found for the wide range of systems used by Marino and Howarth (1993) which included deep 328 


open ocean waters. A wind dependent diffusion coefficient similar to that proposed by D’Avanzo 329 


et al. (1996) or Marino and Howarth (1993) is therefore preferable to assuming a constant 330 


diffusion coefficient in systems encountering strong and highly variable wind speeds.  We chose 331 


to use D’Avanzo et al.’s (1996) diffusion coefficients in our calculations of net ecosystem 332 


metabolism’s relationship to freshwater inflow because both of our estuarine systems have 333 


shallow water depths. 334 


 335 


Freshwater inflow alone is not driving whole ecosystem metabolism in estuaries, it is the organic 336 


and inorganic loads contained in that inflow.  We can define freshwater loading as the 337 


combination of water quantity and quality.  Freshwater inflow into an estuary contains organic 338 


matter and nutrients from an estuary’s corresponding watershed.  Freshwater inflow rates can be 339 


used as a proxy for freshwater loading from a specific watershed and will integrate watershed 340 


level processes that effect both water quality and quantity.  The relationship between freshwater 341 


inflow and whole ecosystem metabolism was found to differ depending on location within a 342 


shallow water estuary.   343 


 344 
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In the upper bay, net ecosystem metabolism becomes more negative as freshwater loading 345 


increases.  A negative net metabolism value implies that an allochthonous source of organic 346 


matter is being respired, and that daily respiration is higher than photosynthesis. This organic 347 


matter sink may result in higher secondary production, but an extremely large negative net 348 


ecosystem metabolism could lead to dissolved oxygen impairment as large amounts of oxygen 349 


are converted to carbon dioxide during oxidation of organic matter.  Upper Lavaca bay, being 350 


located in close proximity to freshwater point sources, had the largest negative net ecosystem 351 


metabolism response to increased freshwater inflow.  Multiple freshwater point sources present 352 


at Lavaca Bay (i.e. rivers and streams) may have led to the relatively larger variability in net 353 


ecosystem metabolism during lower freshwater inflow periods.  Shallow depths in the upper bay 354 


may also have contributed to variability due to the effects of changing daily irradiance on benthic 355 


primary production during low inflow periods when water clarity tends to increase.  Upper bay 356 


health and function, even with the increased variability at lower freshwater inflows, seem to be 357 


primarily driven by levels of freshwater loading, but causality cannot be drawn from these results 358 


due to use of correlation statistical analysis. 359 


 360 


The lower bay, which likely receives less organic matter, has a more balanced to slightly positive 361 


net ecosystem metabolism with increased freshwater loading. A balanced net ecosystem 362 


metabolism implies that lower Lavaca bay doesn’t act as a sink or source of organic matter. A 363 


positive net metabolism value implies that autochthonous organic matter is being produced, and 364 


the ecosystem is a net source of organic matter.  Autochthonous matter production may be the 365 


result of increased nutrient input from periods of increased freshwater flow.  The two large 366 


positive net ecosystem metabolism values during a period of high freshwater inflow occurred at 367 
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station 6.  Net ecosystem values closer to zero were found at station 4 during the same freshwater 368 


inflow period. Upper bay conditions may push down into the lower bay where station 4 is 369 


located during very high freshwater inflows.  Station 4 may act as a transition between upper and 370 


lower bay results during high freshwater inflows.  If we separated the station 4 results from 371 


stations 5 and 6 we could tentatively conclude that the lower bay has a large positive net 372 


ecosystem response during high freshwater periods.  The lack of replicate samples at station 5 373 


and 6 during high freshwater inflows, however, means that further research will be needed before 374 


valid conclusions about lower bay net ecosystem dynamics can be made.  Autochthonous matter 375 


production in lower Lavaca bay could, if severe, lead to eutrophic conditions and occurrences of 376 


harmful algal blooms, but this is usually prevented in Lavaca bay by wind and tidal flushing, and 377 


a well mixed water column.  The deeper depths of the lower bay and the spatial separation from 378 


freshwater inflow point sources implies that water column processes will dominate and tidal 379 


forcing may be more important here than in the upper bay.  The lack of significance in the 380 


relationship between freshwater loading and whole ecosystem metabolism implies that other 381 


factors are more important than freshwater loading this far away from freshwater inflow point 382 


sources.  Which factors are important, however, are still unknown. 383 


  384 


These findings conclude that freshwater loading drives ecosystem function in shallow water 385 


estuaries. The location within an estuary, however, is important in describing this relationship.  386 


Whole ecosystem metabolism provides an indicator of ecosystem health and function but is also 387 


a direct estimate of the biological processing of oxygen.  Total maximum daily load programs for 388 


dissolved oxygen impairment could use the techniques and relationships between freshwater 389 


inflow and net ecosystem metabolism generated during this study and apply them to keep 390 
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estuarine ecosystem metabolism in balance.  Future research efforts include conducting broader 391 


scale studies to quantify the temporal and spatial variability in net ecosystem metabolism’s 392 


relationship with freshwater inflow.  The larger range of environmental conditions captured 393 


during this future research will be used to produce a practical integrated watershed level 394 


modeling tool for management of estuarine dissolved oxygen concentrations, health, and 395 


function. 396 
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Table 1a.  Monitoring dates by station with results for net ecosystem metabolism (NEM), mean daily salinity (Sal.), temperature 
(Temp.), and depth, as well as chlorophyll-a (Chl.-a). 


Date Sta NEM Sal. 
(ppt) 


Temp. 
(oC) 


Depth 
(m) 


Chl.-a 
(ug l-1) 


 Date Sta NEM Sal. 
(ppt) 


Temp. 
(oC) 


Depth 
(m) 


Chl.-a 
(ug l-1) 


4/24/2002 1 -2.8 12.99 26.70 0.72 15.48  4/15/2003 6 -0.95 22.58 22.08 1.22  
4/24/2002 2 1.12 15.33 26.75 0.76 8.84  5/28/2003 1 1.17 17.86 26.62 0.83 5.47 
4/24/2002 4 -1.43 22.74 26.36 0.85 8.64  5/28/2003 1 1.01 17.48 26.54 0.80 5.47 
4/24/2002 5 -0.48 22.74 26.36 0.85 6.64  5/28/2003 2 3.43 18.70 26.70 0.84 7.15 
4/24/2002 6 -0.55 24.58 26.51 1.28 3.88  5/28/2003 3 1.36 20.87 26.98 1.02 6 
5/22/2002 1 -1.37 18.58 23.43 0.85 15.84  5/28/2003 4 1.37 22.33 27.05 1.06 6.85 
5/22/2002 4 -1.35 24.81 23.51 1.23 13.24  5/28/2003 4 1.52 22.30 27.03 1.07 6.85 
5/22/2002 5 -0.49 24.82 23.42 0.86 9.26  5/28/2003 5 1.13 23.41 27.23 0.86 2.33 
5/22/2002 5 -1.31 25.18 23.44 0.89 9.26  5/28/2003 6 1.61 24.21 27.28 1.19 7.69 
5/22/2002 6 -1.07 26.90 23.62 1.22 10.96  7/22/2003 2 -0.68 9.58 30.99 0.63  
8/21/2002 1 -1.94 9.48 30.21 0.65 14.16  7/22/2003 3 -1.84 9.72 30.83 1.00  
8/21/2002 2 -0.7 11.10 30.32 0.71 15.38  7/22/2003 4 -2.10 10.49 30.88 0.84  
8/21/2002 2 -1.41 11.19 30.26 0.74 15.38  7/22/2003 4 -1.76 10.48 30.88 0.84  
8/21/2002 4 -1.30 12.74 30.37 0.87 9.71  7/22/2003 6 -0.53 22.00 30.68 0.92  
8/21/2002 4 -0.70 12.81 30.31 0.91 9.71  8/19/2003 1 -0.02 13.33 30.86 0.63  
8/21/2002 5 -1.05 17.87 30.33 0.77 8.41  8/19/2003 1 0.49 13.74 30.94 0.64  
8/21/2002 6 -0.06 18.97 30.31 1.12 9.36  8/19/2003 2 0.23 17.83 30.91 0.60  
10/9/2002 1 0.4 12.88 27.13 0.79 20.4  8/19/2003 5 0.27 24.54 30.80 0.78  
10/9/2002 1 0.13 13.01 27.07 0.86 20.4  8/19/2003 6 0.43 25.54 30.71 0.99  
10/9/2002 2 -0.86 15.12 27.34 0.80 17.83  9/23/2003 1 -2.83 1.20 25.40 0.68 6.32 
10/9/2002 4 -0.80 17.89 27.31 1.06 12.92  9/23/2003 1 -2.21 1.18 25.40 0.68 6.32 
10/9/2002 5 -0.82 19.87 27.46 0.89 8.62  9/23/2003 2 -2.54 5.77 25.73 0.77 10.08 
10/9/2002 6 -0.44 21.03 27.62 1.20 10  9/23/2003 3 -2.89 7.32 25.68 1.10 10.64 
3/18/2003 1 -1.33 10.50 21.53 0.78 17.82  9/23/2003 4 -0.26 8.50 25.52 1.07 10.99 
3/18/2003 2 -0.01 14.42 21.48 0.74 6.24  9/23/2003 4 -0.90 8.42 25.61 1.06 10.99 
3/18/2003 3 -0.15 15.22 21.07 1.20 6.33  9/23/2003 6 3.1 19.66 26.06 1.11 12.28 
3/18/2003 6 -0.13 19.71 20.89 1.12 5.62         
4/15/2003 1 -0.51 14.95 22.71 0.80          
4/15/2003 2 -0.71 18.73 22.63 0.83          
4/15/2003 2 -1.13 18.55 22.60 0.85          
4/15/2003 3 -1.82 17.98 22.26 1.13          
4/15/2003 4 -1.15 20.70 22.12 1.18          
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Table 1b.  Monitoring dates by station listing results for water column ammonium (NH4), phophate (PO4), silicate (SIO4), and nitrate 
plus nitrite (NN) in umol l-1, sediment total nitrogen (Tot.N), total carbon (Tot.C), and total organic carbon (TOC) in percent 
of total sediment, and sediment composition as a proportion of total sediment. 


Date Sta NH4  PO4   SIO4  NN    Tot.N 
% 


Tot.C 
% 


TOC 
% 


Rubble 
 


Sand 
 


Silt 
 


Clay 
 


4/24/2002 1 0.81 1.05 75.39 2.68 0.068 0.786 0.628 0.009 0.457 0.346 0.188 
4/24/2002 2 0.01 0.46 65.73 0.41 0.057 1.242 0.596 0.017 0.243 0.495 0.245 
4/24/2002 4 0.04 0.6 63.34 0.46 0.097 1.421 0.882 0.006 0.147 0.524 0.323 
4/24/2002 5 0 0.63 45.19 0.42 0.039 12.401 10.454 0.943 0.023 0.013 0.021 
4/24/2002 6 0.75 2.3 26.27 2.31 0.098 1.468 0.805 0.005 0.122 0.559 0.314 
3/18/2003 1 0.28 0.4 41.6 0.4        
3/18/2003 2 0.28 0.49 46.38 0.53        
3/18/2003 3 0.31 0.34 55.22 0.11        
3/18/2003 6 0.66 0.01 4.05 0.3        
4/15/2003 1     0.094 1.082 0.813 0.012 0.545 0.395 0.048 
4/15/2003 2     0.047 0.950 0.528 0.017 0.375 0.529 0.078 
4/15/2003 3     0.127 1.647 1.132 0.015 0.241 0.649 0.094 
4/15/2003 4     0.103 1.428 0.866 0.006 0.116 0.749 0.129 
4/15/2003 6     0.134 1.662 1.047 0.008 0.112 0.753 0.127 
5/28/2003 1 0.28 0.62 69.79 0.53        
5/28/2003 2 0.27 0.66 76.83 0.62        
5/28/2003 3 1.14 0.51 50.49 0.45        
5/28/2003 4 0.44 0.33 31.68 1.12        
5/28/2003 5 2.06 0.62 35.4 1.52        
5/28/2003 6 0.41 0.47 31.88 0.79        
9/23/2003 1 6.005 5.515 266.885 7.38        
9/23/2003 2 9.46 3.135 220.76 6.135        
9/23/2003 3 8.545 3.468 194.615 8.34        
9/23/2003 4 7.788 2.78 187.18 5.51        
9/23/2003 6 1.84 1.975 145.49 3.165        
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Table 2.  Stations sampled for net ecosystem metabolism.  T. C. E. Q. descriptions and locations. 
 


Station No. Assessment 
Unit 


TCEQ UTMSI 
Short Description Latitude (N) Longitude 


(W) 


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


28.69683456 96.64499664 


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


28.67436218 96.58280182 


Upper-Bay 13383 LB 3 Lavaca Bay at SH 
35 


28.63888931 96.60916901 


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


28.63933372 96.58449554 


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


28.59583282 96.56250000 


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


28.59769440 96.51602173 


 
 
 
Table 3.  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 NA 
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Fig. 1.  Map of 24 hour data sonde deployment at U. T. M. S. I. stations in Lavaca Bay. 


Fig. 2a.  Environmental condition PCA scores. 


Fig. 2b.  Environmental condition PCA loads. 


Fig. 3.  One way anova of chl.-a by station with Tukey’s minimum significant difference = ± 3.7 


as error bars. 


Fig. 4.  Net ecosystem metabolism vs. chlorophyll-a linear regression. 


Fig. 5a.  Water column nutrient PCA scores (Circled area contains scores during high freshwater 


inflow). 


Fig. 5b.  Water column nutrient PCA scores close up. 


Fig. 5c.  Water column nutrient PCA loads. 


Fig. 6a.  Sediment characteristics PCA scores. 


Fig. 6b.  Sediment characteristics PCA loads. 


Fig. 7.  Upper Bay net ecosystem metabolism vs. freshwater inflow. 


Fig. 8.  Lower Bay net ecosystem metabolism vs. freshwater inflow. 


Fig. 9.  Cumulative ten day prior to date gauged freshwater inflow into Lavaca Bay, Texas. 


(Circles denote sample dates.) 


Fig. 10.  Mean daily salinity vs. cumulative freshwater inflow from ten days prior to sample date.  


(Labeled by U. T. M. S. I. station number.) 


Fig. 11.  Wind dependent and constant diffusion coefficients (K) vs. wind speed. 
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Fig. 2a.  Russell et al. 
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Fig. 2b.  Russell et al. 
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Fig 3.  Russell et al. 
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Fig. 4.  Russell et al. 
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Fig. 5a.   Russell et al. 
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Fig. 5b.  Russell et al. 







Russell et al. 


 


32


PC 1


-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6


PC
 2


-0.6


-0.4


-0.2


0.0


0.2


0.4


0.6


NH4


PO4


SIO4


NN


 


Fig. 5c.  Russell et al. 
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Fig. 6a.  Russell et al. 
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Fig. 6b.  Russell et al. 
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Fig. 7.  Russell et al. 
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Fig. 8.  Russell et al. 
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Fig. 9.  Russell et al.   
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Ten Day Prior to Sample Freshwater Inflow (ft3)
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Fig. 10.  Russell et al. 
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Fig. 11.  Russell et al. 


 


 


 


 


 


 


 


 


 





