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I. Introduction

A. Long-term Study Outline (1970-2004)

Fernald and Patten (1984) and Wolfe et al. (1988) give comprehensive reviews of the physiography of the study area. The land region from Apalachee Bay to Perdido Bay (Figure 1) is called the Florida Panhandle. This area is characterized by the absence of barrier islands as a result of the shallow, sloping margins, the lack of wave action, and an inadequate supply of sand (Tanner, 1960). In terms of human population numbers and the degree of urbanization and industrialization, this is one of the least developed coastal areas in the continental United States. There is extensive development of coastal swamps and marshlands that rim Apalachee Bay. The Apalachee Bay area remains largely unpopulated and free of human impacts (Livingston, 2000, 2002). 

The study area, with a full complement of sampling stations, is shown in Figure 2. A long-term study was carried out from 1970-2004. A series of graduate student programs was completed during this period (Appendix A). Field monitoring was carried out from 1970-1984. A Use Attainability Analysis, led by the State of Florida Department of Environmental Protection, was performed from 1991 through 1993. From this study, it was determined that approximately 24 km2 (9 miles2) of sea grasses offshore of the Fenholloway River had been adversely affected when compared to the relatively natural Aucilla and Econfina near shore areas (Livingston et al., 1998). The mill effluents also adversely affected an additional 4 km2 of sea grasses. The study showed that light availability due to the higher color from the Fenholloway River caused by the discharge of treated wastewater from the Buckeye Florida Plant was the primary factor affecting seagrass growth. The study recommended that color reduction be based on annual averages found in what was considered to be a potential sea grass habitat about 1.5 miles offshore of the Fenholloway River (Station F10). In order to accomplish a return of seagrasses in this area of the Fenholloway system, water quality models developed by HydroQual, Inc. showed that a 50% reduction in the historical treated wastewater color from the Buckeye Florida Plant would be required for a return to a median color level of 36 PCUs which would represent a 38% reduction of color at station F10. These levels would be comparable to conditions in the Econfina system. The research effort was continued through a subsequent monitoring program from 1993 through 1999. Corresponding to a color removal program carried out by the Perry pulp mill during fall 1998, a comprehensive field program was performed (1999-2004). Various reports and papers were written during the overall study period (Appendix A). 


In addition to the primary variables affecting light transmission, the early studies showed that nutrient loading and sediment characteristics in the Fenholloway near shore area could affect sea grass growth. After a reduction of color in the treated wastewater by 50% in October 1998, it remained uncertain how nutrient loading (i.e., ammonia, orthophosphate) from the Foley mill would affect phytoplankton growth and possible bloom formation (Livingston, 2000, 2002, 2005). It was also necessary to understand whether sediment quality played a role in seagrass growth. The direct loading of nitrogen and phosphorus compounds to an oligotrophic system dominated by sea grasses was considered problematic in the sense that phytoplankton productivity changes are connected to the sea grass problem both in terms of altered light transmission and associated effects on water and sediment quality. There was a possibility that reduced color and increased light penetration in the Fenholloway estuary could result in the production of plankton blooms similar to those observed in the Perdido Bay and Pensacola Bay systems (Livingston, 2000, 2002, 2005, 2008). Improvements in watercolor thus presented some concern in terms of the nutrient loading issue and possible near shore phytoplankton response. 

The response of the Fenholloway system to the color-reduction program was determined as part of the follow-up studies of 1998-2004.  The target of 36 pcu at station F10 was evaluated relative to the response of the sea grass beds and associated fauna over the period 1999-2002. Nutrient loading effects on phytoplankton were evaluated from 1999-2004. The basis for this report rests in part on a comparison of the detailed studies of 1992-1993 and 1999-2004 with reference to physical-chemical and biological trends over the 33-year study period. 

B. Background Information

Apalachee Bay is part of a broad, shallow shelf area that occurs along the entire Gulf coast of peninsular Florida (Figures 1, 2). The coastal area from the Ochlockonee drainage to the southern reaches of Apalachee Bay is characterized by the flat Karst topography of the Gulf Coastal Lowlands. A series of small streams flow through freshwater swamps and salt marshes into a coastal region dominated by low wave activity, a paucity of sand supplements to the offshore area, and a shallow marine surface that is part of the broad, marine shelf (Tanner, 1960). The region along the upper Gulf coast of peninsular Florida from the Ochlockonee River to the Suwannee River is characterized by a series of drainage basins that include the Aucilla, Econfina, and Fenholloway Rivers. These streams drain into Apalachee Bay (Figures I, 2). The smaller basins are wholly within the coastal plain as part of a poorly drained region that is composed of springs, lakes, ponds, freshwater swamps, and coastal marshes. The Econfina and Fenholloway river-estuaries both originate in the San Pedro Swamp. This basin has been affected, in terms of water flow characteristics, by long-term physical modifications through forestry activities. 

The smaller streams along the Big Bend area are associated with relatively limited estuarine areas. The entire coastal region in the NE Gulf of Mexico area is characterized by low energy conditions (1.96-12.25 joules/m2). Tides in Apalachee Bay are mixed and semidiurnal, having two (unequal) highs and lows each tidal day (24 hours and 50 minutes). Tides in this region range from 0.67 m to 1.16 m. although local tidal conditions vary considerably depending on complex forcing features. The coastal wetlands are highly developed as salt-water marshes. Receiving estuaries have very high wetlands/open water ratios compared to the alluvial estuaries to the west (Livingston, 2000). The inshore marine habitat of Apalachee Bay serves as a physically stressed but highly productive nursery for developing stages of offshore forms, many of which form the basis of the sports and commercial species of the region. Gradients of physical variables, together with high primary production mediated largely by the seagrass beds are the dominant features in terms of primary production and habitat distribution. Phytoplankton productivity is relatively low in the largely oligotrophic offshore parts of Apalachee Bay, The highly complex but extremely productive food webs of the inshore marine systems of this area are thus largely associated with the extensive development of seagrass beds that serve as the key habitat and source of primary production.

C. Study Area

Although Apalachee Bay (Figure 2) remains in relatively natural condition, the Fenholloway River-estuary represents an area that has been adversely affected by pulp mill discharges. The Econfina River remains one of the most pristine blackwater streams along the coast (Livingston, 2000). This stream provides an excellent reference area for studies in the Fenholloway system. Both the Econfina and Fenholloway drainages have similar dimensions. They share a common origin (San Pedro swamp) and a common meteorological regime. River flow characteristics in the two drainages are comparable in rate and seasonal variation. Corresponding temperature and salinity variations between cognate stations (E06, F06; E07, F09; E08, F10; E09, F16; E10, F11, E11, F13; E12, F12; E13, F15) remain statistically insignificant so that comparisons of such stations are valid for determinations of potential impacts due to the loading of pulp mill effluents into the Fenholloway offshore area.  

Sea grass beds are among the most biologically diverse and productive components of coastal systems, serving as important habitats for nurserying fish and invertebrate species (Carr and Adams, 1973; Livingston, 1975, 1982). Shallow offshore habitats of Apalachee Bay along the northeast Gulf coast of Florida are dominated by sea grasses such as Thalassia testudinum, Syringodium filiforme, and Halodule wrightii (Iverson and Bittaker, 1986; Zieman and Zieman, 1989). These sea grasses remain relatively undisturbed by human activity with the exception of the area off the Fenholloway drainage where the release of pulp mill effluents has affected the near shore beds (Zimmerman and Livingston, 1976a, 1976b, 1979). Zimmerman and Livingston (1976 a, b, 1979) found that reduced cover relative to similar areas characterized seagrasses in Apalachee Bay off the Fenholloway River in the Econfina reference system. 


Apalachee Bay is an oligotrophic system. Phytoplankton productivity in Apalachee Bay is generally low compared to the alluvial systems to the west (Livingston, 2000, 2002, 2005). Nutrient input is restricted to small stream loading. Nutrient limitation experiments in the Econfina and Fenholloway systems indicated a complex set of nutrient-phytoplankton interactions (Livingston, 1993; Livingston, unpublished data). Inshore areas of both systems were generally limited by nitrogen, whereas areas farther offshore were increasingly phosphorus-limited. Relatively low TIN/TIP ratios in inshore areas during the experimental period also suggested nitrogen-limitation. Farther offshore, higher TIN/TIP ratios indicated increased phosphorus-limitation. The general increase of the TIN/TIP ratios from inshore to offshore Gulf areas off the respective river mouths provided further evidence of the increasing importance of phosphorus to offshore areas of the Gulf. 

Estuarine phytoplankton populations in the Econfina system were more abundant than those in comparable areas of the Fenholloway system (Livingston, 2002; unpublished data). Estuarine and inshore parts of the Fenholloway system were low in phytoplankton species richness and diversity compared to the Econfina cognate stations. The highest numbers of phytoplankton were found in inshore portions of the Econfina and Fenholloway systems. The suppression of phytoplankton species richness and diversity in the inshore Fenholloway system was most likely due to reduced light transmission, although other effects such as inhibition by high concentrations of ammonia (Livingston, unpublished data) could not be ruled out as an additional modifying factor. Farther offshore, the Fenholloway drainage had higher numbers of phytoplankton than comparable Econfina areas. 

In a combined field descriptive/experimental and laboratory experimental study, Livingston et al. (1998) showed that pulp mill effluents in the Fenholloway River were associated with increased loading of DOC, water color, and nutrients to offshore areas relative to the unpolluted (Econfina River) reference system. This loading resulted in changes of water quality factors and light transmission characteristics in the polluted system. Sediments in offshore Fenholloway areas were characterized by increased silt/clay fractions and altered particle size relative to reference sites. Field analyses showed that the best predictors (P < 0.05) of SAV distribution in the Fenholloway offshore areas were photic depths, qualitative aspects of wave length distributions (light transmission characteristics), and water quality factors such as color, DOC and chlorophyll a that were inversely (P < 0.05) related to seagrass biomass. Experimental analyses using mesocosms of dominant seagrasses (Thalassia testudinum, Syringodium filiforme, and Halodule wrightii) indicated that direct contact with pulp mill effluents resulted in adverse growth responses at concentrations as low as 1-2%. Mesocosm experiments with light conditions that reproduced actual field conditions showed that light conditions in offshore areas affected by pulp mill effluents adversely affected growth indices of S. filiforme and H. wrightii. Field transfer experiments showed that growth indices of the three dominant seagrass species were adversely affected by water quality and sediment quality in the Fenholloway offshore receiving area (Livingston et al., 1998). 


Various studies (Hooks et al., 1976; Greening and Livingston, 1982; Dugan and Livingston, 1982) indicated that invertebrates taken in the Econfina offshore system were generally more abundant than those found in the Fenholloway system, and that macrophyte abundance was directly associated with invertebrate numbers. Livingston (1975) found that reduced fish species richness and diversity characterized the offshore Fenholloway system. These differences corresponded to previously described distributions of submerged aquatic vegetation (SAV) and macroinvertebrates. The effects on fishes were also attributed to physiological impacts (respiration, growth, food conversion efficiency; Stoner, 1976) and/or behavioral responses such as avoidance of the mill effluents (Lewis, 1974; Lewis and Livingston, 1977; Livingston et al., 1976). Habitat changes due to the loss of sea grass beds, together with changes of trophic organization due to altered nutrient loading in the Fenholloway system, were the primary features that were associated with the loss of secondary production in areas associated with pulp mill effluent disposal. 

Changes in the Fenholloway seagrass beds were associated with altered food web patterns in terms of species shifts and feeding alterations relative to reference areas (Livingston, 1975, 1980, 2002). Feeding habits of the dominant fish species were different in the offshore Fenholloway system than those in similar areas of the Econfina drainage. These differences were traced to basic changes of habitat due to reduced sea grass beds in the Fenholloway system (Livingston, 2002; Clements and Livingston, 1983). Reduced submerged aquatic vegetation (SAV) together with increased phytoplankton productivity due to nutrient loading from the paper mill altered the habitat conditions and fish trophic organization in the Fenholloway offshore area relative to the reference system. These effects were also associated with complex effects of sediment quality on population distribution and community organization. 

Subsequent improvement in water quality in 1974 due to construction of treatment ponds by the pulp mill was associated with some recovery of SAV and with recovery of the fish trophic organization in outer areas of the Fenholloway system (Livingston, 1982, 1984b, 2002). During the earlier period of untreated mill effluents, plankton-feeding fishes were dominant in areas affected by discharges, replacing grass bed species. Subsequent water quality improvement due to the implementation of secondary treatment of the mill effluents (1974) was accompanied by trophic shifts that followed habitat changes in the outer portions of the Fenholloway estuary. Areas affected by pulp mill effluents were characterized by altered food webs compared to the reference areas; these changes were directly influenced by shifts of primary producers and altered benthic habitats as sea grasses were turned into unvegetated soft-sediment areas. In offshore Fenholloway areas, these food web shifts were also affected by increased phytoplankton production as dilution enhanced light transmission in areas of increased nutrient concentrations. The benthic food web species were thus replaced in part by planktivorous fish species in the Fenholloway system due to habitat-related food web changes (Livingston, 2002). 

Different studies showed the inter-relationships of seagrass beds with the offshore biological organization (Livingston, 1984b). This included the role of seagrasses in primary production (Bittaker, 1975, Zimmerman and Livingston, 1976a, 1976b, 1979) and the effects of pulp mill effluents on behavioral responses (Main, 1983), physiological responses of pinfish (Lagodon rhomboides) (Stoner and Livingston, 1978), avoidance reactions of fishes (Lewis, 1974, Lewis and Livingston, 1977, Livingston, 1982b), changes in organism distribution (Heck, 1976, 1979, Hooks et al., 1976, Dugan and Livingston, 1982, Stoner, 1979a, 1979b, 1980c, 1980d), ontogenetic (developmental) processes (Livingston, 1980), trophic organization (Greening and Livingston, 1982, Clements and Livingston, 1983, 1984, Leber, 1983, Livingston, 1982a, 1984, Stoner, 1980a, 1980b, Stoner and Livingston, 1980, 1984), community composition (Livingston, 1975, Lewis, 1982, Leber, 1983, Lewis and Stoner, 1983, Livingston, 1988) and long-term changes of water quality trends (Livingston, 1977, 1982b). These studies indicated that offshore Gulf areas were characterized by extremely complex biological associations that were influenced by both physical/chemical phenomena (such as pollution and natural background phenomena) and natural biological processes. Relatively small changes in critical habitat features had measurable impacts on the biological organization of the Apalachee Bay system but such changes were not necessarily predicated on simple or direct influences; rather, the biological systems were shaped by diverse combinations of natural and anthropogenous stressors that varied due to seasonal and interannual (multi-year) patterns of rainfall/drought conditions,  land runoff, and associated offshore habitat changes. 


Recently, the U. S Environmental Protection Agency (E. P. A., Ecological Assessment Branch, Athens, Georgia, completed a nutrient study of the Econfina and Fenholloway systems (U. S. E. P. A., 2000). Objectives of the study included assessment of phytoplankton blooms in the Fenholloway near-shore areas, determination of relationships of color and phytoplankton biomass in the two study areas, analysis of nutrient loading and color contributions from point sources, determination of light profiles, and analysis of dissolved oxygen concentrations in the study areas. Sampling periods were as follows: December 1998 (full sampling), March 1999 (reduced sampling), June 1999 (reduced sampling), and August-September 1999 (reduced sampling). No phytoplankton blooms were noted during the four sampling periods, an observation backed up by pH and D. O. results. 

Results of the EPA study indicated that Chlorophyll a concentrations were low in both estuaries, with maximal concentrations noted at 10 µgl-1 in the Fenholloway estuary. Results from the Marine Algal Growth Potential Test (AGPT) were higher in the Fenholloway system, but were greater than 10 mgl-1 only in June 1999. Nutrient addition experiments indicated that most of the samples in both estuaries were nitrogen-limited. Bioavailable phosphorus was 5 times greater in the Fenholloway estuary compared to the Econfina whereas bioavailable nitrogen was similar in both systems except for the June study period at which time the average for the Fenholloway system was 5 times that in the reference area. Buckeye discharge of total nitrogen and total phosphorus constituted 97% of the point source load to the Fenholloway River. Nutrient concentrations in the Fenholloway River were about 10x those in the Econfina River. 

The EPA study indicated that there were net releases of nutrients from the Fenholloway estuarine sediments whereas there were net fluxes to the sediments in the Econfina system. Watercolor in the Fenholloway River averaged 880 platinum-cobalt units (pcu), whereas the reference Econfina River averaged 160 pcu. Light was found to be limiting to plant growth in the Fenholloway estuary (<1% of surface illumination at 2 foot depths compared to >10% in the Econfina estuary). Dissolved oxygen was very low in the Fenholloway River compared to the Econfina whereas D. O. averaged 4.4 and 5.6 mgl-1 in the Fenholloway estuary compared to 5.5 and 6.1 in the Econfina. D.O. averaged 3.4 mgl-1 on a seasonal basis in the Fenholloway estuary compared to 4.0 in the Econfina. Periodic D. O. concentrations were lower than the 4.0 mgl-1 class III marine water quality standard in both systems. 

II. Materials and Methods

The research effort in the Econfina and Fenholloway systems is based on written, peer-reviewed protocols for all field and laboratory operations. Water quality and biological analyses have been taken by personnel from the Center for Aquatic Research and Resource Management (CARRMA, Florida State University, Tallahassee, Florida) and Environmental Planning & Analysis, Inc. (Tallahassee, Florida) with additional work carried out at a series of laboratories in various countries. Water quality methods and analyses and specific biological methods have been continuously certified through the Quality Assurance Section of the Florida Department of Environmental Protection (Comprehensive QAP #940128 and QAP#920101). Various methods that have been used to take field information and run laboratory analyses have been published in the reviewed literature. This includes the following; (Flemer et al, 1997; Livingston, 1975, 1976,1980, 1982, 1984a, 1984b, 1985a, 1987c, 1988, 1992, 1997a, 2000 [in press]; Livingston et al. 1974, 1976, 1997, 1998a, b, 2000). 


Detailed descriptions of the methods used in this study are given in Appendix II.  Statistical tests used in these studies are given in Appendix III. 

III. Results and Discussion
A. Rainfall, River Flows

The role of freshwater input in determining the productivity of estuaries and coastal systems has been the subject of considerable review (Snedaker et al., 1977; Cross and Williams, 1981). The different effects of river flow on physical-chemical variables in receiving estuaries have been described (Schroeder 1978). Under natural river flow conditions, the combination of generally high levels of estuarine primary production combined with reduced predation by stenohaline marine organisms have created conditions that allow rapid growth and enhanced productivity of eurytopic populations which are adapted to rapidly changing environmental conditions (Livingston, 1984a, 1991b). Direct nutrient enrichment by river loading, advected nutrient-rich offshore water into the estuary, nutrient out-welling from estuarine wetlands, and rapid recycling of nutrients in situ contribute to the generally high primary production of river-dominated estuaries (Nixon, 1981, 1995). Livingston et al. (1997) showed how long-term drought/flood trends along the Gulf coast are an important factor in the highly complex family of cyclic changes in coastal biological organization. The importance of riverine input to coastal processes has been reviewed by Livingston (2000, 2002). 

Regional rainfall data (Figure 3) indicate various drought periods (1974-75; 1977-78; 1981-82; 1984-85, 1989-90; 1992-93. 1999-2002). The intensive sampling period during 1992-1993 was carried out during a period of moderate drought whereas the most recent intensive study period (October 1998-June 2004) represented a period of major (century) drought from 1999-2002 with a breaking of the drought during 2002-2003. Rainfall during this period reached levels comparable to that in 1998. Econfina and Fenholloway River flow trends over the study period are shown in Figure 4. Long-term flow rates in the Fenholloway system indicated various drought periods (1974-75; 1977-78; 1981-82; 1984-85, 1989-90; 1992-93. 1999-2002). The intensive sampling period during 1992-1993 was carried out during a period of moderate drought whereas the most recent intensive study period (1999-2002) was performed during a major drought period followed by recovery of increased flows. The long-term peak flows occurred during 1973, 1984, 1998 and 2003. Fenholloway river flows were somewhat higher than those in the Econfina with increased differences during drought periods.  

B. Nutrient Loading

Nutrient loading is an important process in the determination of the ecological response of a coastal system to freshwater inflow (Flemer et al., 1997). The primary effects of nutrient loading on shallow estuaries and lagoons have been outlined by McComb (1995). A detailed analysis was carried out concerning nutrient loading to the Econfina and Fenholloway systems over the most recent study period. Nutrient loading models, based on a ratio estimator developed by Dolan et al. (1981), were run to determine nutrient loading into Apalachee Bay via the Econfina and Fenholloway Rivers (Appendix II). The U. S. Geological Survey (Tallahassee, Florida; M. Franklin, personal communication) provided river flow data. Nutrient sampling (E01, F03) was carried out in the subject rivers. Quarterly nutrient concentrations from these rivers were used to estimate loading. 

Results of the quarterly nutrient loading effort are shown in Figure 5. Due to loading from the pulp mill, the Fenholloway River was a primary source of ammonia and orthophosphate to the Apalachee Bay system during most of the study period. Loading of both nutrients in the Fenholloway system was generally about 2 orders of magnitude higher than the reference Econfina system. During the most recent drought, Econfina loading of ammonia and orthophosphate was relatively low whereas the continuous loading of these nutrients from the Fenholloway was maintained at relatively high levels. There was a slight decrease in the Fenholloway loading over the past 5 years with possible effects of the drought leading to reduced loading from 1999-2002. However, loading of ammonia and orthophosphate remained high in the Fenholloway River relative to the Econfina, and these differences were statistically significant (p < 0.05). 

C. Water Quality in the Econfina and Fenholloway Systems

Nutrient concentrations in offshore areas of the 2 drainages (Figure 6) indicate higher concentrations of ammonia, nitrite-nitrate and orthophosphate in the Fenholloway estuary (F06-F09). Concentrations were generally lower during the 1999-2002 drought showing indications that climatological conditions affected nutrient concentrations in the near shore areas. Farther offshore (E08-F10), nitrite-nitrate and orthophosphate concentrations were no longer detectable in the Econfina system. The Fenholloway system still had higher concentrations of all3 nutrients with the exception of orthophosphate during the 1999-2002 drought at which time such concentrations were below the detection limits (0.002 mg L-1) in both systems. In offshore areas (E09-F16), nitrite-nitrate concentrations and orthophosphate concentrations were below the detection limits in both systems. Ammonia concentrations were comparable in both offshore areas at the offshore stations E09 and F16. There were significantly (p< 0.05) higher concentrations of NO2+NO3, NH3 and PO4 at the Fenholloway estuarine stations (F06, F09) from 1992-93 through 2003-04. Orthophosphate became limiting in both systems at stations E08-F10. There were no significant differences between nutrient concentration averages in areas farther offshore (E09, F16). 

Surface watercolor and chlorophyll a were higher in the Fenholloway estuarine and near shore stations than those readings at the cognate Econfina stations (Figure 7). There were no significant differences of these factors at the offshore stations (E09, F16) of the respective systems. Chlorophyll a concentrations at the inshore stations of the Fenholloway system peaked during fall periods. These high levels in the Fenholloway were different from previous studies of this area when chlorophyll in this system was generally lower than that at the reference sites. 

A statistical comparison of water quality factors in the Econfina and Fenholloway systems is given in Table 1. Water temperature and specific conductance in the Fenholloway River were significantly higher than that in the Econfina system from 1992-2004.  Differences of color at river stations E01-F03 were significant from 1992/93-2003/04. During 2003-2004, the averaged color levels were also significantly higher at stations F06, F09, and F10. Statistical equivalence of this factor was noted at offshore stations (E09, F16). Differences of dissolved oxygen at river stations E01-F03 were significant from 1992/93-2003/04. The seasonally averaged dissolved oxygen at station F03 was relatively low throughout the extended study period. These reductions were significantly lower in the Fenholloway estuary at stations F06 and F09 during 2003-04. There were no significant differences of dissolved oxygen taken at offshore stations (E08-F10, E09-F16). There were significantly (p< 0.05) higher concentrations of NO2+NO3, NH3 and PO4 in the Fenholloway River (station F03) from 1992-93 through 2003-04. These differences extended to estuarine stations (F06, F06) during the 2003-2004 period. There were no significant differences between nutrient concentration averages in areas farther offshore (F10, F16). 

There was reduced Chlorophyll a in the Fenholloway estuary during the early years of sampling, with increased chlorophyll a at near shore and off shore stations (Table 2). There was also a general trend of relatively higher chlorophyll a concentrations during 2000-2001 and 2003-2004. During the 2003-2004 period, chlorophyll a was significantly higher in the Fenholloway offshore areas. The chlorophyll a levels during the final year of sampling were higher than any preceding years, and indicated a basic change of phytoplankton activity that was consistent with the observed changes in the planktonic bloom organization in the Fenholloway system. 

Previous studies (Livingston et al., 1998b) indicated that watercolor and dissolved organic carbon (DOC) were high in the Fenholloway estuary and near-shore area (stations F06, F09, F10, F11 and F14) relative to the Econfina system. Both factors tended to become equivalent between stations F10/E08 and F16/E09. Comparative color levels were found somewhere around 3 km offshore. Light transmission trends tended to follow these distributions. Extinction coefficients were higher in the Fenholloway estuary and inshore portions of the Fenholloway system than the Econfina cognates (Livingston et al, 1998b). There was recovery in the Fenholloway system (in terms of light extinction coefficients) at the offshore sites (stations F16 and F25). Compared to the Econfina cognate stations, estuarine and inshore areas of the Fenholloway system had significantly shallower euphotic depths with recovery at stations F16 and F25 along the north/south transect. The spectroradiometric data indicated that light penetration was most affected by the mill effluent in the Fenholloway estuary and along inshore parts of the Fenholloway Gulf coast within 3 km of the shore and along shore for distances +/- 4-5 km NW or SE from the mouth of the Fenholloway River. 

Watercolor was found to be an important variable in the determination of light penetration in the offshore Fenholloway system (Livingston, 2000). Long-term changes of color (Figure 8) indicated that color was significantly reduced after the first water quality treatment effort in 1973-74. However, by early 1992, watercolor was again relatively high. The treatment effort of 1998 appeared to reduce color in the Fenholloway River and in offshore areas to levels comparable to those in the 1970’s after the first treatment. The effect of the drought of 1999-2002 is also evident in the relatively low color levels in the Econfina River and offshore areas. Average color levels during 4 drought periods from 1974-2002 indicated that the color levels during the 1999-2002 drought were relatively high in the Fenholloway River when compared to those during the 1974-1975 and 1978-79 droughts. 

Peak color usually occurred during summer periods in both systems. Differences of color at river stations E01-F03 were significant from 1992/93-2003/04. During 2003-2004, the averaged color levels were also significantly higher at stations F06, F09, and F10. Statistical equivalence of this factor was noted at offshore stations (E09, F16). a statistical analysis was made of the various factors associated with light transmission in at stations E08-F10 in the Econfina and Fenholloway systems. Station F10 was considered as a representative area that was monitored for achievement of color reductions to 36 PCUs during the recent color reduction program by the pulp mill. Data were averaged over the primary growth season for SAV in the study area. Surface color was significantly higher in the Fenholloway system during most years. Color during 2003 was higher in both systems than all previous periods except 1972. Turbidity was also significantly higher in the Fenholloway during most years. There were no significant differences in the Secchi depth readings of these stations. However, photic depths were significantly lower at station F10 during the years 2001, 2002, and 2003. The trends of these photic depths reflected the effects of the drought and the changes in light transmission with a resumption of rainfall and river flows during 2002-2003. The significant differences of photic depths indicate that Secchi depths do not adequately represent light penetration in the study area.

Statistical comparisons of surface color at stations E08 and F10 over the 5-year study period from 1998-2004 indicated that there were significantly higher color levels at station F10 than at station E08 during each year (Table 1; Figure 8; Livingston, 2004). The data indicated that the annual averages varied in both systems during this period. Watercolor at station F10 did not reach the model prediction of 36 PCU (HydroQual, Inc.) that was supposed to occur with the implementation of the pulp mill effluent target of 1100 PCU that was attained in the river (Table 1). The general decrease of color in both systems made it difficult to evaluate the impact of the color reduction program of the pulp mill on the offshore Fenholloway system. There was a decrease of color levels in the Fenholloway system during the 1998-2004-study period that probably reflected water quality changes due to both the drought and the color removal program. However, this decrease should be viewed within the context of the long-term changes of watercolor in both systems over the 33-year period of study. 

D. Light Distribution

Spectrophotometric data (Figure 9) indicated that photic depths (lowest levels of light needed by submerged aquatic vegetation) were generally higher in the Econfina system during all periods. There was a general increase of photic depths at inshore Econfina stations during peak drought months (2000-2001). There was increased light penetration with distance from shore in the reference area. Farther offshore, there was less evidence of a drought effect in the Econfina system. There was a pronounced reduction of PAR extinction coefficients at the inshore Fenholloway stations (F06, F09) that was significant in terms of light penetration changes in areas of high nutrient concentration gradients. Fenholloway estuarine areas did not show improvement with time, and were characterized by losses of light at lower wavelengths including the 400-500 nm levels of chlorophyll a absorption. At station F10, the general increase of photic depths during the drought paralleled similar increases at cognate station E08, indicating that the drought was probably part of the improvement of light penetration in both systems. However, photic depths here were not deep enough to support SAV in the Fenholloway system. Near equivalence of photic depths was reached at the outer stations (E12-F12, E09-F16). 

E. Nutrient Limitation

Livingston (unpublished data; 1993) carried out a series of nutrient limitation experiments in the Econfina and Fenholloway systems. There was considerable variability in these results indicating that no single nutrient limitation trend was dominant over all months in a given area of either the Econfina or the Fenholloway systems. However, there were trends of nutrient limitation whereby the frequency of N-limitation or P-limitation was higher during certain months in each system. These experiments indicated that inshore areas of both systems are generally limited by nitrogen whereas the farther offshore areas become increasingly P-limited. The estuarine portion of the Econfina system (E06) was characterized by either N-limitation or N+P limitation during all months except February 1993. The highest levels of chlorophyll a were noted during the summer months in the N+P treatments. Nitrogen limitation at station E06 was most important during summer and fall months. Similar results were found in the Fenholloway estuary (F06) with the exception that phosphorus was found to be the chief limiting factor during May, August and October 1992 and the during the spring of 1993. Peak chlorophyll levels occurred during the late spring and summer months of 1992 with high concentrations associated with different treatments depending on the month. Nitrogen and N + P were limiting during June and August 1992. Thus, both systems had the highest levels of chlorophyll during warm months of the year. The N + P treatments were the dominant form of chlorophyll stimulation in the inshore areas of both systems. Nitrogen was also limiting in both systems, especially during summer (F06) and fall (E06) months. The primary difference between the two systems was thus the periodic phosphorus limitation in the Fenholloway system, which was not evident in the Econfina. 


The near shore Gulf station in the Econfina drainage (E07) was characterized by strong nitrogen limitation during the summer and fall months. However, during November 1992 and January and February 1993, phosphorus was the primary limiting factor. During summer and fall months, the N+P treatment was the strongest limiting factor. The highest chlorophyll numbers were again taken during the summer months. Nitrogen was usually the main limiting factor during spring and summer months at this station. Overall, nitrogen remained dominant at this station as a limiting factor although phosphorus was more important as a limiting factor than in the inshore estuary. The cognate Fenholloway station (F09) was characterized by phosphorus limitation during spring and fall months. During other periods, nitrogen was still predominant as a limiting nutrient although the highest summer chlorophyll peaks were associated with the N+P treatments. The TIN/TIP ratios remained low but were somewhat higher than in the inshore estuary. There were high levels of chlorophyll concentrations during August and September indicating a somewhat different trend than the temporal nutrient limitation pattern shown in the Econfina cognate area. These peaks were N-limited but were also stimulated by the N+P treatment. Overall, nitrogen was the primary single limiting factor in both of the inshore study areas during spring, summer and fall periods with occasional phosphorus limitation during late fall (E07, F09) and winter (E07). months. 


The offshore station E09 was dominated by P-limitation throughout the experimental period with occasional N-limitation in June and December 1992. The highest levels of chlorophyll were noted during the spring and summer months of 1992. Phosphorus was also the dominant limiting factor in the offshore Fenholloway (F16) area with the exception of June, August, and September 1992 and May 1993. The August 1992 experimental results at E09 and F16 were very similar. Both areas were strongly affected by the August 1992 flooding. During such periods, nitrogen was the primary limiting factor in both areas and the relationship of the N-limited peaks to the N+P limited peaks was quite similar in both systems during the August floods. Nitrogen was also limiting in both systems during June 1992. 

F. Sediment Quality

According to the 1992-1993 study, mean grain size was smallest in the Fenholloway estuary (Livingston, 1993). From station F10 outward, mean grain size was uniformly greater (Figure 10). Mean grain size was smallest in the inshore areas of the Fenholloway within the 3 km area where SAV was debilitated. The distribution of silt/clay fractions was highest in the Fenholloway estuary (F05, F06) and at the inshore station F14. Relatively high silt/clay fractions were noted at stations F10 and F15. This part of the Fenholloway system was generally higher in silt/clay fractions than cognate stations in the Econfina (Livingston 1993; Livingston et al., 1998). Other stations farther offshore (F16, F25) were sandy by comparison as were all of the Econfina stations. It should be noted that the highest silt-clay areas where toxic compounds could be concentrated were within the inshore-near offshore stations. When viewed as % organics, this same pattern emerged whereby estuarine and inshore Fenholloway stations had the highest %organics in the sediments. 

 

The emphasis on shallow systems highlights the importance of sediments in the nutrient loading and accumulation process (McComb and Lukatelich, 1995). Sediment resuspension as a product of water column dynamics can be a factor in nutrient storage and loading processes (de Jonge and Raaphorst, 1995; de Jonge, 1995) although such effects are not always associated with hypereutrophication (Marcomini e al, 1995). The timed release and bioavailability of sediment nutrients, as modified by resuspension, remobilization, and regeneration through biotic activity, remain poorly understood even though such processes could have an important effect on the response of benthic microalgae and macrophytes (Thornton et al., 1995a).

A graphical display of the nutrient data given in Figure 11. Total sediment phosphorus (TP) in the Econfina system was most highly concentrated in the inshore estuary with moderately high concentrations noted at station ET-35. A similar pattern of sediment TP was noted in the Fenholloway system with somewhat higher concentrations also noted at stations FT10 and FT06 (F11). Total organic nitrogen was highest in the inshore estuary of the Econfina system. In the offshore Fenholloway system (stations FT10, FT16, FT22, FT27), total organic nitrogen (TON) was high. The differences in the distributions of TON in the Econfina and Fenholloway systems cannot be explained. The differences of sediment TON levels were not statistically significant (P = 0.05), however. Total phosphorus was uniformly higher in the Fenholloway system; these differences were statistically significant. Thus, the most obvious differences between the sediments taken in the Econfina and Fenholloway systems was the uniformly higher concentrations of phosphorus in the Fenholloway coastal areas and higher concentrations of TON in parts of the Econfina system.

G. Plankton

During 1992-1993, a total of 264 taxa of phytoplankton were noted in the study areas (Livingston, 1993). Most of the dominant phytoplankton populations in the Econfina and Fenholloway estuaries and near shore waters were euryhaline species (Table 3). Salinity was generally not statistically associated with phytoplankton numbers during the 1992-1993 study. In both systems, numbers of phytoplankton cells were positively associated with temperature (Econfina r2 = 0.2, p = 0.006: Fenholloway r2 = 0.23, p = 0.0007). DOC was significantly (negatively) associated with numbers of cells in the Econfina system (Secchi r2 = 0.52, p = 0.002: DOC r2= 0.62, p = 0.03). Phytoplankton numbers tended to decrease with increased ammonia in the Fenholloway system whereas there was a weak positive relationship between these two factors in the Econfina. 


Phytoplankton species richness in the Fenholloway system in 1992-1993 was weakly (negatively) associated with DOC (r2=0.07, p=0.03), ratio turbidity (r2 = 06, p = 0.04), ammonia (r2 = 0.16, p = 0.0006), orthophosphate (r2=0.16, p=0.0003), and silicate (r2 = 0.19, p = 0.0004). Species richness in the Econfina system was weakly positive (statistically significant) for temperature (r2 = 0.22, p = 0.0001) and DOC (r2 = 0.26, p = 0 .0001). In the Fenholloway system, weak r2 values reduced the significance of negative associations between phytoplankton species richness and reduced light transmission, high nutrients, and high dissolved organic carbon. Major differences in the phytoplankton assemblages were associated with differing light transmission characteristics of the two systems. Phytoplankton numbers and species richness varied inversely with distance from shore in both areas, with light and nutrients directly implicated in the differences noted between the respective phytoplankton biotas. 


The data indicated that, during 1992-1993, high nutrient loading, combined with increased light penetration, accounted for differences in the phytoplankton distributions in the Econfina and Fenholloway systems (Livingston et al., 1998b). Light transmission characteristics were important, and the dominant wavelength at most of the stations in both systems was between 575 and 580 nm. Both Gulf drainages were affected by river-derived dissolved substances (gelbstoff); these substances were associated with the loss of light at lower wavelengths. This gelbstoff effect was stronger in the Fenholloway estuary and near shore waters (F06, F09, F11, F14) than cognate stations in the Econfina system. Phytoplankton numbers in both systems peaked in near shore waters characterized by increasing light penetration and high nutrients. High nutrient loading from the Fenholloway River was most apparent in these near shore waters. Farther offshore, there was general decrease of phytoplankton cell numbers and species richness that was directly related to reduced nutrient concentrations. Light and nutrients thus accounted for the spatial distributions of phytoplankton numbers and species richness. Light was limiting in the Fenholloway estuary; in inshore areas, light became less a factor and increased nutrient loading took over as the primary limiting agent relative to the reference system. Farther offshore, nutrients became limiting in both systems with corresponding decreases of phytoplankton numbers and species.  


Inshore Econfina areas were dominated by nannoflagellates, cryptophytes, nannococcoids, and diatom species such as Navicula spp. during 1992-1993. Overall, the nannoflagellates and cryptophytes were generally higher in the Econfina estuarine and near shore waters than in similar areas of the Fenholloway whereas the nannococcoids were evenly distributed in the two study areas. The diatom Chaetoceros fragilis Meun was dominant in offshore areas of the Econfina system. Inshore stations in the Fenholloway were well represented by species such as Minutocellus scriptus, Hasle, Stosch and Syvertsen, Cryptomonas spp., Cylindrotheca closterium  (Ehrenberg) Reimann and Lewin, and various forms of nannoflagellates. These data followed other indications that the estuarine Fenholloway phytoplankton assemblages were relatively depauperate compared to the Econfina estuary.

During 1999, whole water phytoplankton species richness increased in both systems relative to 1992-1993 (Tables 3, 4). This index remained low at inshore Fenholloway stations. During this period, phytoplankton numbers went up in both systems with particularly high numbers at stations F10 and F11. Species diversity and evenness in both systems was low in inshore areas in 1999. By 2000, Econfina phytoplankton numbers were down; this trend continued during the drought. Species richness in the Econfina remained high during 2000. In the Fenholloway system during 2000, inshore numbers remained high. Species richness, diversity, and evenness tended to be low where such high numbers occurred (F09, F10, F14). These community changes reflected the incidence of phytoplankton blooms in the Fenholloway system during 1999 and 2000.   

Peak whole water phytoplankton numbers in the Fenholloway system (Tables 3, 4) were associated with phytoplankton blooms (number cells L-1,> 106) of Leptocylindrus danicus (1,831,582 cells L-1, station F09, September 1999; 4,390,902 cells L-1, station F10, September 1999), Johannesbaptistia pellucida (2,111,220 cells L-1, station F11, September 1999), and Cerataulina pelagica (1,625,299 cells L-1, station F14, October 1999). The diatom Leptocylindrus danicus has a worldwide distribution in a variety of tropical coastal environments, and has adverse impacts on various fish species (see above). Leptocylindrus danicus was a key pioneer bloom species in the Perdido Bay system during the initial blooms of 1994. Johannesbaptistia pellucida is a filamentous blue-green alga with a mucous sheath. It has a worldwide distribution and is not considered to be a noxious species (A. K. S. K. Prasad, pers. comm.). Cerataulina pelagica is a filamentous diatom that is a known bloom species that closely resembles Leptocylindrus danicus in body type and natural history (A. K. S. K. Prasad, pers. comm.). These were the first blooms noted in either of the Apalachee study areas. 

During 2000, there were blooms during July in the Fenholloway estuary and in the offshore Fenholloway system (station F15) (Tables 3,4). The primary bloom species was Leptocylindrus minimum. There was also high dominance of Johannesbaptistia pellucida, Rhizosolenia setigera, and dinoflagellates (Gymnodinium spp.). These blooms were not as diverse as the previous year. The trends of both species of Leptocylindrus were somewhat different with high numbers of L. danicus in estuarine areas during 1999 and more generalized distributions during 2000. Leptocylindrus minimus only appeared in inshore Fenholloway waters during 2000. The species S. costatum, a primary dominant during 1992, virtually disappeared form the Fenholloway system during the bloom periods. There was a more general distribution of the bloom species Prorocentrum minimum in the Fenholloway during 2000. Changes in the Econfina phytoplankton community during 1999-2000 could be ascribed to the naturally altered habitat conditions associated with the drought (i.e., increased light penetration, salinity, water temperature, and reduced nutrient loading). Reduced diversity in the Econfina system during 1999 could be ascribed to increased dominance by various species and general increases in overall numbers of phytoplankton during this period. 

The data thus showed that during the period of increased light penetration, there were increased phytoplankton numbers in both systems. However, with time during the drought, numerical abundance of phytoplankton went down. Increased dominance by the bloom species Leptocylindrus danicus noted at stations F09 and F10 in 1999 and the related species L. minimus during 2000 suggest the possibility that increased light penetration coupled with continued high ammonia and orthophosphate loading led to an overlap of deeper photic depths coupled with high nutrient gradients, a situation similar to that of the 1994 initiation of Leptocylindrus danicus blooms in Perdido Bay under similar habitat conditions (drought + increased nutrient loading: Livingston, 2000, 2002). 

Net phytoplankton data supported the notation that there was a basic shift of phytoplankton species composition and abundance in the Fenholloway system during 1999. Numbers, diversity, and evenness indices of the Fenholloway net phytoplankton during 1992 were relatively low compared to the Econfina. Species richness was generally lower in the Fenholloway during both sampling periods with particularly low numbers in the estuary. On the other hand, numbers of phytoplankton were higher in the Fenholloway than the Econfina during 1999, with comparable reductions of Shannon diversity and evenness. 

The phytoplankton data taken during 2001 (June-October) indicated that there were no blooms during this period. In June, cryptophytes and nannoflagellates predominated, with bloom species such as Rhizosolenia setigera taken in the Fenholloway system in low numbers. During July, bloom species such as Rhizosolenia setigera and Leptocylindrus danicus were taken in the Fenholloway system in relatively low numbers. In August, cryptophytes and Gymnodinium spp. predominated in both systems. Navicula sp. was dominant in the Fenholloway system, but not in very high numbers. During September, Navicula sp. and Cyclotella cf atomus were dominant in the Fenholloway system, but were noted in relatively low numbers. In October, Dactyliosolen fragilissimus was a dominant in the Econfina but not the Fenholloway where bloom species such as Rhizosolenia imbricata, Merismopedia spp., and Navicula sp. were present. However, these species were taken in relatively low numbers. Overall, there were qualitative differences of the phytoplankton biota between the Econfina and Fenholloway systems, but the bloom species that were present in the Fenholloway during 1999-2000 were taken in relatively low numbers. These conditions were noted during the major drought that occurred during this period. 

During summer-fall 2002, no blooms were noted in the Fenholloway system. Phytoplankton numbers were comparable to those in the previous year. Cryptophytes were once again the most abundant group in both systems. The lack of blooms in the Fenholloway system during 2001-2002 could be related to low rainfall (and associated low river flows). It is possible that river pressure was insufficient carry the nutrients from the mill into offshore Fenholloway areas characterized by higher light penetration.

During 2003. there were unusually high chlorophyll a concentrations in offshore areas of the Fenholloway drainage. During August 2003, the dominant phytoplankton in the Fenholloway system were the bloom species Pseudonitzschia pseudodelicatissima and Chattonella sp. Pseudonitzschia pseudodelicatissima was present in both the Econfina and Fenholloway systems. The raphidophyte Chattonella sp., however, was noted only in the Fenholloway area. Based on the chlorophyll a distributions during this time period, it is likely that these species were present in bloom concentrations in at intermediate offshore areas in the Fenholloway system during July and August 2003. In any case, the relatively high rainfall and river flow conditions during summer 2003 was associated with major concentrations of these bloom species in the Fenholloway system. 


We have had considerable experience with Chattonella in the Perdido Bay system. The fish-killing mechanism of raphidophyte blooms is still poorly understood. Both physical clogging of gills by mucus excretion as well as gill damage by haemolytic substances such as polyunsaturated fatty acids may be involved (Shimoda et al., 1983; Chang et al., 1990). There is accumulating evidence that the production of superoxide radicals represents the primary mechanism of fish mortality. Imae et al. (1997) reported details concerning life cycle and bloom dynamics of Chattonella, a genus with 2 known fish-killing species (C. antqua and C. marina.). Nutrients and competitors (mainly diatoms) appear to affect the development of Chattonella populations. Anything interfering with diatom proliferation could give Chattonella an advantage. During a severe phytoplankton outbreak in the Seta Sea in 1972, a raphidophyte red tide killed 14 million cultured yellow tail fish. Effluent controls were then initiated to reduce the organic carbon loading and the discharge of phosphates from household detergents. Following a time lag of four years, the frequency of red tide events in the Seta Sea then decreased by about 2-fold to a more stable level (Hallegreaff, 1995). 

Blooms of other species of the genus Pseudonitzschia have been associated with periods of heavy rainfall. The pinnate diatom Pseudonitzschia pseudodelicatissima has been associated with domoic acid (DA), a potent neurotoxin produced by various species of the genus Pseudonitzschia. This association with this toxin has been noted both in field and laboratory studies. The DA concentrations in shellfish are regulated for human health concerns. The association of Pseudonitzschia pseudodelicatissima with DA is still the subject of ongoing research. However, this HAB species is suspected as being potentially toxic and is therefore of concern in the Fenholloway system. 

In summary, phytoplankton cell numbers and species richness were significantly depressed in the Fenholloway estuary relative to the Econfina estuary in 1992 as a result of increased color and reduced light transmission. In near-shore Fenholloway areas, the trend of reduced numbers of cells in 1992 changed to significantly increased numbers of cells with accompanying reductions of phytoplankton species richness during the period 1999-2004. With the exception of the offshore stations (F12, F16), the average numbers of cells L-1 were considerably higher in the Fenholloway system. The overall spatial/temporal distribution of phytoplankton averaged from 1999-2004 was characterized by increased activity by bloom species in the Fenholloway system (Table 3). Leptocylindrus minimus and L. danicus were located mainly in offshore areas. Pseudonitzschia pseudodelicatissima was located at stations F11 and F15. Rhizosolenia setigera was distributed throughout the Fenholloway system, and was also found in high numbers at station E12 in the Econfina area. The raphidophyte Chattonella sp. was found mainly at stations F11 and F15 although, based on the high chlorophyll a concentrations during summer 2004, this distribution probably extended throughout the Fenholloway offshore area. The red tide organism, Karenia brevis, was found for the first time in the offshore Fenholloway system.

It is possible that sustained blooms in the Apalachee Bay area will be impeded by the lack of major nutrient loading sources such as those noted in the alluvial rivers to the west. In the Perdido system, for example, the nutrient loading from a paper mill set off blooms that were then sustained as they floated down the bay by nutrients from the Perdido River. The highly saline and nutrient-poor (oligotrophic) Apalachee Bay system processed the nutrient loading from the pulp mill in a different way than that in the big-river Perdido system. Climatological trends and the effects of drought-flood conditions on light penetration and nutrient loading are obvious factors in the qualitative and quantitative aspects of phytoplankton ecology in Apalachee Bay. As color is reduced, the seagrass distribution will be enhanced in both systems, but the high nutrient loading in the Fenholloway system will then be subject to increased levels of a suite of bloom species. The impacts of such changes have not been evaluated. 

There was a major increase in the numerical abundance of zooplankton in both systems during the 1999-2000 sampling period (Table III-4). This was due, in large part, to increased numbers of the primary dominant, Acartia tonsa. Zooplankton species richness, which was somewhat higher in the Econfina system during 1992-1993, was equivalent in both systems during 1999-2000 although somewhat higher numbers of taxa were noted at station F10 than those taken at the cognate Econfina station. Overall, it appeared that the increased phytoplankton numbers in 1999 in both systems was accompanied by increased abundance of Acartia tonsa and general increases in zooplankton species richness in both study areas. A review of the zooplankton data taken before, during, and after the September-October phytoplankton blooms in the Fenholloway inshore waters indicated that overall numbers of Acartia tonsa and total zooplankton were severely reduced in areas affected by the blooms. These differences extended into November 1999. 

H. Submerged Aquatic Vegetation

During the 1991-92 and 2002 study period, maps of the offshore benthic vegetation were developed in the study area (Figure 12). We used ArcView® to determine the areas of the different densities to be calculated for each of a series of “zones” for both the 1992 and 2001  maps. This allowed for statistical comparison of density-designated SAV distributions for the 1992 and 2001 maps. The natural river systems (Aucilla, Econfina) had unvegetated areas that approximated 6.88 km2 and 9.83 km2, respectively. Based on the zonal characterizations of unvegetated areas, sectors within the Fenholloway drainage (about 12.5 km of coastline with an area of about 37.5 km2) represented about 31 km2 of unvegetated area. The five Aucilla/Econfina zones were compared to the five zones associated with the Fenholloway drainage. The coverage of unvegetated areas in the Aucilla/Econfina inshore regions approximated 14.4 km2. Based on this analysis, the Fenholloway system was associated with a net loss of approximately 23 km2 (37.5-14.4) of SAV in excess of what might have been expected in unpolluted freshwater drainages such as the Econfina and Aucilla systems. The highest concentrations of very sparse vegetation were noted in sectors 7 and 13, which fringed the Fenholloway drainage, These areas appeared to be transitional between the Fenholloway and its eastern and western boundaries. When compared to adjacent sectors, a net increase of about 3.4 km2 of very sparse vegetation was associated with the Fenholloway system.

Results of the most recent SAV mapping analyses a (Figure 12). There was a major change in the distribution of SAV in the study area by 2001. Whereas there were relatively extensive unvegetated areas associated with river outflows in 1992, these so-called “bare” areas were largely restricted to inshore parts of the Fenholloway system in 2001. In addition, the vegetation present along the coast was composed of relatively dense vegetation in the Econfina system. This change could be ascribed to reduced river flows, increased light penetration, and increased water temperature and salinity as noted above. There was a 17.7% reduction of color at station F03 in 1999-2000 relative to 1992-1993. Between 1998-99 and 2001-2002, there was an average 48.2 % reduction of color at station F10 which, when compared to the 11.3% reduction of color at station E08, would amount to an approximate 36.9% of drought-standardized color reduction at F10. There was an approximate 35% increase of SAV coverage in the Fenholloway system when standardized by coverage in comparable areas of the Econfina system. However, this increased coverage should be qualified by the fact that these changes were based on increased levels of very sparse and sparse SAV distributions in the Fenholloway compared to major increases of dense vegetation in the Econfina system. 

During 1992, there was virtually no dense SAV in either system in the immediate receiving areas. By 2001, there were net increases of dense and moderate vegetation in all 4 sectors due to increases of such vegetation in the Econfina system. There was thus a net deficiency of 13.29 km2 of dense vegetation and 4.64 km2 of moderate SAV cover in the Fenholloway system in the standardized data from 1992-2001. Thus, the main increases of vegetation in the Fenholloway system were either very sparse or sparse SAV. This observation is consistent with the quantitative quadrat data described above. The net reduction of bare areas in the Fenholloway system was thus associated with increased concentrations of lightly vegetated areas in inshore parts of the Fenholloway estuary. At the same time, vegetation increases in the Econfina system were dominated by dense vegetation.

A combined field descriptive/experimental and laboratory experimental study was carried out to determine the relationships of water quality, qualitative and quantitative light factors and sediment characteristics in the definition of the distribution of submerged aquatic vegetation (SAV) offshore of the Econfina and Fenholloway drainage systems (Livingston et al, 1998b). Statistical comparisons were made of the monthly field physical/chemical and biological data by cognate station pairs. Serial dependence of data from a given pair of stations was removed by differencing the observations and calculating and plotting the autocorrelations of the differences. If the differences were not serially correlated, we applied the Wilcoxon sign-rank test on the differences to compare the two sets of numbers (p=0.05). A matrix of the water and sediment quality data associated with the sea grass mapping was prepared. Values for the dependent variables (sea grass coverage by sector) were paired with the water/sediment quality data (independent variables) taken for stations within each sector. Normalized irradiance used in the analyses included PAR (integration of irradiance over the wavelength range 400-700 nm), three irradiance observations at discrete wavelengths (430, 550, and 665 nm), the computed values for the attenuation coefficient (Kd), photic depth (10% of incident light), and euphotic depth (1% of incident light). The integrated database, comparing the different geographical areas of the coastal areas from the Aucilla River mouth to Spring Warrior Creek, was analyzed using various descriptive statistical methods. Unless otherwise defined, these statistics were run using SAS™, Systat™ and SuperAnova™. The data were grouped as follows; Fall 1991; 9-month mean data following the SAV growing season (April 1992-December 1992);  Spring 1993. Data analyses were run on these three independent data sets. Scattergrams of the long-term field data were examined and either logarithmic or square root transformations were made, where necessary, to approximate the best fit for a normalized distribution.

The best predictors of SAV distribution were photic depths, qualitative aspects of wavelength distributions, water quality factors (color, DOC and chlorophyll a) and sediment characteristics. Water quality components associated with Fenholloway runoff to the Gulf were closely correlated with postulated impacts on SAV in the immediate receiving areas and such factors were significantly correlated with the extension of the unvegetated areas along the Fenholloway inshore waters. However, the use of statistical analyses of descriptive data could not explain specific cause-and-effect relationships of habitat variables and the distribution of SAV in the near-coastal waters along the Gulf coast. Therefore, the water quality/light transmission variables and SAV distributions were used to establish specific hypotheses that could then be tested though a series of laboratory and field experiments.

Experimental analyses using mesocosms of dominant sea grasses (Thalassia testudinum, Syringodium filiforme, Halodule wrightii) indicated that direct contact with pulp mill effluents resulted in adverse growth responses at concentrations as low as 1-2%. Mesocosm experiments with light conditions that reproduced actual field conditions indicated that light conditions in offshore areas affected by pulp mill effluents adversely affected growth indices of S. filiforme and H. wrightii. Field transfer experiments showed that growth indices of the three dominant sea grass species were adversely affected by water quality and sediment quality in the Fenholloway offshore receiving area. Data from the descriptive field analyses and the laboratory/field experiments were consistent with the conclusion that qualitative and quantitative light transmission characteristics represented the primary determinants of SAV distribution in offshore areas of the Gulf with sediment type, water quality, salinity and depth as important modifying factors for such distribution.

Quantitative sea grass sampling was carried out on established stations at monthly intervals during various periods from 1971-2002. Eight (randomly distributed) quadrat samples (1/4-m2) were taken by divers according to methods described by Livingston et al. (1976). Samples were identified to species with dry weight determinations for both macrophytes and epiphytic algae. The species-specific data and statistical analyses of the annual SAV data are given in Tables 5 and 6. 

During 1972-1973, the Fenholloway system had low levels of SAV compared to reverence sites. Econfina SAV was concentrated in western offshore sites during summer-fall months. The lowest concentrations were usually around the Econfina River mouth and in far offshore areas as a result of light and nutrient limitations (Livingston et al., 1998). During 1992-1993, overall SAV biomass was relatively low in both systems, with most SAV located in offshore areas. The heaviest concentrations in the Econfina were again at western sites. In the Fenholloway area, SAV varied with the highest concentrations between eastern and western offshore areas. During 1999-2000, there was a return to high SAV biomass in the Econfina system, with the highest SAV development in near offshore areas from May through November. Peak SAV development occurred during June. In the Fenholloway system in 1999-2001, SAV was concentrated in offshore, western parts of the estuary. Overall, SAV development in the Fenholloway was generally higher during 1999-2001 although inshore effects of the river were more extensive than those noted at the reference site. SAV development in Apalachee Bay depends on factors such as depth, light penetration, nutrient distribution, and water/sediment quality (Livingston et al., 1988). These data indicate major seasonal and interannual variation in the form and distribution of SAV in the Econfina and Fenholloway systems from 1972-2001.

Peak SAV concentrations at intermediate Econfina stations (E08, E10, E13) as a response to increased light penetration and increased nutrients over the 3-year observation period (1999-2002). Offshore areas were nutrient limited. With the exception of station F12, there were major decreases of SAV in the entire Fenholloway study area.  Syringodium filiforme was a major dominant in offshore Econfina areas. Halophila engelmani moved into the Fenholloway areas during the study with high concentrations at stations F15 and F16. Thalassia testudinum was concentrated around station E12. 

With the exception of offshore areas (E12. F12; E09, F16), SAV biomass was significantly lower in the Fenholloway system than the Econfina. This includes periods from 1972-1973 through the intensive analyses of 1992-1993 to the most recent analyses (1999-2002). There was considerable interannual variation of SAV biomass over the study period, but there was no significant improvement of this index over the most recent 3-year period of analysis. SAV species richness showed a similar trend with significant reductions of this index in offshore Fenholloway areas relative to reference stations. The primary difference between species richness and biomass was an increase in the number of SAV taxa at station F15 during the period 2000-2002 and at station F11 during 2001-2002. Overall, however, there has not been an appreciable recovery of SAV biomass and species richness since the early 1970’s.
Inshore areas of the Fenholloway system could not be evaluated for epiflora and epifauna due to the absence of sea grasses. Mid-distance stations had relatively comparable biomass of such organisms in the Econfina and Fenholloway systems. Far-offshore areas had higher such values in the Fenholloway drainage. The epiphyte biomass data indicated that enhanced nutrient and organic carbon loading from the Fenholloway River did not cause major differences in the epibiota found on the sea grasses at intermediate offshore stations where sea grasses occurred in both systems. There was an indication that such organisms in far offshore areas were better developed in the Fenholloway drainage than at reference sites. Higher nutrient loading together with increased light transmission offshore would favor the increased cover of the epibiota on sea grass blades in the Fenholloway drainage. The fact that sea grasses were growing well in areas most heavily affected by epibiotic cover would indicate that increased epiphyte growth did not affect the sea grasses in such areas. 

There were some very important changes in the SAV ecology of the Apalachee Bay area during the 1999-2002 study period. For the first time in almost 30 years of sampling, active flowering was noted in 4 dominant sea grass species. The flowers and fruiting bodies were noted mainly in offshore stations in both systems during spring and summer months. This form of reproduction makes the expansion of sea grass beds in Apalachee Bay more feasible. The flowering of these species also coincides with the substantial increases of water temperature during the study period. 
I. Invertebrates

In the Econfina system, invertebrate dominance relationships were similar during the 3 sampling periods from 1999-2002 (Livingston, 2004). In the Fenholloway system, dominance shifted from Tozeuma carolinensis to Hippolye zostericola. Secondary dominants were also different during later sampling periods. A comparison of the trends of invertebrate community indices in the Econfina and Fenholloway offshore systems indicated significant reductions of numbers of individuals and species richness in all Fenholloway areas except stations F12 and F16. These offshore areas in the Fenholloway were the only areas characterized by the presence of sea grass beds, a result of water quality changes associated with dilution of the effluent as it moved offshore. There was thus a trend toward reduced invertebrate numbers and species richness in areas of the Fenholloway system that were characterized by debilitated sea grass beds. Species richness and diversity at station F15 tended to increase with time (Livingston, 2004) as a response to increased SAV species richness in this area. However, overall, this analysis indicated that the continued absence of SAV biomass and species richness was accompanied by reduced numbers of invertebrates and reduced invertebrate species richness in the Fenholloway system relative to reference areas.

A review of the trends of invertebrate community indices in the Econfina and Fenholloway offshore systems from 1972-1984 indicated significant reductions of numbers and species richness of epibenthic invertebrates at stations F09, F10, F11, and F14 relative to the Econfina cognate stations (Livingston et al., 1998). Numbers and species richness were significantly higher at stations F12 and F16 than the cognate Econfina stations. This finding was considered to be a result of the changes associated with dilution of the effluent as it moved offshore. During 1992/1993, these trends were again obvious with some minor differences such as significantly reduced numbers at station F15. In 1999-2002, again with the exception of sea grass areas at F12 and F16, there were significant reductions of invertebrate numbers and species richness in the Fenholloway offshore system relative to the reference stations (Tables 7, 8. Species diversity trends tended to follow the species richness differences. There were increased numbers of invertebrates in both systems in 1999/2002 relative to previous years. During the 2001 and 2002 periods, there was a trend toward significant reductions of invertebrate numbers and species richness in areas of the Fenholloway system that were characterized by debilitated sea grass beds. During this period, species richness and diversity increased at station F15 possibly as a response to increased SAV species richness in this area. However, the continued absence of SAV biomass and species richness was accompanied by reduced numbers of invertebrates and reduced invertebrate species richness in the Fenholloway system relative to reference areas.
J. Fishes 

Livingston (1975) found that the offshore Fenholloway system was characterized by reduced fish diversity and species richness. The Fenholloway estuary was characterized by higher fish dominance and lower numbers of individuals. Such differences corresponded to previously described distributions of SAV and macroinvertebrates. These effects could have been due to physiological impacts (respiration, growth, food conversion efficiency; Stoner and Livingston, 1978) and/or behavior response such as avoidance of the mill effluents (Lewis, 1974; Lewis and Livingston, 1977; Livingston et al., 1976). However, the primary factor of the qualitative and quantitative changes of the fish assemblages was the altered trophic organization of the Fenholloway system due the effects of pulp mill discharges on SAV distribution (Livingston, 2002). Changes in the seagrass beds were associated with altered food web patterns in terms of species shifts and feeding alterations relative to reference areas in the Econfina drainage system (Livingston, 1975, 1980). 

Feeding habits of dominant fish species were different in the offshore Fenholloway system than those in cognate areas of the Econfina drainage. Such differences were traced to basic changes in the habitat due to the reduced seagrass beds in the Fenholloway system (Clements and Livingston, 1983). Reduced SAV, together with increased phytoplankton productivity, appeared to alter the habitat conditions and fish trophic organization in the Fenholloway offshore area relative to the reference system. Subsequent improvement in water quality was associated with some recovery of the fish trophic organization in outer areas of the Fenholloway system (Livingston, 1982, 1984a). Generalized feeding types among the dominant offshore fishes were associated with habitat changes in the subject systems. Livingston (1984a) showed that alterations of the seagrass beds were reflected in the trophic organization of the Fenholloway system. During an earlier period of the untreated mill effluents, grass bed species were replaced by plankton-feeding fishes in areas affected by such discharges. Subsequent water quality improvement due to the implementation of secondary treatment of the mill effluents in 1974 was accompanied by shifts in age-specific dietary patterns of fishes in the Fenholloway system. These shifts resembled the trophic organization of fish populations in the reference Econfina system that showed considerable interannual stability in their basic feeding patterns. Such trophic shifts in the Fenholloway system were thus important in the determination of fish community structure in this area and that such shifts followed habitat changes in the outer portions of the Fenholloway estuary.

A list of the numerically dominant fishes by station is given in Table 9. The primary grass bed species (i.e., Lagodon rhomboides, Diplodus holbrooki, Orthopristis, chrysoptera, Bairdiella chrysoura) were largely absent in the Fenholloway system where overall numbers of fishes were substantially less than those at cognate Econfina stations. The only part of the Fenholloway system where equivalence of overall fish numbers occurred between cognate stations was in offshore areas (E09, F16). Cumulative species richness, on the other hand, was generally comparable between cognate stations. Species richness and diversity indices were actually higher at most Fenholloway stations. This counter-intuitive finding was due to the fact that fish associations in the natural inshore sea grass beds in Apalachee Bay are highly dominant. This dominance is reduced with the altered trophic organization from sea grass order to a plankton-dominated hierarchy (Livingston, 1975). 

A comparative statistical review of fish community indices in the Econfina and Fenholloway systems from 1972-2004 is given in Table 10. During 1972/73, with the exception of stations F12 and F16, fish numbers and species richness were significantly lower in the Fenholloway system compared to reference areas. In the 1992-93 sampling period, fish numbers were down in both systems, and there were relatively few significant differences of the fish indices between the Econfina and Fenholloway systems. During 1999-2000, offshore Fenholloway areas again were characterized by comparable fish faunas in the Econfina and Fenholloway areas. During the next 2 years, there was significantly higher species richness at station F16. However, by 2003-2004, fish species richness was down at most stations in the Fenholloway system including F12 and F16. This pattern was reversed in eastern sections (F13, F15) where there was equivalence of fish species richness with that in reference areas. Fish abundance was still significantly lower in these Fenholloway areas. The data are comparable to the SAV results in these areas where SAV biomass was down and SAV species richness was up.

K. Restoration 

The Fenholloway River does not have the assimilative capacity to process the high-volume effluent from the pulp mill. Problems associated with low dissolved oxygen and specific conductance cannot be resolved because of the relatively low flow conditions that are natural to the Fenholloway drainage. The restoration of the offshore sea grass bed will depend on treatment of watercolor of the effluent. Reduced color will enhance the possibilities for increased frequency and toxic effects of phytoplankton blooms due to the high levels of ammonia and orthophosphate loading from the mill. Therefore, color restoration should be accompanied by reductions of nutrient loading from the mill to levels that will not stimulate damaging plankton blooms. Methods for reducing orthophosphate and ammonia loading are also available. 

The proposed program of restoration should be accompanied by adequate scientific monitoring of the Fenholloway system to determine the efficacy of the various treatment systems with respect to water quality improvement and recovery of the biological resources in the receiving areas. The nutrient loading question is related to the light penetration (color) question, and both factors should be analyzed in detail so that restoration of the offshore Fenholloway system can be achieved. A study should be carried out with respect to the establishment of nutrient loading trends of orthophosphate (PO4), nitrite + nitrate (NO2, NO3), and ammonia (NH3). Loading evaluations of these nutrients will involve determinations of flow characteristics of the Econfina and Fenholloway River systems. The loading analyses should be accompanied by an evaluation of nutrient concentrations in the system, and phytoplankton assemblages in receiving areas of both systems. The determination of nutrient loading targets for the mill should be placed within the context of seasonal and interannual phytoplankton bloom responses to ambient loading and background levels of nutrients in the Econfina River system. At the same time, biological indices associated with phytoplankton assemblages, SAV recovery, and invertebrate/fish distributions should be monitored to determine system response to projected reductions of color and nutrient loading.  

Livingston (2002) described the cessation of phytoplankton bloom events associated with the attainment of nutrient loading targets by a pulp mill in Perdido Bay. These targets were based on long-term field studies that associated nutrient loading (ammonia and orthophosphate) with the incidence of blooms. There were regular seasonal and interannual successions of bloom sequences that helped to define the nutrient loading requirements for the Perdido system. Similar methods of analysis should be established here to define realistic nutrient loading targets that will be operable with mill discharges into the offshore Fenholloway system. These changes should be analyzed simultaneously with estimated of color reduction so the SAV can recover without associated phytoplankton blooms. Color removal and reduced loading of ammonia and orthophosphate should thus be based on studies of the assimilative capacity of the receiving system to current and future discharges from the mill.
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V. Tables

Table 1: Comparisons of water quality factors at stations in the Econfina and Fenholloway systems. Data were averaged over 9-12-month periods from 1992-2004 and analyzed with t-tests and Wilcoxon Means tests for differences (See Appendix II).

	Factor
	color
	D. O.
	Cond.
	Chlor.a
	temp.
	NO2/NO3
	NH3
	PO4

	Cognate Station Pair
	PCU
	mg/L
	µmhos/cm
	µg/L
	oC
	mg/L
	mg/L
	mg/L

	
	
	
	
	
	
	
	
	

	E01/F03-(6/92-4/93)
	302/1252
	3.4/2.2
	68/3993
	0.51/0.53
	15.1/24.1
	0.05/0.79
	0.06/1.64
	0.05/0.99

	River
	WS
	WS
	WS
	WN
	WS
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E01/F03-(4/98-3/99)
	207/955
	5.2/1.1
	392/1504
	0.05/0.12
	21.1/24.2
	0.01/0/39
	0.05/2.67
	0.04/0.87

	River
	WS
	WS
	WS
	WN
	WS
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E01/F03-(4/99-3/00)
	88/1005
	6.1/0.79
	431/1804
	1.29/0.49
	20.3/23.5
	0.24/0.86
	0.07/3.21
	0.08/1.24

	River
	WS
	WS
	WS
	WN
	WS
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E01/F03-(4/00-3/01)
	57/956
	6.1/0.75
	390/1702
	1.1/0.6
	19.9/22.1
	0.023/0.073
	0.04/2.38
	0.05/0.45

	River
	WS
	WS
	WS
	WN
	WS
	WN
	WS
	WS

	
	
	
	
	
	
	
	
	

	E01/F03-(4/01-3/02)
	167/944
	6.1/0.85
	434/1710
	0.76/0.69
	20.1/23.5
	0.02/0.14
	0.09/3.10
	0.06/0.80

	River
	WS
	WS
	WS
	WN
	WS
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E01/F03-(6/02-11/02)
	302/902
	ND
	ND
	1.7/3.9
	ND
	0.03/0.06
	0.05/3.02
	0.08/0.88

	River
	WS
	
	
	WS
	
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E01/F03-(7/03-3/04)
	574/794
	5.7/1.7
	194/1021
	5.7/1.7
	18.8/21.2
	0.02/0.10
	0.07/1.36
	0.06/0.46

	River
	WS
	WS
	WS
	WS
	WS
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E06/F06-(7/03-3/04)
	405/488
	6.7/4.7
	--
	1.83/2.3
	18.9/21.5
	0.03/0.33
	0.051/0.163
	0.30/0.21

	(River Mouth)
	WS
	WS
	
	WN
	WS
	WS
	WN
	WS

	
	
	
	
	
	
	
	
	

	E07/F09-(7/03-3/04)
	168/314
	7.5/5.8
	--
	6.1/4.3
	19.4/21.5
	0.01/0.23
	0.043/0.145
	0.01/0.15

	(River Mouth)
	WS
	WS
	
	WN
	WN
	WS
	WS
	WS

	
	
	
	
	
	
	
	
	

	E08/F10-(7/03-3/04)
	56.5/75/8
	7.9/7.9
	--
	6.1/10.5
	19.9/21.3
	0.015/0.023
	0.031/0.031
	0.005/0.011

	(Center 1.5 km)
	WS
	WN
	
	WS
	WN
	WN
	WN
	WN

	
	
	
	
	
	
	
	
	

	E09/F16-(7/03-3/04)
	28.7/19.4
	7.8/7.7
	--
	7.8/6.2
	20.2/20.9
	0.03/0.05
	0.032/0.052
	0.005/0.005

	(Center. 5 km.)
	WN
	WN
	
	WN
	WN
	WN
	WN
	WN

	
	
	
	
	
	
	
	
	

	ND = no data
	
	
	
	
	
	
	
	

	WN-not sig. (p = 0.05)
	
	
	
	
	
	
	
	

	WS-sig. (p = 0.05)
	
	
	
	
	
	
	
	

	CV = RHO > 
	
	
	
	
	
	
	
	

	Critical Value 
	
	
	
	
	
	
	
	


Table 2: Long-term comparisons of chlorophyll a averaged over 12-month periods and analyzed with t-tests and Wilcoxon Means tests for differences (See Appendix II). 

	
	Chlorophyll a
	
	Chlorophyll a
	
	Chlorophyll a
	
	

	
	April-1992-March 1993
	
	April-1998-March 1999
	
	April-1999-March 2000
	
	

	Cognate
	(µg/L)
	
	(µg/L)
	
	(µg/L)
	
	

	Station Pair
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	E06/F06
	5.58/2.81
	
	3.0/4.3
	
	3.0/3.9
	
	

	(River Mouth)
	WS (P<0.01)
	
	WN
	
	WN
	
	

	
	
	
	
	
	
	
	

	E07/F09
	8.3/4.04
	
	3.6/6.5
	
	3.0/5.0
	
	

	(River Mouth)
	WS (P<0.05)
	
	WN
	
	WN
	
	

	
	
	
	
	
	
	
	

	E08/F10
	4.1/8.0
	
	3.8/7.4
	
	1.0/4.7
	
	

	(Center 1.5 km)
	WS (P<0.01)
	
	WS (P<0.02)
	
	WS (P<0.02)
	
	

	
	
	
	
	
	
	
	

	E09/F16
	3.4/3.2
	
	4.3/3.3
	
	0.7/1.3
	
	

	(Center. 5 km.)
	WN
	
	WN
	
	WN
	
	

	
	
	
	
	
	
	
	

	E10/F11
	3.7/5.7
	
	4.1/5.4
	
	1.0/5.7
	
	

	(W. Shore)
	WN
	
	WN
	
	WS (P<0.02)
	
	

	
	
	
	
	
	
	
	

	E12/F12
	8.1/10.4
	
	2.7/5.7
	
	0.9/1.6
	
	

	(W. 3 km.)
	WN
	
	WN
	
	WN
	
	

	
	
	
	
	
	
	
	

	E11/F14
	2.6/6.1
	
	5.1/9.3
	
	4.3/6.4
	
	

	(E. Shore)
	WN
	
	WN
	
	WN
	
	

	
	
	
	
	
	
	
	

	E13/F15
	5.5/7.3
	
	3.7/6.4
	
	1.0/4.9
	
	

	(E. 1.5 km.)
	WN
	
	WN
	
	WS (P<0.02)
	
	

	
	
	
	
	
	
	
	

	
	Chlorophyll a
	
	Chlorophyll a
	
	Chlorophyll a
	
	Chlorophyll a

	
	April-2000-March 2001
	
	April-2001-March 2002
	
	April-2002-March 2003
	
	April-2003-March 2004

	Cognate
	(µg/L)
	
	(µg/L)
	
	(µg/L)
	
	(µg/L)

	Station Pair
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	E06/F06
	4.4/7.4
	
	2.2/4.7
	
	1.2/2.7
	
	2.3/3.0

	(River Mouth)
	WS (P<0.01)
	
	WS (P<0.02)
	
	WN
	
	WN

	
	
	
	
	
	
	
	

	E07/F09
	3.3/8.8
	
	1.6/9.1
	
	6.9/6.8
	
	8.2/4.3

	(River Mouth)
	WN
	
	WS (P<0.02)
	
	WN
	
	WS (P<0.05)

	
	
	
	
	
	
	
	

	E08/F10
	1.1/6.2
	
	0.9/3.9
	
	0.8/4.2
	
	1.0/16.6

	(Center 1.5 km)
	WS (P<0.02)
	
	WS (P<0.02)
	
	WS (P<0.02)
	
	WS (P<0.05)

	
	
	
	
	
	
	
	

	E09/F16
	.5/1.4
	
	0.4/0.9
	
	0.9/1.0
	
	10.2/5.3

	(Center. 5 km.)
	WN
	
	WN
	
	WN
	
	WS (P<0.05)

	
	
	
	
	
	
	
	

	E10/F11
	0.7/3.6
	
	1.6/1.9
	
	1.6/1.9
	
	11.4/17.5

	(W. Shore)
	WS (P<0.05)
	
	WN
	
	WN
	
	WS (P<0.05)

	
	
	
	
	
	
	
	

	E12/F12
	0.5/2.0
	
	0.5/2.0
	
	1.4/2.7
	
	8.0/8.7

	(W. 3 km.)
	WS (P<0.02)
	
	WS (P<0.02)
	
	WN
	
	WN

	
	
	
	
	
	
	
	

	E11/F14
	3.6/9.9
	
	2.8/6.1
	
	1.9/7.8
	
	12/14.1

	(E. Shore)
	WS (P<0.05)
	
	WN
	
	WS (P<0.02)
	
	WN

	
	
	
	
	
	
	
	

	E13/F15
	0.9/5.8
	
	0.9/4.0
	
	0.9/3.4
	
	11.5/22.5

	(E. 1.5 km.)
	WN
	
	WN
	
	WN
	
	WS (P<0.05)

	ND = no data
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	WN-not sig. (p = 0.05)
	
	
	
	
	
	
	

	WS-sig. (p = 0.05)
	
	
	
	
	
	
	

	CV = RHO > 
	
	
	
	
	
	
	

	Critical Value 
	
	
	
	
	
	
	


 Table 3: Summary of phytoplankton data taken in the Econfina and Fenholloway offshore systems from 1992-1993 and 1999-2004. Distribution of the top 35 species are by numbers by station is shown. Also shown is the distribution of Karenia brevis (red tide species). Bloom species are noted in boldface and are underlined.

 1992-1993

	Species
	E06
	F06
	E07
	F09
	E08
	F10
	E09
	F16

	Skeletonema costatum
	54,279
	440,226
	52,947
	19,980
	4,995
	1,051,947
	35,298
	55,231

	Pyramimonas spp.
	136,863
	36,963
	203,131
	103,896
	182,152
	103,730
	32,968
	65,861

	Thalassionema nitzschioides
	82,917
	17,982
	172,328
	20,979
	353,147
	31,968
	83,084
	64,436

	Cylindrotheca closterium
	113,220
	22,644
	101,066
	184,149
	23,477
	52,614
	31,469
	49,118

	Chaetomorpha spp.
	16,317
	7,992
	79,754
	11,988
	171,662
	7,659
	57,942
	37,796

	Rhizosolenia stolterfothii
	27,972
	--
	3,996
	--
	18,981
	24,143
	87,912
	182,651

	Cyclotella choctawhatcheeana
	75,924
	43,328
	78,588
	42,291
	30,969
	24,642
	16,317
	14,848

	Bacteriastrum hyalinum
	666
	371
	26,640
	--
	59,940
	76,923
	28,971
	53,392

	Rhizosolenia fragilissima
	333
	333
	37,962
	9,657
	134,199
	11,988
	44,622
	7,438

	Cocconeis scutellum
	43,290
	14,727
	54,280
	16,317
	35,465
	15,485
	45,122
	19,647

	Minutocellus scriptus
	26,973
	50,283
	33,300
	55,944
	16,650
	13,653
	1,332
	6,662

	Chaetoceros diversus
	14,985
	5,328
	54,945
	9,990
	62,937
	4,329
	27,306
	22,644

	Asterionellopsis japonica
	1,665
	999
	15,318
	5,661
	65,435
	10,323
	4,662
	22,201

	Johannesbaptistia sp.
	--
	--
	--
	--
	1,332
	92,241
	27,306
	999

	Nitzschia pungens
	999
	1,665
	333
	--
	77,256
	1,665
	11,322
	26,973

	Rhizosolenia setigera
	33,300
	7,659
	11,656
	13,653
	8,658
	14,985
	5,661
	19,647

	Nitzschia sp. (heteropolar & hyaline)
	5,994
	9,324
	29,970
	6,327
	25,974
	3,996
	18,648
	2,083

	Proboscia alata f. gracillima
	--
	--
	--
	--
	--
	17,649
	45,621
	35,964

	Skeletonema costatum (2-5µ)
	--
	--
	--
	--
	66,933
	8,658
	17,982
	--

	Chaetoceros sp. 3 ( E08 3/93)
	--
	--
	--
	--
	88,911
	--
	--
	--

	Gymnodinium sp. 10
	--
	--
	--
	--
	--
	--
	--
	85,914

	Amphidinium sp. 4 ( E08 12/92)
	--
	--
	--
	--
	78,255
	--
	--
	--

	Chaetoceros compressus
	1,665
	--
	4,329
	--
	41,625
	--
	16,983
	7,992

	Thalassiosira sp. (3-5µm)
	6,993
	--
	15,984
	8,658
	18,648
	11,988
	666
	--

	Paralia sulcata
	6,660
	--
	2,165
	4,662
	3,996
	3,663
	21,312
	17,982

	Achnanthes manifera
	13,320
	666
	23,644
	3,330
	7,660
	1,998
	4,662
	4,829

	Bacillaria paxillifer
	6,993
	999
	4,829
	12,654
	--
	13,320
	8,658
	10,656

	Johannesbaptistia pellucida
	6,327
	4,329
	3,996
	6,327
	2,331
	1,332
	9,990
	21,978

	Entomoneis alata
	19,314
	1,665
	18,482
	999
	333
	--
	999
	--

	Synedra tabulata
	2,664
	1,998
	17,484
	666
	6,328
	2,165
	6,327
	1,998

	Leptocylindrus danicus
	333
	--
	8,159
	5,994
	5,328
	5,328
	6,327
	7,326

	Chaetoceros perpusillus
	--
	--
	--
	--
	33,633
	--
	--
	--

	Chaetoceros fragilis
	7,326
	--
	6,660
	--
	--
	--
	--
	7,326

	Chaetoceros lorenzianus
	--
	--
	--
	--
	2,997
	--
	--
	--

	Chaetoceros gracilis
	333
	--
	--
	--
	--
	--
	--
	--

	TOTAL
	707,625
	669,481
	1,061,946
	544,122
	1,630,206
	1,608,392
	699,469
	853,591

	
	
	
	
	
	
	
	
	

	
	E10
	F11
	E11
	F14
	E25
	F25
	
	TOTAL

	Skeletonema costatum
	8,658
	475,524
	2,664
	958,041
	1,998
	1,998
	
	1,714,903

	Pyramimonas spp.
	61,605
	95,904
	144,856
	237,096
	29,637
	12,322
	
	865,564

	Thalassionema nitzschioides
	120,214
	18,648
	65,268
	16,817
	10,323
	29,804
	
	826,841

	Cylindrotheca closterium
	8,159
	43,124
	61,272
	63,603
	3,497
	5,329
	
	577,757

	Chaetomorpha spp.
	110,556
	23,310
	75,591
	1,332
	58,442
	24,975
	
	391,109

	Rhizosolenia stolterfothii
	6,993
	6,494
	8,159
	333
	5,329
	33,633
	
	345,655

	Cyclotella choctawhatcheeana
	25,308
	36,630
	35,964
	26,640
	8,991
	4,329
	
	326,907

	Bacteriastrum hyalinum
	69,930
	45,621
	5,328
	666
	833
	1,998
	
	246,903

	Rhizosolenia fragilissima
	30,636
	999
	5,661
	1,998
	25,974
	6,327
	
	246,532

	Cocconeis scutellum
	59,275
	12,821
	19,315
	10,989
	3,830
	1,166
	
	244,333

	Minutocellus scriptus
	58,941
	14,652
	94,239
	88,578
	1,332
	1,332
	
	204,797

	Chaetoceros diversus
	81,585
	9,324
	21,978
	2,997
	--
	1,665
	
	202,464

	Asterionellopsis japonica
	41,126
	15,984
	333
	1,332
	8,991
	1,998
	
	126,264

	Johannesbaptistia sp.
	--
	35,964
	--
	333
	30,636
	--
	
	121,878

	Nitzschia pungens
	999
	999
	333
	--
	26,973
	999
	
	120,213

	Rhizosolenia setigera
	10,657
	64,103
	6,660
	7,326
	6,660
	3,830
	
	115,219

	Nitzschia sp. (heteropolar & hyaline)
	20,646
	3,663
	5,661
	13,653
	666
	4,995
	
	102,316

	Proboscia alata f. gracillima
	--
	--
	--
	--
	--
	--
	
	99,234

	Skeletonema costatum (2-5µ)
	43,956
	--
	19,647
	--
	2,331
	12,987
	
	93,573

	Chaetoceros sp. 3 ( E08 3/93)
	--
	--
	--
	--
	--
	--
	
	88,911

	Gymnodinium sp. 10
	--
	--
	--
	--
	--
	--
	
	85,914

	Amphidinium sp. 4 ( E08 12/92)
	--
	--
	--
	--
	--
	--
	
	78,255

	Chaetoceros compressus
	304,362
	31,635
	6,327
	--
	81,585
	36,963
	
	72,594

	Thalassiosira sp. (3-5µm)
	64,269
	999
	35,964
	16,650
	2,331
	--
	
	62,937

	Paralia sulcata
	999
	2,997
	1,665
	2,331
	833
	1,166
	
	60,440

	Achnanthes manifera
	8,492
	2,664
	13,154
	2,331
	1,998
	2,166
	
	60,109

	Bacillaria paxillifer
	2,664
	5,661
	--
	14,319
	--
	999
	
	58,109

	Johannesbaptistia pellucida
	6,660
	1,332
	666
	1,832
	4,995
	3,331
	
	56,610

	Entomoneis alata
	333
	--
	30,969
	3,996
	--
	--
	
	41,792

	Synedra tabulata
	11,988
	4,829
	667
	4,995
	500
	167
	
	39,630

	Leptocylindrus danicus
	1,998
	4,496
	12,321
	6,327
	10,989
	2,165
	
	38,795

	Chaetoceros perpusillus
	38,295
	--
	--
	--
	--
	--
	
	33,633

	Chaetoceros fragilis
	--
	--
	--
	--
	2,126,205
	--
	
	21,312

	Chaetoceros lorenzianus
	4,995
	91,242
	--
	--
	--
	2,664
	
	2,997

	Chaetoceros gracilis
	89,910
	--
	--
	333
	333
	--
	
	333

	TOTAL
	1,294,209
	1,049,619
	674,661
	1,484,848
	2,456,211
	199,308
	
	7,774,832

	
	
	
	
	
	
	
	
	

	1999-2004
	
	
	
	
	
	
	
	

	Species
	E06
	F06
	E07
	F09
	E08
	F10
	E09
	F16

	Johannesbaptistia pellucida
	3471
	4995
	27031
	26593
	36591
	31251
	57816
	25162

	Leptocylindrus minimus
	0
	222
	499
	101977
	1300
	104483
	17879
	51

	Leptocylindrus danicus
	0
	10157
	1217
	88599
	461
	178367
	456
	3682

	Cyclotella choctawhatcheeana
	1140
	1510
	16067
	2996
	6557
	2310
	8121
	409

	Cyclotella cf. atomus
	5086
	38397
	6584
	30866
	5250
	15178
	4471
	1345

	Proboscia alata
	211
	6826
	948
	17356
	7973
	24149
	29223
	2567

	Dactyliosolen fragilissimus
	2209
	1109
	8906
	1602
	3504
	14628
	4542
	2524

	Cerataulina pelagica
	18
	422
	885
	4623
	431
	11892
	5057
	4566

	Thalassiosira cedarkeyensis
	5259
	24454
	10080
	13961
	8970
	8871
	1866
	2940

	Pseudonitzschia pseudodelicatissima
	0
	0
	0
	0
	0
	0
	5308
	0

	Thalassiosira minima proschikinae complex
	1332
	15251
	2549
	23730
	2190
	7552
	968
	6315

	Asterionellopsis glacialis
	88
	543
	1940
	4393
	2228
	3237
	48649
	2714

	Rhizosolenia setigera
	99
	3054
	4045
	5989
	1334
	28896
	551
	5088

	Cylindrotheca closterium
	4540
	8913
	5504
	8009
	1302
	4158
	566
	2200

	Chattonella sp.
	0
	44
	0
	0
	0
	147
	0
	743

	Bacteriastrum hyalinum
	140
	44
	3136
	0
	608
	100
	2569
	57

	Chaetoceros laciniosus
	1036
	178
	24461
	95
	7055
	1040
	284
	7100

	Cerataulina pelagica (veg.)
	0
	0
	0
	0
	0
	0
	0
	0

	Thalassiosira proschikinae
	88
	11518
	346
	19484
	0
	2711
	19
	0

	Chaetoceros compressus
	105
	0
	7977
	650
	3614
	7458
	463
	500

	Helicotheca tamensis
	105
	1187
	448
	1237
	243
	6380
	12
	1902

	Navicula sp. 54 small (F09 8/01)
	18
	2952
	13
	13471
	0
	4509
	0
	6

	Cocconeis scutellum
	1176
	121
	2993
	215
	4176
	1154
	1263
	502

	Skeletonema sp. 1 (2 celled)
	193
	12918
	410
	4348
	13
	2957
	0
	0

	Skeletonema costatum
	245
	932
	633
	1927
	57
	1618
	252
	595

	Peridinium quinquecorne
	5225
	200
	268
	762
	19
	46
	43
	44

	Pyramimonas-like sp.
	1875
	0
	16906
	87
	0
	0
	0
	0

	Rhizosolenia imbricata
	18
	0
	218
	278
	58
	207
	555
	3987

	Cyclotella atomus var. nov.
	105
	266
	77
	0
	179
	453
	25
	0

	Hemiselmis sp. A
	0
	0
	0
	0
	0
	0
	0
	0

	Chaetoceros tortissimus
	0
	0
	884
	0
	365
	2438
	1024
	0

	Thalassionema nitzschioides
	308
	11
	527
	349
	486
	3864
	380
	604

	Chaetoceros subtilis f. abnormis
	0
	622
	13
	2253
	167
	287
	0
	0

	Merismopedia tenuissima
	0
	9146
	0
	1205
	0
	0
	0
	0

	Karenia brevis
	0
	0
	0
	0
	0
	0
	0
	205

	TOTAL
	52214
	164683
	167264
	385571
	104121
	486745
	247899
	85902

	Cumulative Species Richness
	97
	88
	123
	102
	130
	135
	127
	141

	Shannon Diversity
	2.98
	2.64
	3.00
	2.43
	2.65
	2.33
	2.24
	2.93

	Shannon Evenness
	0.65
	0.59
	0.62
	0.53
	0.54
	0.47
	0.46
	0.59


	Species
	E10
	F11
	E11
	F14
	E12
	F12
	E13
	F15
	TOTAL

	Johannesbaptistia pellucida
	25879
	111853
	11675
	13284
	24310
	19689
	44077
	16333
	480010

	Leptocylindrus minimus
	391
	14716
	611
	12103
	135
	6161
	142
	61899
	322569

	Leptocylindrus danicus
	557
	5258
	3398
	1065
	3425
	1066
	357
	730
	298795

	Cyclotella choctawhatcheeana
	49565
	3691
	130485
	3489
	341
	758
	429
	412
	228280

	Cyclotella cf. atomus
	6362
	40395
	17305
	31920
	1673
	2039
	2154
	388
	209413

	Proboscia alata
	9408
	15082
	2244
	9524
	12231
	17732
	18862
	22319
	196655

	Dactyliosolen fragilissimus
	608
	24169
	55741
	10336
	571
	2831
	27005
	7945
	168230

	Cerataulina pelagica
	187
	19659
	863
	86345
	191
	18907
	64
	12805
	166915

	Thalassiosira cedarkeyensis
	8601
	10216
	16977
	18482
	3671
	5470
	10294
	8840
	158952

	Pseudonitzschia pseudodelicatissima
	0
	26766
	1481
	0
	3868
	0
	5767
	43925
	134888

	Thalassiosira minima proschikinae complex
	538
	4048
	1079
	36611
	745
	4612
	1720
	18989
	128229

	Asterionellopsis glacialis
	1781
	4546
	572
	22461
	1588
	1275
	556
	15961
	112532

	Rhizosolenia setigera
	1549
	5227
	1131
	4307
	13281
	5028
	599
	16035
	96213

	Cylindrotheca closterium
	664
	4062
	4291
	11910
	1734
	1881
	808
	4680
	65222

	Chattonella sp.
	0
	19156
	25
	0
	0
	0
	0
	42813
	62928

	Bacteriastrum hyalinum
	0
	51
	6
	13
	41154
	0
	106
	16
	48000

	Chaetoceros laciniosus
	45
	90
	111
	173
	0
	0
	0
	0
	41668

	Cerataulina pelagica (veg.)
	0
	36912
	0
	0
	0
	0
	0
	0
	36912

	Thalassiosira proschikinae
	0
	391
	148
	267
	0
	0
	0
	0
	34972

	Chaetoceros compressus
	1185
	3414
	1672
	1426
	1349
	125
	207
	3902
	34047

	Helicotheca tamensis
	589
	3464
	604
	4036
	32
	3463
	817
	5867
	30386

	Navicula sp. 54 small (F09 8/01)
	0
	1140
	0
	3050
	0
	541
	0
	1087
	26787

	Cocconeis scutellum
	2031
	1365
	4732
	593
	1944
	1200
	1624
	906
	25995

	Skeletonema sp. 1 (2 celled)
	64
	814
	197
	2945
	0
	0
	0
	0
	24859

	Skeletonema costatum
	250
	1363
	717
	10204
	215
	660
	238
	1775
	21681

	Peridinium quinquecorne
	92
	480
	11895
	471
	0
	66
	12
	56
	19679

	Pyramimonas-like sp.
	0
	0
	0
	0
	0
	0
	0
	0
	18868

	Rhizosolenia imbricata
	180
	2293
	266
	518
	1301
	5320
	16
	880
	16095

	Cyclotella atomus var. nov.
	0
	789
	8304
	466
	0
	0
	2389
	1173
	14226

	Hemiselmis sp. A
	0
	0
	0
	13560
	0
	0
	0
	0
	13560

	Chaetoceros tortissimus
	2241
	2190
	648
	80
	317
	0
	0
	2046
	12233

	Thalassionema nitzschioides
	413
	525
	240
	651
	1120
	583
	207
	1532
	11800

	Chaetoceros subtilis f. abnormis
	0
	0
	7461
	0
	0
	0
	48
	0
	10851

	Merismopedia tenuissima
	0
	0
	0
	0
	0
	0
	0
	0
	10351

	Karenia brevis
	0
	0
	0
	0
	0
	8
	0
	0
	213

	TOTAL
	120103
	376194
	297853
	309925
	123097
	111411
	123471
	306169
	3462622

	Cumulative Species Richness
	118
	136
	137
	112
	122
	114
	110
	131
	339

	Shannon Diversity
	2.13
	2.66
	2.15
	2.64
	2.37
	2.83
	2.07
	2.71
	3.28

	Shannon Evenness
	0.45
	0.54
	0.44
	0.56
	0.49
	0.60
	0.44
	0.56
	0.56


Table 4: Long-term comparisons of phytoplankton community indices averaged over 12-month periods and analyzed with t-tests and Wilcoxon Means tests for differences (See Appendix III).

	
	Phytoplankton
	June-November 1992
	
	Phytoplankton
	June-November 1999
	
	Phytoplankton
	June-November 2000

	Factor
	# cells/L x 1000
	#Taxa
	
	# cells/L x 1000
	#Taxa
	
	# cells/L x 1000
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E06/F06
	265/18
	28.5/14.5
	
	736/802
	22.7/28.8
	
	ND
	ND

	(River Mouth)
	WS (P<0.01)
	WS (P<0.05)
	
	WN
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	341/173
	31.2/20.5
	
	798/1,001
	37.6/28.8
	
	340/816
	34.0/30.1

	(River Mouth)
	WN
	WS (P<0.05)
	
	WS (P<0.01)
	WS (P<0.05)
	
	WS (P<0.05)
	WS (P<0.05)

	
	
	
	
	
	
	
	
	

	E08/F10
	465/443
	35.0/29.3
	
	171/775
	37.6/28.0
	
	171/775
	38.0/33.5

	(Center 1.5 km)
	WN
	WN
	
	WS (P<0.05)
	WS (P<0.05)
	
	WS (P<0.05)
	WS (P<0.05)

	
	
	
	
	
	
	
	
	

	E09/F16
	206/344
	30.7/32.0
	
	770/294
	32.6/34.2
	
	137/121
	35.8/32.8

	(Center. 5 km.)
	WN
	WN
	
	WS (P<0.05)
	WN
	
	WN
	WN

	
	
	
	
	
	
	
	
	

	E10/F11
	513/344
	37.1/31.1
	
	511/1,583
	26.8/34.2
	
	161/338
	32.8/33.7

	(W. Shore)
	WS (P<0.05)
	WS (P<0.05)
	
	WS (P<0.05)
	WN
	
	WS (P<0.05)
	WN

	
	
	
	
	
	
	
	
	

	E12/F12
	ND
	ND
	
	ND
	ND
	
	181/242
	34.5/33.7

	(W. 3 km.)
	
	
	
	
	
	
	WN
	WN

	
	
	
	
	
	
	
	
	

	E11/F14
	233/353
	27/26
	
	1,441/1,082
	34.6/33.5
	
	323/507
	37.2/33.0

	(E. Shore)
	WN
	WN
	
	WN
	WN
	
	WS (P<0.05)
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E13/F15
	ND
	ND
	
	ND
	ND
	
	208/581
	34.5/35.0

	(E. 1.5 km.)
	
	
	
	
	
	
	WS (P<0.05)
	WN

	
	
	
	
	
	
	
	
	

	
	
	Phytoplankton
	
	
	Phytoplankton
	
	
	Phytoplankton

	
	
	June-November 2001
	
	
	June-November 2002
	
	
	August-November 2003

	Cognate
	# cells/L x 1000
	#Taxa
	
	# cells/L x 1000
	#Taxa
	
	# cells/L x 1000
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E06/F06
	31/180
	12.2/9.3
	
	ND
	ND
	
	
	

	(River Mouth)
	WS (P<0.02)
	WS (P<0.05)
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	35/150
	13.7/10.2
	
	ND
	ND
	
	
	

	(River Mouth)
	WS (P<0.05)
	WS (P<0.05)
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E08/F10
	17/447
	11.7/15
	
	5/101
	15.4/16.4
	
	
	

	(Center 1.5 km)
	WS (P<0.05)
	WS (P<0.02)
	
	WS (P<0.05)
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E09/F16
	11./27
	9.8/13.2
	
	6./16
	13.0/19.6
	
	
	

	(Center. 5 km.)
	WS (P<0.05)
	WS (P<0.02)
	
	WN
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E10/F11
	8./41
	11.8/10.7
	
	4./167
	12.8/12.8
	
	
	

	(W. Shore)
	WS (P<0.05)
	WS (P<0.02)
	
	WS (P<0.05)
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E12/F12
	8./30
	11.3/16.5
	
	9/118
	16.8/19.2
	
	
	

	(W. 3 km.)
	WN
	WS (P<0.02)
	
	WS (P<0.05)
	WS (P<0.05)
	
	
	

	
	
	
	
	
	
	
	
	

	E11/F14
	252/736
	14.7/10.0
	
	5./167
	14.8/12.8
	
	
	

	(E. Shore)
	WS (P<0.05)
	WS (P<0.05)
	
	WS (P<0.05)
	WS (P<0.01)
	
	
	

	
	
	
	
	
	
	
	
	

	E13/F15
	149/69
	12.3/14.7
	
	4./98
	13.8/19.4
	
	
	

	(E. 1.5 km.)
	WS (P<0.05)
	WN
	
	WS (P<0.05)
	WS (P<0.05)
	
	
	

	ND = no data
	
	
	
	
	
	
	
	

	WN-not sig. (p = 0.05)
	
	
	
	
	
	
	
	

	WS-sig. (p = 0.05)
	
	
	
	
	
	
	
	

	CV = RHO > 
	
	
	
	
	
	
	
	

	Critical Value 
	
	
	
	
	
	
	
	


Table 5: Summary of SAV data taken in the Econfina and Fenholloway offshore systems from 1999-2002. Distribution of the top 35 species are by dry weight (g/m2) by station is shown.

	Species
	E07
	F09
	E08
	F10
	E09
	F16
	E10
	F11
	E11
	F14
	E12
	F12
	E13
	F15
	FT29
	Grand Total

	Syringodium filiforme
	0.5
	0.1
	1276.3
	0.3
	655.0
	521.8
	1023.8
	32.1
	0.4
	0.3
	258.5
	1454.1
	1135.4
	8.5
	0.2
	6367

	Halimeda incrassata
	0.1
	0.1
	39.3
	0.0
	20.4
	18.8
	1562.2
	1.7
	0.0
	0.0
	232.3
	319.9
	229.6
	0.1
	0.0
	2424

	Thalassia testudinum
	0.3
	0.1
	42.1
	0.1
	285.4
	5.0
	126.7
	0.0
	0.0
	0.0
	1125.3
	159.7
	105.6
	0.0
	0.1
	1850

	Digenia simplex
	31.2
	0.9
	347.8
	0.5
	2.9
	1.1
	389.8
	0.2
	33.4
	0.2
	16.0
	1.1
	723.0
	0.5
	0.3
	1548

	Spyridia filamentosa
	71.3
	0.5
	326.4
	3.9
	408.0
	31.4
	213.1
	4.7
	31.8
	6.8
	106.0
	127.1
	171.0
	1.5
	0.3
	1503

	Laurencia poitei
	19.2
	16.0
	191.1
	9.7
	185.9
	83.9
	240.6
	9.6
	37.1
	24.1
	1.5
	9.4
	277.0
	35.0
	14.2
	1154

	Laurencia intricata
	77.8
	4.2
	209.8
	6.3
	32.3
	40.9
	102.9
	8.1
	40.1
	2.3
	14.7
	36.6
	235.1
	6.0
	5.2
	822

	Caulerpa prolifera
	231.9
	0.6
	45.6
	1.0
	7.5
	4.7
	128.6
	1.2
	236.1
	0.3
	15.4
	13.8
	12.1
	19.0
	2.3
	720

	Halophila englemannii
	13.9
	0.7
	18.8
	24.9
	15.3
	68.6
	14.6
	32.0
	48.4
	4.8
	8.2
	3.5
	34.5
	141.3
	89.4
	519

	Halodule wrightii
	3.3
	0.2
	22.4
	2.0
	50.7
	193.6
	28.9
	5.3
	49.4
	0.6
	21.7
	29.3
	38.1
	16.0
	4.1
	465

	Gracilaria debilis
	0.2
	8.1
	11.1
	6.4
	0.0
	0.3
	8.9
	2.5
	5.0
	24.0
	0.0
	8.1
	278.4
	22.4
	11.2
	386

	Gracilaria cylindrica
	5.0
	6.6
	24.6
	20.1
	0.1
	0.2
	12.6
	5.5
	4.3
	19.9
	0.1
	6.0
	139.1
	44.9
	11.0
	300

	Jania sp.
	0.0
	2.6
	6.6
	5.3
	0.8
	0.1
	8.9
	91.1
	0.0
	0.3
	0.0
	0.2
	6.3
	16.1
	29.1
	167

	Ruppia maritima
	26.3
	0.2
	11.3
	1.1
	0.0
	0.0
	0.1
	0.7
	110.8
	0.7
	0.0
	0.0
	1.1
	4.8
	5.3
	162

	Gracilaria compressa
	0.3
	20.5
	0.7
	7.4
	0.0
	0.0
	3.3
	5.2
	0.3
	18.8
	0.1
	0.0
	14.7
	22.2
	19.6
	113

	Chondria spp.
	8.4
	1.7
	5.9
	1.1
	13.6
	4.6
	9.6
	2.8
	7.4
	1.0
	0.8
	17.0
	26.7
	3.0
	1.4
	105

	Penicillus capitatus
	0.2
	0.0
	13.8
	0.0
	4.4
	2.1
	37.2
	0.0
	0.0
	0.0
	27.0
	0.1
	7.6
	0.1
	0.0
	92

	Ulva lactuca
	0.0
	11.9
	0.0
	2.2
	0.0
	0.0
	0.0
	1.1
	0.0
	34.6
	0.0
	0.3
	0.0
	6.6
	1.8
	58

	Anadyomene stellata
	0.0
	0.1
	27.6
	0.0
	0.0
	0.3
	7.2
	0.0
	0.0
	0.0
	0.0
	3.3
	7.3
	0.0
	0.0
	46

	Gracilaria foliifera
	0.3
	3.3
	0.0
	6.0
	0.0
	0.1
	0.1
	1.1
	0.1
	7.3
	0.0
	0.0
	2.8
	7.2
	5.8
	34

	Polysiphonia spp.
	0.8
	0.3
	2.0
	0.7
	8.9
	1.3
	0.2
	1.3
	0.5
	0.3
	0.2
	0.1
	12.8
	1.6
	1.2
	32

	Codium isthmocladum
	0.0
	1.9
	0.0
	18.9
	0.3
	0.7
	0.0
	0.6
	0.0
	1.8
	0.0
	1.0
	0.2
	1.9
	0.2
	27

	Gracilaria cervicornis
	6.5
	1.1
	0.9
	0.4
	0.0
	5.7
	0.3
	1.3
	0.0
	6.3
	0.1
	0.2
	4.0
	0.3
	0.4
	27

	Syringodium filiforme (w/flowers)
	0.0
	0.0
	7.4
	0.0
	8.3
	2.1
	1.1
	0.0
	0.0
	0.0
	0.2
	0.6
	5.3
	0.0
	0.0
	25

	Cladosiphon occidentalis
	0.5
	0.0
	0.3
	0.3
	0.0
	0.9
	0.0
	0.3
	0.2
	0.0
	0.0
	17.3
	0.7
	0.9
	0.1
	21

	Unknown green filamentous algae
	0.0
	0.0
	2.2
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	13.4
	0.0
	1.1
	0.0
	0.0
	17

	Derbesia sp.
	0.0
	0.0
	0.6
	0.0
	0.2
	0.0
	0.2
	0.1
	0.1
	0.0
	13.4
	0.6
	0.7
	0.9
	0.0
	17

	Caulerpa cupressoides
	0.0
	0.0
	0.0
	0.0
	15.6
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	16

	Sargassum pteropleuron
	1.2
	0.0
	0.6
	0.8
	0.8
	0.7
	3.0
	0.2
	0.0
	0.3
	2.1
	1.0
	0.4
	0.7
	0.3
	12

	Hypnea spinella
	0.0
	2.5
	0.0
	1.8
	0.0
	0.1
	0.0
	0.4
	0.0
	4.6
	0.0
	0.0
	0.2
	0.7
	1.1
	11

	Halophila englemannii (w/flowers)
	1.1
	0.0
	0.2
	1.5
	0.0
	0.0
	0.0
	0.7
	0.1
	0.0
	0.0
	0.0
	0.0
	4.3
	3.3
	11

	Champia parvula
	0.7
	0.2
	0.4
	0.8
	0.0
	0.0
	0.1
	1.1
	1.6
	0.5
	0.0
	0.1
	0.6
	1.8
	1.2
	9

	Solieria tenera
	0.1
	0.0
	2.7
	0.1
	0.0
	0.0
	0.0
	3.8
	0.0
	0.1
	0.0
	0.0
	1.0
	0.0
	0.1
	8

	Polysiphonia hapalacantha
	0.3
	0.0
	3.7
	0.0
	0.0
	1.4
	0.1
	0.0
	0.8
	0.2
	0.8
	0.0
	0.4
	0.0
	0.0
	7

	TOTAL
	505
	85
	2654
	125
	1717
	1000
	3927
	218
	611
	169
	1859
	2212
	3480
	374
	210
	19148


Table 6: Long-term comparisons of SAV indices averaged over 12-month periods and analyzed with t-tests and Wilcoxon Means tests for differences (See Appendix II).

	
	SAV Comparison:
	
	
	SAV Comparison:
	
	
	SAV Comparison:
	

	
	April-1972-March 1973
	
	
	April-1974-March 1975
	
	
	April-1992-March 1993
	

	Factor
	Biomass (g/m2)
	#Taxa
	
	Biomass (g/m2)
	#Taxa
	
	Biomass (g/m2)
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	9.0/0.25
	4.8/1.3
	
	188.5/2.4
	6.0/ 2.8
	
	2.8/3.9
	3.3/0.6

	(River Mouth)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WN
	WN

	
	
	
	
	
	
	
	
	

	E08/F10
	1196/20
	8.7/5.3
	
	895/30.1 
	10/5.7
	
	26.0/4.0
	3.4/0.9

	(Center 1.5 km)
	WS (P<0.01)
	WS (P<0.02)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.02)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E09/F16
	101/47.2
	8.6/9.3
	
	412/
	12.0/
	
	20.3/14.8
	6.2/4.6

	(Center. 5 km.)
	WN
	WN
	
	WN
	WN
	
	WN
	WN

	
	
	
	
	
	
	
	
	

	E10/F11
	627/.17
	9.5/2.7
	
	641/5.8 
	10.2/4.0
	
	7.1/0.41
	5.7/0.6

	(W. Shore)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E12/F12
	1007/94.8
	10.8/12.3
	
	1007/227
	12.0/10.5
	
	57.6/14.0
	8.0/6.3

	(W. 3 km.)
	WS (P<0.01)
	WS (P<0.02)
	
	WS (P<0.01)
	WN
	
	WS (P<0.01)
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E11/F14
	523/1.2
	8.8/2.8
	
	521/5.3
	12.8/ 3.0
	
	1.4/0.1
	1.3/0.3

	(E. Shore)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E13/F15
	513/23.8
	10.1/6.2
	
	438.3/279
	11.9/10.4
	
	8.7/0.4
	4.5/0.6

	(E. 1.5 km.)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WN
	
	WS (P<0.01)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	
	SAV Comparison:
	
	
	SAV Comparison:
	
	
	SAV Comparison:
	

	
	April-1999-March 2000
	
	
	April-2000-March 2001
	
	
	April-2001-March 2002
	

	Cognate
	Biomass (g/m2)
	#Taxa
	
	Biomass (g/m2)
	#Taxa
	
	Biomass (g/m2)
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	29.0/1.1
	5.0/2.6
	
	20.8/5.3
	6.1/5.9
	
	35.5/7.5
	7.8/5.2

	(River Mouth)
	WS (P<0.01)
	WN
	
	WS (P<0.02)
	WN
	
	WS (P<0.01)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E08/F10
	15.6/7.2
	11.3/5.1
	
	144/5.5
	12/7.8
	
	151/7.9
	13.5/9.9

	(Center 1.5 km)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E09/F16
	100.3/41.7
	8.3/7.6
	
	77.8/38.4
	9.5/8.3
	
	107/85.9
	10.8/8.8

	(Center. 5 km.)
	WS (P<0.01)
	WN
	
	WS (P<0.01)
	WN
	
	WN
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E10/F11
	216/1.6
	11.1/3.3
	
	233/7.8
	11.8/6.1
	
	216/25.4
	12.4/10.8

	(W. Shore)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WN

	
	
	
	
	
	
	
	
	

	E12/F12
	123/125
	10.5/8.8
	
	93/103
	6.9/7.9
	
	95.7/138
	7.6/8.3

	(W. 3 km.)
	WN
	WN
	
	WN
	WN
	
	WS (P<0.01)
	WN

	
	
	
	
	
	
	
	
	

	E11/F14
	35.1/7.6
	9.1/4.2
	
	35.6/10.5
	8.6/7
	
	23.9/7.6
	8.8/6.3

	(E. Shore)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E13/F15
	212/19.5
	12.5/8.1
	
	201/18.8
	13.6/13.4
	
	178/23.2
	13.6/13.4

	(E. 1.5 km.)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WN
	
	WS (P<0.01)
	WN

	ND = no data
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	WN-not sig. (p = 0.05)
	
	
	
	
	
	
	
	

	WS-sig. (p = 0.05)
	
	
	
	
	
	
	
	

	CV = RHO > 
	
	
	
	
	
	
	
	

	Critical Value 
	
	
	
	
	
	
	
	


Table 7: Summary of invertebrate data taken in the Econfina and Fenholloway offshore systems from 1999-2002. Distribution of the top 35 species are by numbers by station is shown. 

	Species
	E07
	F09
	E08
	F10
	E09
	F16
	E10
	F11
	E11
	F14
	E12
	F12
	E13
	F15
	TOTAL

	Hippolyte zostericola
	2641
	31
	10394
	2145
	1004
	4089
	4578
	1115
	8980
	4974
	1101
	6522
	13142
	5624
	66340

	Tozeuma carolinense
	919
	0
	3822
	154
	3976
	4230
	3600
	204
	1809
	11
	8094
	12464
	5782
	3402
	48467

	Pagurus sp.
	428
	136
	8131
	962
	2027
	2150
	7375
	1321
	769
	932
	3122
	3776
	9609
	3756
	44494

	Anachis avara
	2186
	1274
	4379
	939
	134
	1432
	5139
	582
	5428
	3862
	361
	1418
	4914
	3637
	35685

	Periclimenes longicaudatus
	2159
	40
	2195
	2461
	911
	2647
	1671
	1355
	3073
	2090
	655
	2211
	2755
	4776
	28999

	Thor dobkini
	386
	42
	7194
	208
	1330
	885
	2358
	603
	2255
	740
	833
	1344
	4510
	913
	23601

	Palaemon floridanus
	1688
	925
	1441
	941
	106
	509
	803
	1105
	3793
	2354
	69
	1414
	2058
	2856
	20062

	Astyris lunata
	658
	242
	1435
	553
	2
	68
	171
	502
	2990
	8798
	32
	305
	377
	1638
	17771

	Columbella rusticoides
	496
	59
	3033
	32
	254
	1994
	1543
	154
	642
	140
	282
	1467
	2526
	266
	12888

	Neopanope packardii
	540
	77
	1973
	943
	365
	480
	1006
	628
	741
	394
	415
	605
	1851
	1554
	11572

	Palaemonetes intermedius
	2924
	897
	5
	103
	4
	2
	9
	56
	4548
	1369
	1
	3
	5
	328
	10254

	Neopanope texana
	1696
	192
	377
	894
	26
	39
	324
	427
	3444
	842
	51
	141
	252
	948
	9653

	Periclimenes americanus
	1004
	166
	1326
	151
	379
	443
	1043
	561
	1547
	640
	141
	581
	644
	222
	8848

	Crepidula maculosa
	564
	48
	2470
	55
	35
	70
	1543
	107
	881
	132
	248
	554
	1242
	245
	8194

	Aequipecten gibbus
	71
	1
	728
	27
	115
	53
	598
	29
	284
	85
	53
	83
	1251
	94
	3472

	Brachidontes exustus
	65
	127
	1098
	63
	4
	38
	103
	50
	309
	483
	12
	62
	732
	209
	3355

	Aequipecten irradians
	43
	0
	761
	24
	165
	205
	341
	21
	119
	6
	359
	135
	538
	38
	2755

	Ophiothrix angulata
	44
	54
	62
	165
	63
	635
	19
	256
	91
	152
	90
	620
	69
	127
	2447

	Metaporhaphis calcarata
	12
	1
	46
	294
	353
	116
	32
	266
	55
	33
	273
	80
	47
	198
	1806

	Alpheus normanni
	67
	44
	33
	43
	26
	240
	11
	176
	226
	210
	2
	223
	19
	99
	1419

	Turbo castanea
	3
	6
	228
	21
	88
	277
	246
	12
	5
	26
	141
	134
	167
	31
	1385

	Lysmata wurdemanni
	62
	2
	319
	16
	28
	45
	331
	31
	84
	15
	73
	109
	192
	64
	1371

	Echinaster sp.
	60
	2
	196
	3
	122
	34
	158
	5
	67
	1
	255
	116
	206
	13
	1238

	Penaeus duorarum
	151
	103
	21
	68
	20
	195
	29
	14
	239
	174
	6
	44
	40
	67
	1171

	Callinectes sapidus
	281
	231
	6
	43
	0
	3
	8
	37
	213
	257
	1
	15
	9
	29
	1133

	Latreutes fucorum
	1
	0
	12
	8
	196
	479
	4
	16
	0
	3
	62
	143
	43
	6
	973

	Libinia dubia
	105
	4
	60
	81
	32
	0
	94
	56
	140
	43
	36
	11
	61
	69
	792

	Penaeus sp.
	147
	88
	45
	46
	0
	2
	53
	21
	173
	73
	0
	15
	21
	27
	711

	Urosalpinx tampaensis
	50
	2
	139
	0
	3
	0
	251
	4
	133
	30
	1
	2
	47
	4
	666

	Nassarius vibex
	59
	12
	54
	22
	5
	2
	36
	184
	81
	53
	18
	35
	38
	53
	652

	Crassostrea virginica
	58
	89
	115
	7
	0
	15
	6
	5
	84
	91
	0
	13
	85
	42
	610

	Neopanope sp.
	105
	17
	18
	143
	2
	4
	4
	40
	95
	65
	2
	2
	6
	62
	565

	Crepidula convexa
	93
	1
	100
	9
	2
	7
	59
	6
	97
	12
	9
	28
	94
	39
	556

	Penaeus aztecus
	53
	2
	37
	4
	12
	25
	88
	10
	142
	21
	3
	23
	47
	40
	507

	Total # individuals
	20025
	5118
	52750
	11847
	12290
	21982
	34047
	10202
	43868
	29530
	17183
	35238
	54217
	32003
	380300

	Shannon Diversity
	2.75
	2.46
	2.60
	2.59
	2.40
	2.58
	2.55
	2.86
	2.66
	2.35
	2.02
	2.26
	2.48
	2.55
	2.79

	Shannon Evenness
	0.68
	0.62
	0.61
	0.62
	0.58
	0.59
	0.62
	0.67
	0.66
	0.57
	0.49
	0.53
	0.59
	0.60
	0.58


Table 8: Long-term comparisons of invertebrate community indices averaged over 12-month periods and analyzed with t-tests and Wilcoxon Means tests for differences (See Appendix III).

	
	
	Invert Comparison:
	
	
	Invert Comparison:
	
	
	Invert Comparison:

	
	
	April-1972-March 1973
	
	
	April-1992-March 1993
	
	
	April-1999-March 2000

	Factor
	Numbers
	#Taxa
	
	Numbers
	#Taxa
	
	Numbers
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	286.5/101
	13.4/9.8
	
	161/60
	6.1/5.5
	
	975/185
	23.3/15.2

	(Mouth)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.05)
	WN
	
	WS (P<0.01)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E08/F10
	418.3/99.8
	15.3/12.3
	
	424/154
	6.7/6.1
	
	2438/384
	27.5/19.7

	(Center 1.5 km)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WN
	
	WS (P<0.01)
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E09/F16
	238.4/77.8
	25.6/15.5
	
	633/363
	7.16/6.44
	
	453/425
	18.6/22.7

	(Center. 5 km.)
	WS (P<0.01)
	WS (P<0.02)
	
	WN
	WN
	
	WN
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E10/F11
	424.3/94.2
	15.2/10.3
	
	456/80
	18.0/14.7
	
	1424/411
	24.7/19.9

	(W. Shore)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.05)
	
	WS (P<0.01)
	WS (P<0.05)

	
	
	
	
	
	
	
	
	

	E12/F12
	82.5/219
	11.5/16.8
	
	652/1332
	14.8/25.6
	
	624/1426
	19.9/25.9

	(W. 3 km.)
	WS (P<0.01)
	WS (P<0.05)
	
	WS (P<0.01)
	WS (P<0.02)
	
	WS (P<0.05)
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E11/F14
	203/60.0
	11.8/7.0
	
	180/65
	14.5/10.6
	
	2126/970
	25.1/21.1

	(E. Shore)
	WS (P<0.01)
	WS (P<0.05)
	
	WS (P<0.01)
	WS (P<0.02)
	
	WS (P<0.05)
	WN

	
	
	
	
	
	
	
	
	

	E13/F15
	333.6/360.8
	16.5/18.3
	
	670/356
	20.5/16.8
	
	1989/1042
	29.0/23.5

	(E. 1.5 km.)
	WN
	WN
	
	WS (P<0.01)
	WN
	
	WS (P<0.02)
	WS (P<0.05)

	
	
	
	
	
	
	
	
	

	
	
	Invert Comparison:
	
	
	Invert Comparison:
	
	
	Invert Comparison:

	
	
	April-2000-March 2001
	
	
	April-2001-March 2002
	
	
	April-2003-March 2004

	Cognate
	Numbers
	#Taxa
	
	Numbers
	#Taxa
	
	Numbers
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	349/119
	20.5/9.8
	
	796/253
	21.1/9.1
	
	ND
	ND

	(Mouth)
	WS (P<0.05)
	WS (P<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	
	

	
	
	
	
	
	
	
	
	

	E08/F10
	919/321
	25.5/19.4
	
	1436/459
	26.4/21.8
	
	ND
	ND

	(Center 1.5 km)
	WS (P<0.01)
	WS (P<0.05)
	
	WS (P<0.05)
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E09/F16
	232/471
	16.7/19.4
	
	496/1406
	19/22.5
	
	ND
	ND

	(Center. 5 km.)
	WS (P<0.01)
	WN
	
	WS (P<0.05)
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E10/F11
	525/256
	20.3/20.5
	
	1338/280
	23.4/20.3
	
	ND
	ND

	(W. Shore)
	WS (P<0.05)
	WN
	
	WS (P<0.05)
	WS (P<0.05)
	
	
	

	
	
	
	
	
	
	
	
	

	E12/F12
	697/1043
	17.2/18.7
	
	296/786
	14.5/25.4
	
	ND
	ND

	(W. 3 km.)
	WN
	WN
	
	WN
	WS (P<0.05)
	
	
	

	
	
	
	
	
	
	
	
	

	E11/F14
	1007/502
	27.3/16.9
	
	1378/280
	23.4/21.4
	
	ND
	ND

	(E. Shore)
	WS (P<0.02)
	WS (P<0.01)
	
	WS (P<0.05)
	WN
	
	
	

	
	
	
	
	
	
	
	
	

	E13/F15
	1432/845
	27.9/24.9
	
	1578/1205
	25.9/27.8
	
	ND
	ND

	(E. 1.5 km.)
	WS (P<0.02)
	WS (P<0.05)
	
	WS (P<0.02)
	WN
	
	
	

	ND = no data
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	WN-not sig. (p = 0.05)
	
	
	
	
	
	
	
	

	WS-sig. (p = 0.05)
	
	
	
	
	
	
	
	

	CV = RHO > 
	
	
	
	
	
	
	
	

	Critical Value 
	
	
	
	
	
	
	
	


Table 9: Averaged numbers of the top 35 fish species in the Econfina and Fenholloway offshore areas taken from 1999-2004. Also shown are cumulative numbers and species richness and overall Shannon diversity and evenness indices.

	Species
	E07
	F09
	E08
	F10
	E09
	F16
	E10
	F11
	E11
	F14
	E12
	F12
	E13
	F15
	TOTAL

	Lagodon rhomboides
	7533
	706
	4851
	584
	1201
	1338
	5806
	530
	4400
	600
	6569
	5214
	4695
	2076
	46103

	Diplodus holbrooki
	1
	0
	1218
	1
	1322
	1449
	1760
	8
	13
	0
	6777
	2967
	1461
	126
	17103

	Anarchopterus criniger
	486
	64
	896
	216
	259
	328
	640
	230
	2304
	222
	134
	338
	1203
	504
	7824

	Orthopristis chrysoptera
	598
	15
	268
	243
	323
	792
	300
	149
	316
	54
	1812
	560
	179
	541
	6150

	Eucinostomus argenteus
	914
	597
	240
	292
	222
	92
	224
	180
	422
	142
	262
	201
	174
	208
	4170

	Bairdiella chrysoura
	368
	113
	344
	69
	163
	270
	335
	47
	249
	150
	248
	388
	402
	520
	3666

	Leiostomus xanthurus
	474
	1342
	25
	397
	120
	22
	12
	71
	92
	398
	17
	51
	9
	294
	3324

	Paraclinus fasciatus
	101
	21
	561
	82
	216
	185
	389
	93
	87
	44
	142
	221
	417
	135
	2694

	Anchoa mitchilli
	2
	1243
	0
	340
	1
	45
	0
	58
	1
	744
	0
	110
	1
	59
	2604

	Sciaenidae sp.
	412
	217
	436
	43
	65
	18
	426
	95
	101
	54
	49
	83
	102
	270
	2371

	Syngnathus floridae
	61
	6
	126
	68
	128
	154
	206
	56
	93
	25
	429
	332
	104
	194
	1982

	Opsanus beta
	122
	36
	212
	78
	39
	57
	192
	42
	450
	180
	35
	50
	163
	136
	1792

	Gobiosoma robustum
	143
	35
	185
	25
	17
	29
	172
	71
	378
	96
	33
	130
	214
	54
	1582

	Monacanthus ciliatus
	3
	1
	48
	4
	247
	282
	82
	4
	4
	0
	359
	315
	56
	24
	1429

	Centropristis striata
	11
	1
	165
	10
	158
	152
	110
	9
	14
	1
	180
	306
	134
	46
	1297

	Syngnathus scovelli
	275
	94
	23
	129
	4
	2
	23
	94
	233
	177
	8
	18
	11
	114
	1205

	Haemulon plumieri
	4
	0
	148
	8
	122
	172
	127
	1
	1
	1
	165
	180
	93
	21
	1043

	Chasmodes saburrae
	228
	23
	27
	11
	0
	0
	29
	4
	279
	113
	0
	1
	19
	31
	765

	Chilomycterus schoepfi
	18
	13
	63
	28
	57
	63
	48
	33
	22
	9
	140
	134
	51
	52
	731

	Brevoortia patronus
	90
	124
	36
	2
	0
	0
	3
	1
	14
	25
	0
	1
	11
	0
	307

	Cynoscion nebulosus
	63
	31
	14
	10
	6
	15
	16
	15
	33
	13
	9
	35
	17
	30
	307

	Lactophrys quadricornis
	19
	1
	13
	20
	13
	20
	8
	18
	13
	1
	33
	32
	14
	10
	215

	Calamus arctifrons
	0
	0
	6
	3
	70
	58
	5
	3
	0
	0
	3
	23
	10
	7
	188

	Paralichthys albigutta
	19
	17
	5
	12
	5
	7
	9
	10
	18
	10
	8
	3
	12
	6
	141

	Synodus foetens
	21
	1
	15
	10
	6
	14
	9
	14
	7
	3
	6
	13
	6
	10
	135

	Sparidae sp.
	0
	0
	0
	0
	120
	0
	0
	0
	0
	0
	0
	0
	0
	0
	120

	Paraclinus marmoratus
	0
	1
	3
	3
	11
	73
	0
	1
	2
	1
	2
	7
	1
	1
	106

	Urophycis floridana
	3
	7
	3
	6
	3
	18
	4
	5
	2
	12
	4
	17
	1
	11
	96

	Chloroscombrus chrysurus
	36
	17
	0
	2
	3
	1
	1
	6
	2
	5
	2
	1
	3
	16
	95

	Blenniidae
	12
	0
	7
	13
	0
	0
	6
	1
	28
	11
	3
	0
	7
	1
	89

	Sphoeroides parvus
	28
	4
	6
	7
	2
	2
	1
	9
	9
	3
	1
	2
	5
	9
	88

	Sphoeroides nephelus
	16
	8
	9
	4
	2
	2
	7
	6
	6
	4
	3
	5
	6
	9
	87

	Syngnathus louisianae
	23
	11
	1
	9
	2
	2
	0
	13
	6
	6
	1
	2
	1
	4
	81

	Stephanolepis hispidus
	0
	0
	5
	0
	33
	3
	0
	0
	0
	0
	16
	9
	13
	0
	79

	Total # individuals
	12226
	4886
	10026
	2831
	5008
	5800
	11010
	1949
	9716
	3171
	17530
	11885
	9652
	5612
	111302

	Cumulative # taxa
	64
	62
	53
	61
	47
	49
	47
	54
	57
	54
	46
	55
	48
	56
	118

	Shannon Diversity
	1.70
	2.15
	2.00
	2.67
	2.45
	2.41
	1.81
	2.72
	1.90
	2.50
	1.59
	1.95
	1.87
	2.40
	2.29

	Shannon Evenness
	0.41
	0.52
	0.50
	0.65
	0.64
	0.62
	0.47
	0.68
	0.47
	0.63
	0.42
	0.49
	0.48
	0.60
	0.48


Table 10: Long-term comparisons of fish community indices averaged over 12-month periods and analyzed with t-tests and Wilcoxon Means tests for differences (See Appendix II).

	
	
	Fish Comparison:
	
	
	Fish Comparison:
	
	
	Fish Comparison:

	
	
	April-1972-March 1973
	
	
	April-1992-March 1993
	
	
	April-1999-March 2000

	Factor
	Numbers
	#Taxa
	
	Numbers
	#Taxa
	
	Numbers
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	108/45
	11.2/6.5
	
	21/147
	8.3/7.4
	
	214/123
	12.1/10.3

	(Mouth)
	WS (P<0.01)
	WS (P<0.01)
	
	WS (p<0.02)
	WN
	
	WS (p<0.01)
	WN

	
	
	
	
	
	
	
	
	

	E08/F10
	125/43
	15.3/4.2
	
	95/27
	5.1/4.4
	
	207/61
	13.5/8.1

	(Center 1.5 km)
	WS (P<O.01)
	WS (P<O.01)
	
	WN
	WN
	
	WS (p<0.01)
	WS (p<0.01)

	
	
	
	
	
	
	
	
	

	E09/F16
	109/80
	12.2/11.8
	
	147/135
	10.3/10.4
	
	134/216
	9.6/13.1

	(Center. 5 km.)
	WS (P<O.02)
	WN
	
	WN
	WN
	
	WN
	WS (p<0.01)

	
	
	
	
	
	
	
	
	

	E10/F11
	133/31
	12.3/4.8
	
	92/120
	11.6/7.1
	
	234/48
	12.2/7.7

	(W. Shore)
	WS (P<O.01)
	WS (P<O.01)
	
	WN
	WS (p<0.02)
	
	WS (p<0.01)
	WS (p<0.02)

	
	
	
	
	
	
	
	
	

	E12/F12
	145/120
	11.8/11.1
	
	243/166
	13.8/15.0
	
	299/398
	11.4/12.8

	(W. 3 km.)
	WN
	WN
	
	WN
	WN
	
	WN
	WN

	
	
	
	
	
	
	
	
	

	E11/F14
	114/29
	11.4/6.8
	
	50.2/27.3
	8.5/6.6
	
	202/87
	12.0/10.9

	(E. Shore)
	WS (P<O.01)
	WS (P<O.01)
	
	WN
	WN
	
	WS (p<0.01)
	WN

	
	
	
	
	
	
	
	
	

	E13/F15
	118/28
	12.6/7.6
	
	89.3/48.3
	10.1/8.2
	
	189/110
	13.3/10.4

	(E. 1.5 km.)
	WS (P<O.01)
	WS (P<O.01)
	
	WN
	WN
	
	WS (p<0.02)
	WS (p<0.02)

	
	
	
	
	
	
	
	
	

	
	
	Fish Comparison:
	
	
	Fish Comparison:
	
	
	Fish Comparison:

	
	
	April-2000-March 2001
	
	
	April-2001-March 2002
	
	
	April-2003-March 2004

	Cognate
	Numbers
	#Taxa
	
	Numbers
	#Taxa
	
	Numbers
	#Taxa

	Station Pair
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	E07/F09
	340/157
	13.2/7.9
	
	550/70
	16.3/7.2
	
	81/87
	8.2/5.3

	(Mouth)
	WS (p<0.02)
	WS (p<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WN
	WS (P<0.01)

	
	
	
	
	
	
	
	
	

	E08/F10
	201/86
	11.1/9.1
	
	426/79
	14.7/10.2
	
	110/28
	8.3/6.9

	(Center 1.5 km)
	WS (p<0.02)
	WN
	
	WS (P<0.01)
	WS (P<0.02)
	
	WS (P<0.01)
	WS (P<0.02)

	
	
	
	
	
	
	
	
	

	E09/F16
	104/140
	9.6/12.5
	
	119/150
	8.7/11.8
	
	83/9
	7.6/3.9

	(Center. 5 km.)
	WN
	WS (p<0.02)
	
	WN
	WS P<0.05)
	
	WS (P<0.01)
	WS (P<0.01

	
	
	
	
	
	
	
	
	

	E10/F11
	240/91
	9.9/8.5
	
	410/48
	13.6/10.3
	
	140/24
	9.5/4.8

	(W. Shore)
	WS (p<0.01)
	WN
	
	WS P<0.01)
	WS (P<0.02)
	
	WS (P<0.01
	WS (P<0.01

	
	
	
	
	
	
	
	
	

	E12/F12
	529/237
	10.5/11.8
	
	560/411
	9.4/14.4
	
	223/47
	9.8/7.3

	(W. 3 km.)
	WN
	WN
	
	WN
	WN
	
	WS (P<0.01
	WS (P<0.02

	
	
	
	
	
	
	
	
	

	E11/F14
	293/129
	13.2/8.2
	
	365/41
	14.1/8.8
	
	40/23
	6.1/4.9

	(E. Shore)
	WS
	WS (p<0.01)
	
	WS (P<0.01)
	WS (P<0.01)
	
	WS (P<0.01
	WN

	
	
	
	
	
	
	
	
	

	E13/F15
	133/144
	12.4/11.6
	
	507/202
	13.7/14.3
	
	96/62
	7.7/9,5

	(E. 1.5 km.)
	WN
	WN
	
	WS (P<0.02)
	WN
	
	WS (P<0.02
	WN

	ND = no data
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	WN-not sig. (p = 0.05)
	
	
	
	
	
	
	
	

	WS-sig. (p = 0.05)
	
	
	
	
	
	
	
	

	CV = RHO > 
	
	
	
	
	
	
	
	

	Critical Value 
	
	
	
	
	
	
	
	


VI. Figures

Figure 1: Regional map of the NE Gulf of Mexico showing positions of study areas analyzed by FSU (CRRMA) personnel from 1970-2004.

[image: image1.wmf]QuickTime™ and a

TIFF (Uncompressed) decompressor

are needed to see this picture.


Figure 2: Map showing positions of sampling stations in the Aucilla, Econfina and Fenholloway river-estuarine systems over the total sampling period. Additional charts indicate the sampling regimes associated with various field activities carried out during the 1970-2004 sampling period. 


[image: image2]
Figure 3: Rainfall in study regions (monthly, 10/1970-10/2004).
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Figure 4: River flows of the Econfina and Fenholloway Rivers and Elevenmile Creek  (monthly, 10/1971-05/2004).
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Figure 5: Ammonia and orthophosphate loading in the Econfina and Fenholloway Rivers and Elevenmile Creek  (monthly, January -December 1999).
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Figure 6: Surface ammonia, nitrite-nitrate and orthophosphate concentrations in the Econfina and Fenholloway estuaries and offshore areas (E06-F06; E07-F09; E08-F10; E09-F16), (6/1998-2/2004). 
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Figure 7: Surface color and chlorophyll a concentrations in the Econfina and Fenholloway estuaries and offshore areas (E06-F06; E07-F09; E08-F10; E09-F16), (6/1998-2/2004).
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Figure 8: Comparison of watercolor at stations E08 and F10 monthly from June 1988-April 2004. Data show % of analyses exceeding 36 Pt Co Units.
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Figure 9: Photic depths (m) at stations in the Econfina and Fenholloway systems from 1998-2004.
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Figure 10: Sediment silt/clay concentrations (percent of total) in the Econfina and Fenholloway offshore systems. 
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Figure 11: Sediment total organic nitrogen (TON) and total phosphorus (TP) in the Econfina and Fenholloway offshore systems. 
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Figure 12: Maps of submerged aquatic vegetation in the Econfina-Fenholloway systems (1992, 2001).
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Appendices

Appendix I: Graduate student theses and dissertations (Florida State University) and peer-reviewed publications concerning research in the Econfina and Fenholloway drainage systems from 1970 to 2000.




Graduate Students
1. Theresa Ann Hooks, M.S. (An analysis and comparison of the benthic invertebrate communities 
in the Fenholloway and Econfina estuaries of Apalachee Bay, Florida) 1973.

2. Kenneth L. Heck, Jr., M.S.  (The impact of pulp mill effluents on species assemblages of 
epibenthic marine invertebrates in Apalachee Bay, Florida).  l973.

3. Michael Zimmerman, M.S.  (A comparison of the benthic macrophytes of polluted system 
(Fenholloway River) and an unpolluted system (Econfina) in Apalachee Bay, Florida). 
l974.

4. Allan W. Stoner, M.S.  (Growth and food conversion efficiency of pin-fish (Lagodon 
rhomboides) exposed to sublethal concentrations of bleached kraft mill effluents).  Winter 
quarter, l976.

5. George Gardner, M.S.  (Behavioral reactions of pinfish to pulp mill effluents). Summer 
quarter, l976.

6. Peter Sugarman, M.S.  (Effects of bleached kraft mill effluents on activity rhythms of the 
pinfish, (L. rhomboides).  Spring,  l977.

7. Allan Stoner, Ph.D.  (Ecological relationships and feeding response of the pinfish, Lagodon 
rhomboides).  Summer quarter, l979.

8. Joseph Ryan, M.S.  (Day-night feeding relationships of grass bed fishes).  Spring quarter, l981.

9. Holly Greening, M.S.  (Spatial/temporal distribution of invertebrates in grass beds of Apalachee 
Bay).  Summer quarter, l980.

10. Kathy Brady, M.S.  (Larval fish distribution in Apalachee Bay). 1981.

11. Will Clements, M.S. (Feeding Ecology of Filefish in Apalachicola Bay Florida).  Summer, 
1982.

12. Graham Lewis, Ph.D. (Habitat Complexity in a Subtropical Sea grass Meadow).  Fall, 1982.

13. Ken Leber, Ph.D. (Feeding Ecology of Decapod Crustaceans).  Summer, 1983.

14. Kevan Main, Ph.D.  (Predator-prey Interactions in Seagrass Beds:  The Response of Tozeuma 
carolinense).  Winter, 1983





Peer-reviewed papers
1. Hooks, T. A., K. L. Heck, and R. J. Livingston.  1975.  An inshore marine invertebrate 
community:  Structure and habitat associations in the N.E. Gulf of Mexico.  Bulletin of 
Marine Science 26:  99-109.

2. Livingston, R. J.  1975.  Impact of pulp mill effluents on estuarine and coastal fishes (Apalachee Bay, Florida).  Marine Biology 32:  1948.

3.  Zimmerman, M., and R. J.  Livingston.  1976.  The effects of Kraft mill effluents on benthic 
macrophyte assemblages in a shallow bay system (Apalachee Bay, North Florida, 
U.S.A.).  Marine Biology 34:  297-3l2.

4. Livingston, R. J.  1976.  Avoidance responses of estuarine organisms to storm water runoff 
and pulp mill effluents.  Invited paper, Proceedings of the Third International Estuarine 
Research Federation conference, Galveston, Texas.  October, 1975. Estuarine Processes I.  
313-331.

5. Livingston, R. J., R. S. Lloyd, and M. S. Zimmerman.  1976.  Determination of adequate sample size for collections of benthic 
macrophytes in polluted and unpolluted coastal areas.  Bull. Mar. Sci.  26(4):  569-575.

6.  Zimmerman, M. S., and R. J. Livingston.  1976.  Seasonality and physico-chemical ranges of 
benthic macrophytes from a north Florida estuary (Apalachee Bay).  Contr. Mar. Sci. 
Univ. Texas 20:  33-45.

7. Livingston, R.J. 1977. Estuarine and coastal research in Apalachee Bay and Apalachicola Bay.  
In: Coastal Zone Management Symposium, University of West Florida.

8. Lewis, F. G., III, and R. J. Livingston.  1977.  Avoidance reactions of two species of marine 
fishes of Kraft pulp mill effluent.  Fish. Res. Bd. Can.34:  568-570.

9. Zimmerman, M. S., and R. J. Livingston.  1979.  Dominance in benthic macrophyte assemblages from a north Florida estuary (Apalachee Bay).  Bull. Mar. Sci.  29, 27-40.

10. Stoner, A. W., and R. J. Livingston.  1980.  Distributional ecology and food habits of the banded blenny, Paraclinus fasciatus:  An inhabitant of a mobile community.  Marine Biology 56, 239-246.

11. Livingston, R. J.  1980.  Ontogenetic trophic relationships and stress in a coastal seagrass system in Florida.  In, Estuarine Perspectives, 423-436 (Academic Press).

12. Livingston, R. J.  1981.  Man's impact on the distribution and abundance of sciaenid fishes.  Sixth Annual Marine Recreational Fisheries Symposium;    Sciaenids:  Territorial Demersal Resources. National Marine Fisheries Service.  Houston, Texas.

13. Livingston, R. J.  1982.  Trophic organization of fishes in a coastal seagrass system.  Marine Ecology, Progress Series, 7, 1-12.

14.  Livingston, R. J.  1982.  Long-term variability in coastal systems:background noise and environmental stress.  In, Ecological Stress and the New York Bight:  Science and Management.  U. S. Department of Commerce.  pp. 605-620.

15.  Dugan, P. J., and R. J. Livingston.  1982.  Long-term variation in macroinvertebrate communities in Apalachee Bay, Florida.  Estuarine, Coastal and Shelf Science 14, 391-403.

16.  Greening, H. S., and R. J. Livingston.  1982.  Diel variations in the structure of epibenthic macroinvertebrate communities of seagrass beds (Apalachee Bay, Florida).  Marine Ecology, Progress Series 7, 147-156.

17. Stoner, A. W., H. S. Greening, J. D. Ryan, and R. J. Livingston.  1982. Comparison of macrobenthos collected with cores and suction dredge. Estuaries 6, 76-82.

18. Clements, W. H., and R. J. Livingston.  1983.  Overlap and Pollution induced variability in the feeding habits of filefish (Pisces:  Balistidae) in Apalachee Bay, Florida.  Copeia (1983), 331-338.

19. Stoner, A. W., and R. J. Livingston.  1984.  Ontogenetic variation in diet and feeding morphology in sympatric fishes of the family Sparidae from seagrass meadows.  Copeia, (1984), pp. 174-187.

20.  Livingston, R. J.  1984.  Trophic response of fishes to habitat variability in coastal seagrass systems.  Ecology 65, 1258-1275.

21.   Livingston, R. J.  1984.  Aquatic field monitoring and "meaningful"measures of stress.  Concepts in Marine Pollution Measurements.  pp. 681-691.

22. Livingston, R. J.  1985.  Organization of fishes in coastal seagrasssystems:  the response to stress.  In, Fish Community Ecology in Estuaries and Coastal Lagoons.  Ed., A. Yanez-Arancibia.  Chapter 16:367-382.

23.  Clements, W. E., and R. J. Livingston.  1984.  Prey selectivity and functional response of the fringed filefish, Monacanthus ciliatus 
(Pisces: Monacanthidae).  Mar. Ecol. Prog. Ser. 16, 291-295.

24. Livingston, R. J.  1985.  The relationship of physical factors  and biological response in coastal seagrass meadows.  Proceedings of  a  Seagrass Symposium, Estuarine Research Foundation.  Estuaries 7, 377-390.

25.  Livingston, R. J.  1985.  Aquatic field monitoring and meaningful measure of stress.  In:  Concepts in Marine Pollution Measurements, Ed., H. H. White.  pp. 681-692.

26. Livingston, R. J.  1987.  Historic trends of human impacts on seagrass meadows in Florida (invited paper).  Symposium Proceedings: Subtropical-Tropical Seagrasses of the Southeastern U.S.  Florida Marine Research Publication 42:139-151.

27. Livingston, R. J.  1988.  Inadequacy of species-level designations for ecological studies of 
coastal migratory fishes.  Invited paper, Sixth Biennial Conference on the Ecological and 
Evolutionary Ethology of Fishes. Beaumont, Texas.  Environmental Biology of Fishes, 
22, 225-234.

28. Livingston, R. J., S. E. McGlynn, and Xufeng Niu. (1998, in press). Factors controlling seagrass  development in a Gulf coastal system: water/sediment quality and light. Aquatic 
Botany.

Appendix II. Methods used for data collection in the long-term Apalachee Bay research program.

The research effort in the northern Gulf of Mexico is based on written, peer-reviewed protocols for all field and laboratory operations. Water quality and biological analyses have been taken by personnel from the Center for Aquatic Research and Resource Management (CARRMA, Florida State University, Tallahassee, Florida) and Environmental Planning & Analysis, Inc. (Tallahassee, Florida) with additional work carried out at a series of laboratories in various countries. Water quality methods and analyses and specific biological methods have been continuously certified through the Quality Assurance Section of the Florida Department of Environmental Protection (Comprehensive QAP #940128 and QAP#920101). Various methods that have been used to take field information and run laboratory analyses have been published in the reviewed literature. This includes the following;  (Flemer et al, 1997; Livingston, 1975, 1976,1980, 1982, 1984a, 1984b, 1985a, 1987c, 1988, 1992, 1997a;  Livingston et al. 1974, 1976, 1997, 1998a,b). 

A. Sediment Analyses

Sediments were analyzed for particle size distribution and organic composition according to methods described by Mahoney and Livingston (1982) as defined by Galehouse (1971).

1. Particle size analysis

Sediment samples were taken with coring devices (Plexiglas: 7.6 cm d., 45 cm2 cross section). Analyses were taken on 10 cm samples for regular percent organics and particle size analysis.

(a) Un-preserved sediments were divided into coarse (>62 micrometers) and a silt-clay (<62 micrometers) fractions.

(b) The coarse fraction was analyzed by wet-sieving using 1/2 phi unit intervals.

(b) The silt-clay fraction was analyzed using a pipette method in 1/2 phi unit intervals from 4 phi to 6 phi, and in 1-phi intervals for the finer fractions (6 phi to 10 phi).

(d) Statistical analyses were carried out using phi units and sediment designations as outlined in the Wentworth Scale. 

(e) Statistical treatments of the granulometric results followed the method of moments for calculation of mean grain size (in phi units, with 1mm = 0.5 phi), skewness (a measure of non-normality of distribution), and kurtosis (a measure of the spread of the distribution). Sorting coefficients represented the measure of grain size as follows: well sorted = 0.50; moderately well sorted = 0.71; moderately sorted = 1.00; poorly sorted = 2.00. 

2. Percent Organics

After placing the sediments in a drying oven set at 104°C for a minimum of 12 hours, the sediments were ashed in a muffle furnace for one hour or more at temperatures approximating 550 oC. The percent organic fraction of the sediments was calculated as a percent of the dry weight. 

Sediment analysis is a two-part process where the first consists of forming a data file and the second is the actual granulometric analysis.  The first part may be accomplished by either running the EZseds program to enter and reformat raw data or by exporting previously entered sediment data from one of the EP&A 4th Dimension Data Management System (DMS) sediment data files. EZseds is a FORTRAN program that prepares raw sediment granulometric data for analysis with the MacGranulo program. MacGranulo is a FORTRAN application that performs sediment grain-size analysis on the data in the input file.  Results include summary statistics such as mean grain size (as determined by three different methods) and per cent organics, particle-size distribution according to the Wentworth classification, and a frequency distribution plot. 

3. Sediment Toxic Substances Analyses

Sediment samples were collected at a series of sampling sites in the system. Three sub-samples were taken at each established station. Sediment samples were placed on ice. The samples were shipped to Enviro-Test Laboratories in Canada. Prior to shipping, all samples were logged into chain of custody forms and a sample logbook. Samples were examined to ensure that accurate labels had been affixed and that all lids were tight. Prior to closing each cooler containing samples, the chain-of-custody form was completed and placed in a zip-lock bag that was then placed inside the cooler. The forms were placed in plastic bags. The originator retained a copy of each chain-of-custody form. As a general procedure, samples were taken in order from supposedly clean areas to possible polluted areas. No sampling was carried out in the rain. 

Quality control samples (blanks, etc.) were labeled as above. After collection, identification, and preservation, the sample was maintained under chain-of-custody procedures discussed below. A blank consisted of an empty sampling container. For each group of samples (inorganic mercury, methyl mercury), one blank was used for each lot number of jars. 

Samples of sediments were taken with corers (the top 2-cm were used for mercury analysis; top 10 cm for sediment particle size and percent organics). A PVC corer was used for the mercury samples. Chemical analyses were run on sediments taken from each of the sampling stations. Three replicate sediment samples were taken at each station for total mercury and methyl-mercury analysis. Each of the three replicates was composed of three core subsamples that were cut into squares (all edges “shaved”) to eliminate the outer parts of the core sample. The “shaving” of the sample was carried out with an acid (5-10% nitric acid) washed plastic knife.  Samples were placed in acid-washed one pint, wide neck, Teflon-lined screw-top glass jars. Nitric acid (10%-pesticide grade) was used to wash the jars. Samples were immediately preserved in the field with concentrated Nitric Acid to pH 2. Care was taken to mix the sediment and check for the proper pH. Each bottle was labeled as indicated above. Acid preservation for each sample was checked with pH paper to make sure that the pH 2 target is maintained. Samples were then placed on ice and bubble wrap. 

Sampling for toxic agents in sediments in other studies followed similar procedures. All sediment samples were taken with corers (the top 2-cm). A stainless steel corer was used for the organic toxicant samples and a PVC corer was used for the metal samples. 

Chemical-specific Operations
Metals


Field operations


All samples were taken with corers (the top 2-cm were used for analysis). Field sediment samples were taken at each sampling station using an acid washed PVC corer. Three cores were taken for each sample. Samples were placed in acid-washed one pint, wide neck, Teflon-lined screw-top glass jars. Nitric acid (10%-pesticide grade) were used to wash the jars. Samples were immediately preserved in the field with concentrated Nitric Acid to pH 2. Care were taken to mix the sediment and check for the proper pH. One sample x 6 metals [zinc, lead, mercury, copper, nickel, and aluminum] x 20 stations represent a total of 120 metal analyses. Each bottle were labeled as indicated above. Acid preservation for each sample should be checked with pH paper to make sure that the pH 2 target is maintained. Samples are then to be placed on ice and bubble wrap. 

EOCl


Field Operations


Field sediment samples (3) were taken at all stations using a metal corer. Samples were placed in acetone-and-hexane washed aluminum foil which are then put in one pint, wide neck, Teflon-lined screw-top glass jars. Each bottle were labeled as indicated above. Samples were placed on dry ice in the field. Care were taken to pack the glass jars in bubble wrap for the trip to Canada. Each jar is to be wrapped separately and taped individually. Three samples x 20 stations represent a total of 60 EOCl samples. 


Laboratory Operations


Samples were prepared and shipped to Canada for analysis. Sample address is as follows:


 Dr. Detlef A. Birkholz, Executive Vice President


 Enviro-Test Laboratories


9935 67 Avenue


Edmonton, Alberta, Canada


T6E Op5


Phone: 780-413-5227

S. O. P. for the Measurement of SOD using a diver-deployed (in situ) Benthic Lander and core-based SOD methods

IN SITU  METHODOLOGY
I. Introduction


The diver-deployed Benthic Lander used in the Sediment Oxygen Demand (SOD) measurements was designed and built by a research team at Texas A& M University under the direction of Dr. Gilbert T. Rowe. A description of the instrument is given in a paper given by Gilbert T. Rowe and Gregory S. Boland (Benthic Oxygen Demand and nutrient regeneration on the Continental Shelf of Louisiana and Texas, Abstract for LUMCON meeting, 1991). 

II. Instrument specifications:


Duplicate samples are taken after the instrument is grounded in sediments at a given station. Dissolved oxygen probes (one for each of the duplicate units) are attached to YSI dissolved oxygen meters which are monitored 2-5 minute intervals at the surface. The battery operated machine has dual stirrers that maintain a regular rate of stirring in each 7 liter (v) chamber. Each chamber covers 0.09m2 of sediment. Syringe ports are available for removal of water within each chamber for chemical analysis. The Lander is housed in a basic 3/4" aluminum frame to which is attached a battery housing with 2 power Sonic batteries. Ballast weights are used to keep the device in the sediments. Total negative weight is -56.47 lbs and the total positive lift (largely from the 13" Instrument spheres) is 27 pounds. 

III. Operation of the Lander


A. Laboratory preparations

1. The YSI meters should be prepared. This includes installation of probe membranes, 
Red-lining the instrument at salinity 0, adjustment of temperature to ambient for 
calibration, calibrating probes for ambient temperature, setting meter scales to 
desired dissolved oxygen range, checking calibration with 5-10% Sodium 
Sulfite solution (0 ppm oxygen). The TEMP should be reset to the expected 
bottom temperature (based on previous experience). SALINITY should also be 
set in a similar fashion. Glass and gasket should be cleaned with a solvent 
(toluene). 

2. Make sure that the silicon oil fills the impeller housing.

3. Charge batteries to +13 volts and place in housing. 

4. Check o-ring on battery and use light treatment of silicon grease on the battery 
chamber o-rings Close chamber. 

5. Check for chamber volume by measuring distance from the bottom of the rim to the 
flange (40 mm = 7.0 liters). 

6. Grease and clean the pins for attachment to the D.O batteries (large pin is +). Attach 
battery wires and start/check stirring assemblies.

7. Secure device in frame and set/secure for travel.


B. Boat operations (deployment)

1. Turn on stirrers by connecting the battery leads. Calibrate the D.O. meters and place 
probes in housing. 

2. Check syringes for the removal of water.
3. Slide apparatus off boat and let down gently with marker buoy attached to frame. 

4. Divers should remove the chamber unit and secure the bungee cords. One diver on 
each side should lift  the apparatus out and away from the frame. Then the 
divers should flip the chamber unit over to release all air bubbles. Make sure 
that stirrers are operating. 

5. Look for flat area to place chambers and set chambers down gently on sediment, 
pressing down untie the grey flange is sitting on the sediment surface. Again 
check the stirrers. D.O. chamber wires should be bundled together. 

6. Take water samples (200 ml) with syringes. Filter samples through 0.2 µm filter. 

7. Take D.O. and temperature readings at 5 minute intervals, recording data on the 
sample sheet. Such sheets should be part of the overall data sheet (see BIFS 
Field data sheet summary). 

8. After a significant drop in D.O. has been recorded (1-3 hours), divers should take a 
final water sample with the syringes (same as above). The chamber should be 
picked up and turned upside down to check for the impeller movement 
(sediment may interfere with such mechanism). Chamber unit should be placed 
in lender housing and attached with bungee cords. Dive lifts should be inflated 
and divers should escort apparatus to surface. The apparatus should be 
carefully place on the boat and the battery leads detached. 
IV. Determination of oxygen consumption rates


Rate R = (Final O2, ml/l - Initial O2, ml/l) (Volume of chamber = 7 l)



     (area of chamber, 0.091 m2) (Total time, hr-Tfinal - Tinitial)

Conversion of mg/; to ml/l: mg=0.7 ml

B. Physico-chemical Sampling and Analysis

Designated, fixed stations in a given system were sampled (surface and bottom) for water quality factors. Vertical collections of water temperature, salinity, conductivity, dissolved oxygen, depth, Secchi depth, and pH were taken at the surface (0.1 m) and at 0.5 m intervals below the surface to about 0.5 m above the bottom. Surface and bottom water samples were taken with Niscon bottles for further chemical analyses in the laboratory. All sampling was carried out on a synoptic basis with all samples in a given system taken within 1 tidal cycle. 


A list of variables is given below:


1. Physical/chemical Factors




1.
Temperature




2.
Salinity/Conductivity




3.
Dissolved Oxygen




4.
pH




5.
Secchi Depth




6.
Depth




7. 
Light Transmission




8.
True Color, NCASI Colorimetric Method




9.
True Color, Spectroscopic Method




10.
Turbidity, Nephelometric Method




11.
Total Dissolved Solids




12.
Total Suspended Solids




13.
Dissolved Oxygen, YSI D. O. meter




14.
Particulate Organic Carbon




15.
Dissolved Organic Carbon




16.
Total Inorganic Carbon




17. 
Total Organic Carbon




18. 
Total Carbon




19
Chlorophyll  a




20
Chlorophyll  b




21
Chlorophyll  c


2. Nutrients




1.
Nitrogen nitrate and nitrite




2. 
Ammonia nitrogen




3.
Organic Nitrogen and Organic Phosphate




    a. Total Organic Nitrogen and Total Organic Phosphate




    b. Dissolved Organic Nitrogen and Dissolved Organic Phosphate




    c. Particulate Organic Nitrogen and Particulate Organic Phosphate




4. 
Total Nitrogen




5. 
Total Phosphorus




6.
Orthophosphorus




7.
Dissolved Reactive Silicate

Physical/chemical data and water samples for chemical analysis were taken according to methods defined by the U. S. Environmental Protection Agency (1983). Temperature and salinity were measured with YSI Model 33 S-C-T meters calibrated in the laboratory with commercial standards. Dissolved oxygen was taken with YSI Model 57 oxygen meters calibrated by the azide modified Winkler technique. The pH was measured with an Orion Model 250A pH meter equipped with a Calomel electrode. Aquatic light readings were taken with a Li-Cor LI-1800UW Underwater Spectroradiometer, which measures the spectral composition of photon flux density at 1-2 nm intervals from 300-850 nm.


A Beckman DU-64 spectrophotometer was used to analyze true color (APHA, 1989). Both ratio and nephelometric turbidity analyses were carried out. A Ratio Turbidimeter and a Hach model 2100A Turbidimeter were used for turbidity analyses. Quantification of dissolved inorganic nitrogen (nitrite, nitrate) and dissolved inorganic phosphorus (orthophosphate) followed methods outlined by Parsons et al. (1984). Ammonium was measured with an ion electrode (U S EPA 1983, method 350.3) after raising the pH to 11. This method had some essential features (e.g., minimal interference from waters highly stained with humic materials and paper mill effluents) that required special attention to the results. Consequently, the level of detection was relatively high (e.g., 2.0 µm ammonium-N) but adequate for this study. Particulate organic nitrogen (U S EPA 1983, method 351.4) and particulate organic phosphorus (U S EPA 1983, method 364.4) were collected on Gelman glass fiber filters combusted at 500 oC, oxidized to inorganic fractions and organic N measured as ammonia and organic P measured as particulate organic phosphorus. Total dissolved solids (APHA Method 209-B), total suspended solids (APHA Method 209-C), dissolved organic carbon (APHA Method 415.1), Chlorophyll a (APHA Method 1002-G), and Biochemical Oxygen Demand (APHA Method 405.1) were carried out according to the methods outlined by the American Public Health Association (APHA, 1989). Particulate Organic Carbon was analyzed according to Parsons et al. (1984) (method 3.1). Nutrient analyses were carried out according to APHA (1989).

C. Nutrient Loading Models

The U. S. Geological Survey (Tallahassee, Florida; M. FRANKLIN, personal communication) provided flow data for the Perdido River system, Bayou Marcus Creek and 11-Mile Creek. Nutrient sampling was carried out in the various rivers leading into the bay (Figure IV-3). Monthly nutrient concentrations from these rivers were used in the models. Overland runoff from unmonitored areas was estimated using models devised by A. Niedoroda (personal communication). Loading models for the 11-year database were run on monthly, quarterly and annual intervals.


The nutrient loading models were based on a ratio estimator developed by Dolan et al. (1981). This model corrects for the biases due to sparse temporal sampling. It uses auto- and cross-covariance values  of flows and nutrients for correction of the loading calculations. Nutrient data for the models was usually taken monthly where river data were taken daily. Program modifications were made by A. Niedoroda and G. Han (personal communication) whereby (1) due to discontinued river monitoring a Bayou Marcus Creek  and the Blackwater River in September 1991, river flows for these areas were estimated from regressions (log/log, Elevenmile Creek and Bayou Marcus Creek; Styx and Blackwater Rivers); (2) stations 9 and 21 were sampled monthly from 3/93 -10/94 and flows were then estimated by the following, St. 09--(2.52 *St. 05) + (1.01 * St. 04) + (1.10 * St. 07), St. 21--(2.64*[St. 13-32]) + 32. These data are considered questionable at best and should not be used for any serious conclusions. 


Dr. Alan Niedoroda and Mr. Gregory Han of Woodward-Clyde designed the loading estimator program. Data were grouped according to methods described in previous reports.  Model applications were carried out according to a formula given by Dolan et al. (1981). 







where





 EMBED Equation.2  
= Estimated Load





   = mean daily flow for the year





  = mean daily loading for the days on which concentrations were 



determined





 = mean daily flow for the days on which concentrations were 




determined















 = number of days on which concentrations were determined





 = individual measured flows





 = daily loading for each day on which concentrations were determined 

This formulation corrects for biases introduced by sparse (temporal) sampling by using auto and cross covariance values of the flows and nutrients to correct the loading calculations for variability in the river flow which influences the nutrient concentrations. This applies where flow data are usually taken regularly (usually daily), whereas nutrient concentrations are usually taken at monthly or quarterly intervals.

D. Light Determinations

Light penetration depths were taken using standard Secchi disks. Field light transmission data were taken with a Li-Cor LI-1800UW Underwater Spectroradiometer. The underwater light field was characterized by incident radiant flux per unit surface area as quanta m-2 s-1. Samples included 3-5 scans (replicates) taken at 1-2 nm intervals that were averaged for each reading. Flux measurements were taken for photosynthetically active radiation (400-700 nm; PAR) and individual wavelengths. For any series of collections, field samples were taken during relatively calm conditions between the hours of 10:00 and 1400 h. Multiple air light readings were taken to correct for short-term radiation variability during light measurements.

PRODUCTIVITY EXPERIMENTS

I. Overall approach (Protocol review in Addendum I)

A. Introduction


As part of the modelling process, information will be needed to understand the causal relationships nutrients and productivity in the offshore areas of the Econfina and Fenholloway drainages. For this purpose, a field trip will be made quarterly from April, 1992 through March, 1993 in which various parameters will be experimentally analyzed. 


These experiments will be run in conjunction with the continued nutrient loading analyses. Diurnal changes of dissolved oxygen in the estuary will be determined as part of this analysis. The relationship of organic carbon to the uptake of dissolved oxygen in the bay will be reviewed. The nutrient data (descriptive and experimental), together with the phytoplankton data base, will be used to integrate the nutrient input question with the determination of possible mill-related effects due to nutrient loading. The results of these experiments will be made available to the modelers. 

B. Overall field approach


Starting at the mouth of each river, a vertical analysis will be made of temperature, salinity, and dissolved oxygen on each of the three stations (0.1, 0.5, 1.0, 1.5m and between the halocline and the bottom). Based on the results of this analysis, three Hydrolab Data Sonde 1 meters will be deployed at the chosen stations (to be determined later). 


 The following factors will be continuously monitored over the duration of the field program:


Temperature


Dissolved oxygen


Conductivity


Salinity


pH


Oxidation/reduction potential


The light/dark bottle (productivity) set-up will then be deployed at each of the three designated stations. After the productivity set-up is deployed, the vertical analysis will be carried out (vertical distribution of phytoplankton and zooplankton) at the same depths as the productivity evaluation. At this time, spectroradiometric analyses will be made at the various depths of the sampling program. After these collections are made, the productivity set-up will be retrieved (late afternoon). During the evening (2-3 hours after sunset) of the first day, there will be a second analysis of the vertical distribution of the phytoplankton and zooplankton. The following morning, the Hydrolab apparatus will be retrieved and water samples will be taken at the various depths at each station. Sediments will be taken for a laboratory analysis of the sediment oxygen demand. The SOD and water samples will then be taken back to the laboratory for analysis. 

C. Stations 


Three stations in each system will be tested. The exact location of the stations will be determined after the completion of the seagrass mapping. 

II. Oxygen-based productivity analysis

A. Background and Rationale


Primary productivity is the rate at which inorganic carbon is converted to organic carbon via chlorophyll-bearing organisms such as phytoplankton. The plankton respiration term will be an important part of evaluating the oxygen-uptake mechanism in the bay. Therefore, we will evaluate the phytoplankton net and gross photosynthesis in Perdido Bay using the now classical light and dark bottle oxygen technique (Strickland, 1960; Standard Methods, 1989). 


Presently, there is no available method of measuring primary productivity that is free of artifacts, including representativeness of samples. Recent literature continues to elucidate problems with methods, assumptions, and experimental designs in the measurement of primary productivity (Nixon, 1988). Various authors have recently emphasized the importance of production processes occurring at strong physical gradients (Legendre and Dimers, 1985) and an emerging area of emphasis is concentrating on ecohydrodynamics. The approach in this study will examine bay primary productivity in terms of its relationship to the euphotic zone.The scaling of measurements will be made mostly at the meso- to macro-scale; fine-grain scaling of observations, if necessary, will be based on the present design. Integral water column rates of photosynthesis will allow an estimate of system production minus the relatively small contribution from submerged aquatic vegetation and a somewhat more important contribution of phytomicrobenthos. 

B. Methods



1. Timing


The approach here is developed from that described in Standard Methods (1989). All procedures involving bottle cleaning, checking for supersaturation, the handling of water samples, and calculations are given in the above citation. The oxygen method will be used whereby clear (light) and darkened (dark) bottles will be filled with water samples and suspended at regular depth intervals for appropriate intervals. The duration of exposure will depend on the rate of net photosynthesis and respiration with a need to avoid bubble formation in light bottles or hypoxia in dark bottles except at depths where hypoxia is present. We will start with sunrise to sunset deployment with possible adjustment to 0900 to 1500 hours or some equal distribution of time around noon (CST). Any given bubble development (>0.3mm diameter) at a single depth will not result in a change in deployment schedule. Bubble development at different depths will be reason to change such deployment based on a initial screening by periodically checking the bottle strings. 



2. Endpoints


Changes in the concentration of dissolved oxygen will be measured with a Y.S.I. Model 58 D. O. meter equipped with a BOD probe. A magnetic stirrer and stirring bar will be required (a 12 volt system will be used). The specifications of this D. O. unit is +/- 0.01 mg/-1 with an accuracy of +/- 0.03 mgl-1. These specifications are minimally satisfactory for the warm season. More sensitive measurement equipment is not seen to be seaworthy in a small research vessel. If necessary, a more sensitive system will be available at a shore-based system which will require transport of samples to this laboratory set-up. The present method will allow a spatial coverage that is important to the project. 



3. Methods


Two numbered light bottles and 2 dark bottles will be used for each depth at each station. Non-brass ("marine") wire will be used to attach a strong (plastic or stainless steel) snap-catch to the neck of each 300 ml BOD bottle. Wheaton "400" brand borosilicate (high purity) glass bottles are to be used. Plastic bottle caps will be used to protect the stoppers. The bottles are to be acid-cleaned (warm 10% HCl) and rinsed with distilled water prior to use. Just before the filling of each bottle, the container will be rinsed with the water to be tested. Phosphorus-containing cleaning agents will not be used. The experimental set-up has been constructed so that the supporting lines or racks do not shade the suspended bottles. 



4. Sampling Depths


Samples will be taken at the surface or 0.1 m, 0.5 m, 1.0 m, 1.5 m, and one sample depending on the halocline and 10% surface PAR (at least 0.5 m off the bottom). Fixed depths will be used with the exception of the bottom LD-DB series when 10% of the surface PAR is below the halocline. Then the bottle depth will be adjusted at about halfway between the bottom and the halocline. This will be used for the upper- and mid-bay stations (23, 31). If no strong halocline exists within the euphotic zone, as is the case in the lower bay stations (40), then the bottom sample will be placed about 0.5m above the bottom. This will include low light intensities or essentially respiration-dominated processes. The water for the productivity analyses will be taken at the various bottle depths.



5. Water sampling


A water pump will be used to fill the bottles with flushing of the system for 5 minutes before taking the samples. A diaphram-type pump will be used at each water depth with a 64 µm net to take out the larger zooplanktors. Water from each water layer will be placed in a composite bucket and the water from the bucket will be siphoned into the various water bottles. The water hose should be flushed with fresh water and de-ionized water following use and hung to air dry between cruises to minimize microbial growth in the hose. 



6. Sampling procedure


Samples are to be introduced into the clear, dark, and initial-analysis containers. Sample containers are to be filled and measurements of dissolved oxygen, temperature, and salinity are to be taken at the initiation of the experiment in the extra (initial analysis) water bottle. Samples are to be kept out of direct light during handling. The delivery tube is to be delivered from the bottom of the bottle and three volumes of water are to be allowed to overflow. The set-ups are then introduced at the various sampling sites at the early morning initiation of the experiment. At the end of the exposure period, the D.O., temperature, and salinity are to be measured again as described above.



7. Calculations


The increase in oxygen concentration in the light bottle during incubation is a measure of the net production (somewhat less than gross production due to respiration). The loss of oxygen in the dark bottle is an estimate of the total plankton respiration. 


Net photosynthesis = light bottle D.O. - initial D.O.


Respiration = initial D.O. - dark bottle D.O.


Gross photosynthesis = light bottle D.O. - dark bottle D.O.

Results from duplicates are to be averaged. The calculations of the gross and net production for each incubation depth should be plotted. 


mg carbon fixed/m2 = mg oxygen released/l X 12/32 x 1000 x K

where K = photosynthetic quotient ranging from 1 to 2, depending on the N supply. 
One mole of oxygen (32 g) is released for each mole of carbon (12 g) fixed. The productivity of a vertical column of water 1 m square is determined by plotting productivity for each exposure depth and graphically integrating the area under the curve. 

III. Vertical sampling program


Phytoplankton and water quality conditions (temperature, salinity, dissolved oxygen) will be sampled at the designated three stations. The specific protocols for phtyoplankton are given in Appendix V. At each sampling (depth by station), three 1 liter samples will be taken for phytoplankton analysis with preservation with Lugol's solution as noted in previous samplings. A single water sample will be taken during the second day of the field operations at each depth at each station. 

IV. Spectroradiometric analyses


The field data will be taken with various instruments that have been described in detail in previous reviews of the methods used in this project (Quality Assurance/Quality Control, Standard Operating Procedures). The light readings will be taken with a Li-Cor LI-1800UW Underwater Spectroradiometer. 


Spectroradiometry includes the measurement and analysis of the flux (e.g., energy) emitted by a radiation source (in this case, the sun) at different wavelengths. Such flux can be influenced by various processes such as reflection, transmission, fluorescence, or scattering of intermediary mediums; in this case, the water is the medium and the process of light penetration is dependent on water quality (turbidity and color) as function of various physical-chemical factors and biological processes (Kirk, 1983). 


The units used in spectroradiometry include energy per unit wavelength band, per geometric configuration, per unit time. The underwater light field is characterized by measurements of irradiance or the incident radiant flux per unit surface area as quanta s-1m-2. The quanta in the photosynthetically active radiation or PAR (400-700 nm waveband) is used for studies in the energy input to aquatic food webs via photosynthetic activity of the green plants (in this case, phytoplankton and submerged aquatic vegetation or SAV). The light data taken here will be applied to the phytoplankton data at a later date, and we will be primarily concerned with the SAV in this study. These plants respond both to the quantitative and qualitative aspects of light availability in the water column which are both functions of the nature of the incident light, ambient environmental conditions in space and time,  and the quality of the water. Depending on the pigment configurations in the various species of aquatic plants, the same amount of light (or quantity of PAR) can have very different effects on different species if there are qualitative differences in the spectral distribution of photons. This means various grades of usefulness of the light energy under differing conditions of water quality. Since water color is affected by the discharge of pulp mill effluents, it follows that possible changes in the spectral changes attendant to the influence of water color could affect the distribution of the aquatic plants in the receiving system. Thus, we will be concerned with the temporal and spatial (horizontal and vertical) distribution of light in the Perdido system relative to the natural and anthropogenous changes in the light transmission characteristics of this area. 


The basis for the instrumentation used in this study is given by Publication No. 8405-0037 of Li-Cor, Inc. (Revision 2; August, 1989), the instruction manual for the LI-1800UW Underwater Spectroradiometer. This instrument is designed to measure the spectral composition of photon flux density at various wave lengths (at 1,2, 5, or 10 nm intervals). Underwater scan limits are 300-850 nm. A software package with the system allows data reduction routines for conversion to photon flux units, photosynthetically active radiation, illuminance, linear combinations of files, and ratios/products of files. The instrument has been calibrated by LI-Cor with calibration information stored as data files in the memory of the machine. Calibration is by use of a standard lamp of known spectral power distribution  and this process establishes the instrument's response function. The working standard is prepared by calibrating against the primary standard supplied by the U. S. National Institute of Standards and Technology. 


The operating procedure in the field will be been as follows. Three scans (replicate) were taken and averaged for each reading. Data were taken at 2 nm intervals in the air, and at previously described intervals. The sensor will be lowered from the sunny side of the boat at an angle that will keep the sensor out of the boat's shadow. Readings will be taken only under full sunlight conditions (no clouds) with the exception of some experiments where readings were taken under varying levels of cloud cover. Some experimentation with cloud cover has indicated that this factor is extremely important in the amount and type of light noted. For any series of collections, light conditions (taken mainly between 10 A.M and 2:30 P.M.), wave action, and other variables related to water conditions were standardized as best as possible. The data will be taken within 2.5 hours of solar noon to minimize the possible effects of a changing solar angle. By subtracting each water reading from the corresponding (station-specific) air reading, a so-called "standardized" calculation will be made to account for possible changes in the amount of radiation incident on the water over the period of data collection. 


The spectral irradiance was given in terms of units of energy (micro-moles photons) nm-1m-2. The photosynthetically active radiation (PAR) is the radiation in the 400-700 nm waveband. The output of the quantum sensor is an integration of the of the spectral flux that is incident on the sensor within the spectral range above. Just after each field deployment, a water sample will be taken for measurement of the various water quality factors such as chlorophyll a, color, turbidity, and seston at each depth. 
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Addendum I: Protocol Review for Field Operations

1. The boat will be anchored at the first station at day-break and a vertical reading of salinity, temperature, and dissolved oxygen will be taken with the calibrated meters at the following intervals: .0.1, 0.5, 1.0, 1.5m etc. down to the bottom. Data will be recorded and the halocline and possible hypoxic conditions noted by depth. From these data, the depth of the deepest productivity rig will be determined as well as the depth of the Hydrolab Sonde apparatus. 

2. The productivity anchoring system will placed into position. 

3. Starting from the bottom, the productivity rig will be placed with the pumping system as indicated in the protocol. When all bottles are filled, the set-up will be lowered into the water starting with the deepest part of the rig. The entire productivity apparatus will be attached to the anchoring system. 

4. The Hydrolab Sonde anchoring systems will be placed in the water and the Hydrolab systems will be attached to the it. During the first run, the Hydrolabs will be placed at the next two stations.

5. The productivity rigs and remaining Hydrolab Sonde will be placed at the remaining stations, ending at the final station.

6. The phytoplankton/zooplankton run will then be commenced at station 40. Phytoplanton (3 one-liter samples at each depth:Lugol's solution) and zooplankton samples (pumped water through 202 µm nets noting water volume: formalin) will be taken at each depth and one water quality sample will be taken at each depth and placed in a cooler. These samples are to be analyzed for Chlorophyll a, seston, color, and turbidity. Spectroradiographic readings will be made at each depth and Secchi readings will be made in addition to temperature, salinity, and D.O. readings at the same depth levels as the rest of the readings. 

7. After completion of the phytoplankton/zooplankton run (ending at station 23), the productivity rigs will be retrieved and data taken (D.O., temperature, salinity). The marker buoys will remain in place and the lights turned on. All stations will be sampled. 

8. About 1-3 hours after sunset, the phytoplankton run will be made again without taken water quality samples. 

9. The following morning,  the Hydrolab Sondes will be retrieved. Water samples for full chemistry (one sample at each depth) will be taken along with temperature, salinity, and dissolved oxygen. The SOD samples will be taken and the marker buoys retrieved. All five stations will be sampled. The water quality/SOD samples will be taken back to Tallahassee for analysis. 
E. Field/Laboratory Methods

All sampling efforts were carried out in a similar fashion with respect to sample collection, transfer and analysis. For all types of organisms, outside corroboration has been carried out by recognized taxonomists continuously. Laboratory specimen libraries have been established and continuous maintained. Chain of custody forms are filled out with each transfer with the usual procedure as follows:

1) Samples are delivered (chain of custody signed) Copy of chain of custody form is given to person transferring samples, original is kept with samples. Samples are then stored in a secure area.
2) Samples are processed( if required ), date and time recorded (ID # kept with each sample)

3) Organisms are picked (if required), date and time recorded (ID # kept with sample)

4) Preparation of specimens are made for identification (ID # kept with sample)

5) Data are recorded in proper form for reporting to customer

6) Data, samples and reference collection are transferred to client.  (chain of custody signed) Copy of original requested.

   * ID labels are kept on the outside of the sample container as well as inside sample container with the organisms.  This information includes project, sample location and date and is made with indelible ink on a suitable material label outside and on a paper label inside. (preferably white rag paper.)

1. Phytoplankton and Zooplankton

Net phytoplankton samples were taken with 2 25-µm nets (bongo configuration) in duplicate runs for periods of 1-2 minutes. Repetitive (3) 1-L. whole water phytoplankton samples were taken at the surface. Phytoplankton samples were immediately fixed in Lugol's solution in its acid version (Lovegrove, 1960).  Samples were analyzed by methods described by Prasad et al. (1990) and Prasad and Fryxell (1991). 

Zooplankton were taken in various ways. Multiple tows were made with 202µm nets run over varying time periods that depended on zooplankton density. Sample volumes were recorded so that a quantitative estimate could be made of zooplankton numbers. Another approach, used under certain conditions, involved pumping water (a volume that was determined in the field) through 202 µm nets. Zooplankton preservation was made using 10% formalin. All counts were made to species. 

HEIRARCHICAL ANALYSIS STRATEGY FOR DETERMINATION OF HYPEREUTROPHICATION STATES


The routine sampling for the various factors concerning estuarine eutrophication factors would be supplemented by special (additional) collections made at non-stations during periods outside the usual sampling (monitoring) efforts. 
I. FIELD ANALYSES


The first level of review for potential hypereutrophication status in a given estuary involves the water analyses taken during routine field determinations. These include the following with the added determination of possible water quality features that would lead to a second order review. 

a. Field Water Chemistry (depth profiles)

DO-look for supersaturation during day time or hypoxia at night

pH-levels above 8-8.5 could indicate phytoplankton bloom activity

Secchi depth-reduced Secchi depths relative to other parts of bay

Qualitative (eye-ball) view of bloom potential (water discoloration, etc.)

II. 24-HOUR WATER QUALITY ANALYSES

Any combination of the above factors that indicate the presence of blooms would then trigger a detailed 24 hour surveillance of the estuarine area in question. If such analysis then indicated day/night disparities of dissolved oxygen anomalies (daytime supersaturation, nighttime hypoxia), pH swings, or other water quality disparities, this would trigger a second order review that would include the more important laboratory chemistry features as listed below: 

III. LABORATORY CHEMISTRY ANALYSES


Water samples would be taken from the affected area(s) for the following determinations:

Color

Turbidity
Chlorophyll a (concentrations above >15 µgl-1 could indicate bloom activity)

Nitrogen series: NH3, NO2, NO3, TON, DON, TN

Phosphorus series: PO4, POP, DOP, TP

Carbon series: DOC, POC, TOC

IV. BIOLOGICAL ANALYSES


Any major disparities in the nutrient/chlorophyll determinations would then trigger extra collections of phytoplankton and zooplankton to be determined at species-specific levels of quantitation from whole water and net phytoplankton samples taken in the field. These determinations would involve collections made in areas of suspected phytoplankton blooms with a review of such collections for species known for their bloom characteristics and/or associated with toxic effects.

2. Periphyton

A set of slides were anchored at a given stations 2-2.5 cm below the surface.  After 2-3 weeks, we randomly took 5 slides and placed them in labeled jars filled with distilled water. Jars were transported on ice to the lab where they were scraped on both sides and preserved with 5% formalin  for a composite sample which were stored in screw-cap vials. Each sample was then diluted with distilled water depending on density of algae, thoroughly shaken, and 3 aliquots of 0.05 ml or 0.1 ml were placed on slide, covered, counted, and identified. 

3. Benthic Macrophytes

Samplihng

Quantitative sea grass sampling using divers to take eight (randomly distributed) quadrat samples (1/4-m2) according to methods described by Livingston et al. (1976). Samples were identified to species. Dry weight determinations were made for macrophytes (rooted and epiphytic) by species for above and below-ground dry weight biomass. Samples were heated in the oven at about 105 oC  until there was no further weight loss (at least 12 hours). Samples were then weighed to the nearest  hundredth of a gram. 

A. Eight (randomly distributed) quadrat samples (d.:1/4-m2) are taken by divers at each station. The 8 sub-samples are consolidated into 1 sample and refrigerated wet. Samples are properly labeled (station x date). 

B. Epiphytic algae are removed from plant surface areas by rinsing with deionized water. Samples are placed in piles on the sampling tray according to species. Roots and surface parts of those rooted species are separated accordingly. These samples are to be analyzed in the laboratory to species for both macrophytes and epiphytic algae. 

C. Species name,  sample station, date of sampling, and initials of person doing the sample are written on paper sheets which are placed on each pile of plant matter. If a plant is not identified, place a name such as Laurencia sp. 1 on the paper. Take a representative sample and place it in a glass, screw-top jar along with its name (Laurencia sp. 1, station, date of sampling, and initials of person doing the analysis) on a slip of paper. Make sure the plant is wet and is the jar is tightly sealed. 

D. Dry weight determinations were made for macrophytes (rooted and epiphytic) by species for above and below-ground dry weight biomass. Samples were heated in the oven at about 105 oC  until there is no further weight loss (at least 12 hours). Samples were then weighed to the nearest  hundredth of a gram. 

Mapping

A map of the offshore sea grasses was developed from just west of the Aucilla river mouth to a point near the Spring Warrior Creek entrance (Fig. 1). A set of 166 natural color aerial photographs was taken (AeroMap U.S. Inc., pers. comm.) along four flight lines between 9:06 and 9:50 AM E.S.T. on 15 November 1992. Ground-truthing was carried out as a series of diver-transects at 320 m intervals from land to 5-7 km offshore: data included visual observations of sea grass species and density, habitat distribution, and bottom type. Sea grass density was estimated as % cover (bare, no observed macrophytes; very sparse, less than 10% coverage; sparse, 10 to 40% coverage; moderate, 40 to 70% coverage; dense, 70 to 100% coverage). The aerial photography was transferred to a computerized sea grass basemap at a scale of 1:24,000. Overlay maps of the transect data were printed at the same scale. The center point of every photograph in the series was then positioned and interpreted using the diver transect data. The sea grass signature (density, distribution) was identified. Density classification was accomplished by visually comparing the photograph to examples of various density classes from an enlarged Crown Density Scale. The final basemap was then photographically reduced in scale and scanned into a computer system. A  detailed analysis was carried out concerning the inshore areas of the SAV survey (within 3 km of shore). The survey region was divided into a series of 17 zones along the coast that were 2.5 km wide and 3 km offshore with the river mouths of the Aucilla, Econfina, and Fenholloway Rivers positioned in the center of individual zones. Absolute and relative areas of the different grass densities and other habitat classes, by zone, were then calculated and used for statistical analysis along with water/sediment quality analyses at stations within each zone.

SEAGRASS TRANSFER EXPERIMENTS (6/99)

Equipment 

E. Boat, motor, dive ladder, usual safety equipment. 

F.  Underwater camera with flash, film, etc.

G.  Air delivery system (Hooka).

H. 10 anchors with line and floats (10)

I. map of 10 sediment quality stations with GPS readings for these stations and station E12.

J. GPS

K. 10 detachable core tubes with caps (both ends)

L. bags for divers to carry core tubes

M. dive equipment (mask, snorkel, flippers, etc.)

N. Corer fitted for detachable cores

O. White plastic with pen for writing station names for underwater photography

P. 100 planting pots with ferilizer

Q. Cloth cover for potted plants and rack for pots

R. Anchors (sharks’ teeth) for pots

The protocol calls for divers taking 30 samples of each species (Thalassia, Syringodium, Halodule) at station E12 (90 samples in all). Hand-held corers were used if possible. Open corer is shoved into sediment to take plant; it is then capped at both ends and brought up to the boat. It is then placed into pot (with fertilizer) and the pot is placed into the rack an covered with wet cloth. If hand-held cores cannot be used, we will use the corer from the boat (guided over plants by divers) to collect the plants. Efforts should be made to make minimum damage to plant an d to take as much of the root systems as possible. 

The first set of transplants was set out at 6 Fenholloway stations in May 1999. These stations were used for the second transplant. Everything were carried out the same way with 2 exceptions: 1/ SAV samples were taken from Station F12. 2/ The samples were planted at the same 6 stations but 10-20 meters south of the original plantings. Marker Buoys were placed on the second transplant. 

3 pots of each species are planted at each of the 6 Fenholloway sediment stations. Plants a placed about 10 cm from each other. The pots are anchored with sharks’ teeth. The tent anchors (with bright colored tape) and floats are planted to mark planting. An underwater picture is taken.


 4. Field Collections of Fishes and Invertebrates

All field biological collections were standardized according to statistical analyses carried out early in the program (Hooks et al., 1975; Livingston, 1976, 1987; Greening and Livingston, 1982; Livingston et al., 1976; Meeter and Livingston, 1978; Stoner et al, 1982). Infaunal macroinvertebrates were taken using coring devices (7.6 cm diameter, 10 cm depth). The number of cores to be taken was determined using large initial samples (40 cores) and a species accumulation analysis based on rarefaction of cumulative biological indices (Livingston et al. 1976). Based on this analysis, multiple (10-12) core samples were usually taken randomly at each station with the assured representation of at least 80% of the species taken in the initial sampling. All infaunal samples were preserved in 10% buffered formalin in the field, sieved through 500 µm screens and identified to species wherever possible. 

Where roots, etc. prevented coring, suction dredges were used as prescribed with multiple sweeps of specific time (number and time to be determined during first field trip). Animals were preserved in 10% buffered formalin, and stored in 100% denatured ethanol.

Epibenthic fishes and invertebrates were collected with 5 m otter trawls (1.9 cm mesh wing and body, 0.6 cm mesh liner) towed at speeds of about 3.5-4 km/hr for 2 minutes resulting in a sampling area of about 600 m2 per tow. Repetitive samples (2 or 7) were taken at each site; sampling adequacy of such nets had been determined by Livingston (1976). All collections were made during the same lunar and tidal phase at the first quarter moon.  Samples were taken within two hours of high tide, with day and night trawls separated by one tidal cycle. Larger fishes(> 300 mm SL) were taken with 100-m nylon trammel nets and stomachs were removed in the field and injected with a 10% buffered formalin solution. 

All organisms were preserved in 10% buffered formalin, sorted and identified to species, counted and measured (standard length for fishes; total length for penaeid shrimp, carapace width for crabs). Representative samples of fishes and invertebrates were dried and weighed and regressions were run so that data from the biological collections could be converted into dry and ash-free dry mass. The numbers of organisms were then converted to biomass/m2. All biological data (infauna, epibenthic macroinvertebrates, fishes) were expressed as numbers m-2 mo-1 or biomass.m-2.mo-1Z.


5. Trophic Determinations

Get analyses were carried out in the same manner throughout the 30 year field analysis period. Fishes and invertebrates were placed in 5,10, or 20 mm size classes (depending on size), and food items were taken from the stomachs of up to 25 animals in a given size class with pooling by sampling date and station. Determinations similar to those described above were carried out and it was determined that at least 15 animals were needed for a given size class x station x sampling period. Stomach contents were removed and preserved in 70% isopropanol and a dilute solution of rose Bengal stain. In larger animals, we pumped the stomachs out and released the subject. The content analysis was carried out through gravimetric sieve fractionization (Car and Adams, 1972). Contents were washed through a series of 6 sieves (2.0-0.75 mm mesh) and frequency of occurrence of each food type was recorded for each sieve fraction. As the food items were comparable in size, the relative proportion of each food type was measured directly by counting. Dry weight and ash-free dry weight were determined for each food type by size class. General, mutually exclusive categories were used for the food types that included both plant and animal remains. Stomach contents by food type by size class were then calculated and related back to station/time designations. Based on the long-term stomach content data for each size class, the fishes and invertebrates were then re-organized first into their trophic ontogenetic units using cluster analyses (Czekanowsli [Bray-Curtis] or C-Lamba similarity measure; Flexble Grouping cluster strategy [beta = -0.25). The basis for this analysis is given by Sheridan (1978) and Livingston (1984). 

All biological data (as biomass.m-2.mo-1 of the infauna, epibenthic macroinvertebrates and fishes) were transformed from species-specific data into a new data matrix based on trophic organization as a function of ontogenetic feeding stages of the species found in Perdido Bay over the multi-year sampling program. Ontogenetic feeding units were determined from a series of detailed stomach content analyses carried out with the various epibenthic invertebrates and fishes in the near-shore Gulf region (Sheridan, 1978, 1979; Laughlin, 1979; Sheridan and Livingston, 1979, 1983; Livingston, 1980, 1982, 1984b, unpublished data; Stoner and Livingston, 1980, 1984; Laughlin and Livingston, 1982; Stoner, 1982; Clements and Livingston, 1983, 1984; Leber, 1983, 1985). Based on the long-term stomach content data for each size class, the fishes and invertebrates were re-organized first into their trophic ontogenetic units using cluster analyses. Infaunal macroinvertebrates were also organized by feeding preference based on a review of the scientific literature (Livingston, unpublished data). The field data in Perdido Bay were then re-ordered into trophic levels so that temporal changes in the overall trophic organization of this system could be determined over the 8-year study period. We assumed that feeding habits (at this level of detail) did not change over the period of observation; this assumption is based on previous analyses of species-specific fish feeding habits that remained stable in a given area over a 6-7-year period (Livingston, 1980). 


The long-term field data were used to establish a data base based on the total ash-free dry biomass.m-2.mo-1 as a function of the individual feeding units of the infauna, epibenthic macroinvertebrates and fishes. Data from the various stations in Perdido Bay were used (g/m2) for all statistical analyses. The data were summed across all taxonomic lines and translated into the various trophic levels that included herbivores (feeding on phytoplankton and benthic algae), omnivores (feeding on detritus and various combinations of plant and animal matter), primary carnivores (feeding on herbivores and detritivorous animals), secondary carnivores (feeding on primary carnivores and omnivores) and tertiary carnivores (feeding on primary and secondary carnivores and omnivores). All data are given as ash-free dry mass.m-2.mo-1 or as percent ash-free dry mass.m-2.mo-1. In this way, the long-term data base of the collections of infauna, epibenthic macroinvertebrates and fishes was re-organized into a quantitative and detailed trophic matrix based not solely on species (Livingston, 1988) but on the complex ontogenetic feeding stages of the various organisms. A detailed review of this process and the resulting feeding categories is given by Livingston et al., (1977). 





6. Suction Dredge data






Quantification of sampling program

The suction dredge data represent a highly quantified sampling effort involving the capture of aquatic invertebrates across a broad spectrum of riverine and estuarine habitats. We quantified various biological sampling techniques so that we could estimate the relative effectiveness of such samplers. This quantification also allowed the use of a particular sampling method for comparative purposes (through time and between ecosystems). 


For the quantification process, we used three suction dredge samples for each station. For each sample, the suction dredge was run for a given period of time. Each sample was broken down into multiple sub-samples or pseudo-replicates (e.g., not true replicates in a statistical sense) by spreading the sample on a tray that was subdivided into a number of equal parts. This approach was used to determine the number of sub-samples that could be analyzed as a representative subset of the original sample. Quantification was based on the rarefaction analysis of cumulative biological indices (in this case, new species and species richness) as a function of multiple sub-samples. The asymptotic relationship of species accumulation curves was used to determine the sampling effort for a given sampler. The basis for these preliminary studies has been given in a series of papers that have been published in peer-review journals (Livingston, R. J., 1976; Livingston et al.,1976; and Stoner, et al., 1983). In this way, the following analysis allowed a consistent and standardized approach to the quantification of the suction dredge collections and an evaluation of the demonstrated effectiveness of this sampling technique. 


A total of three subsamples from each sample would provide a representative comparison of the two systems based on the cumulative numbers of new species taken. Just over 60 percent of the overall (total) species in the full sample would be taken in the Econfina River and just under 60 percent of these species would be taken in the Fenholloway with a total of 9 subsamples. There was no clear asymptotic relationship in the accumulation of new species in either system but the high numbers of new species taken leveled out by the third subsample in of each of the 3 suction dredge samples, This accumulation in terms of mean numbers of species also reflected a leveling by the ninth subsample. 

Invertebrate identifications.

ORGANIZATION AND RESPONSIBILITY

At the present time I am working a one person consultant practice. Samples are delivered to me and I identify the invertebrates in those samples.   This means that I am the only person responsible for the Data generated while samples are in my custody. All sieving and sorting of samples, recorded numbers of organisms, preparations of specimens, use of identification manuals, listing of Data and care of samples while in my custody are my responsibility.

SAMPLING PROCEDURES

In the work undertaken by me only the sieving and picking of organisms would fall under this category.

Samples come to me in two ways:

1) Samples received into my custody are already fixed with formalin, stained with rose bengal, sieved, picked and placed in 70% ethanol.

2) The samples received into my custody have had formalin and rose bengal added in the field.  These samples are then washed through a 500 micrometer sieve (U.S. Standard #35 ).  The material caught in the sieve is then placed in a white enamel tray(with water added) and all organisms are picked out and placed in 70 % ethanol with the help of a magnifier and forceps.

Sample Custody

1) Samples are delivered(chain of custody signed) Copy of chain of custody form is given to person transferring samples, original is kept with samples. Samples are then stored in a secure area.

2) Samples are sieved ( if required ), date and time recorded (ID # kept with each sample)*

3) Organisms are picked (if required ), date and time recorded (ID # kept with sample)

4) Preparation of specimens are made for identification (ID # kept with sample)

5) Data are recorded in proper form for reporting to customer

6) Data, samples and reference collection are transferred to client.  (chain of custody signed ) Copy of original requested.

   * ID labels are kept on the outside of the sample container as well as inside sample container with the organisms.  This information includes project, sample location and date and is made with indelible ink on a suitable material label outside and on a paper label inside. (preferably white rag paper.)

Analytical Procedures

Organisms found in freshwater systems often occur in large numbers, these include Chironomidae larvae and Oligochaete worms.  Frequently,  a compound microscope is needed for proper identification of these groups.

Slides must be made for the compound scope with the proper care being taken for needed character orientation.

Guidelines for determination of numbers mounted are:

1-10---------------Mount all

11-50--------------mount 5

51-150-------------mount 10%

151+---------------mount 15

Notes should be made on the slide label as to how many larvae have been mounted and how many were in the group.  If 261 larvae were in group and 15 mounted then notation should be 15/261.

Information written on the slide includes project, sample location and date and is made with indelible ink. The number of slides and the number of that particular slide should be noted on each slide. (ie: 1 of 3, 2 of 3 and 3 of 3).

Calibration Procedures and Frequency
Instruments used in Identification 

Compound Microscope ---Nikon - Labophot-2 (1990 ) serial # 435089

lense types (Nikon)

CF-E Plan DL Phase Achromat  10x/0.25

CF-E Plan DL Phase Achromat   20x/0.40  

CF-E Plan DL Phase Achromat   40x/0.65

CF-E Plan DL Phase Achromat   100x/1.25  oil 

Dissecting scope---Carl Zeiss - Sterio-4 microscope with diascopic

base.   serial # 42549

Illumination---Cole-Palmer - Low noise illuminator-- model # 9741-50.

Calibration of reticle

A reticle is used in the compound scope and dissecting scope for measurements, this is calibrated with a micrometer at the magnification the measurements are made at.  

Preventive Maintenance

Preventive maintenance on microscopes basically comes down to a few sensible procedures  

1) The microscopes should be kept in an air conditioned environment. (An air cleaning,dust removing, air conditioning unit is preferred, with frequent changing of filters a necessity.). 

2) Dust covers should be kept covering the instruments when not in use. 

Stage should be left in highest position, lowest objective in place.

3) The objectives should be kept free of dust particles and other matter by using recommended procedures for removal.  Frequent wiping should be avoided since this removes lens coatings.

4) No eating or other potentially harmful activities should be engaged in while using microscopes. When using the microscopes follow proper procedures.

5) Light source should be turned on and kept on at low setting until instruments are no longer needed.  Constant turning light source on and off will cut down on bulb life.

QC Checks, Routines to Assess Precision and Accuracy  
Species Identification

An in house specimen collection is always maintained.  

A project voucher collection is kept for each project. This enables one to reference back to any particular specimen that might be in question or to verify any particular specimen.

Outside experts are used when ever needed to verify new species.   As soon as a new specimen is obtained,  corroboration is always sought.    
F. Experimental Methodology

1. Nutrient Limitation Experiments

We constructed 18-1, all-glass microcosms (width: 20, length: 21.5, and depth: 48 cm) using non-toxic sealant. A wooden rack assembly held microcosms at the surface of large temperature-controlled reservoirs. Bay ambient water temperatures were maintained within +/- 2'C through use of heating and cooling coils placed in the thermal reservoir. Large volumes of bay water were gently pumped (Ruhl model 1500 rubber diaphragm pump) from approximately 0.5 m depth at each station into polyethylene containers by first passing through a set of nested Nitex plankton nets held in a stand-pipe system to equilibrate water pressure (i.e., a 202 µm net placed inside a 64 m net; 0.5 X 2.0 m) and to remove larger zooplankton. 

Sampling was conducted during late afternoon and samples were transported to an experimental "microcosm tank facility" near Tallahassee, FL, during early evening to reduce heating from day-time peak temperatures. Experiments began the next  day. Because a continuous supply of estuarine phytoplankton was logistically infeasible, we used a modified static renewal approach with daily removal of 10% of the volume of each microcosm. A supply of the field sample for each station was maintained as renewal water. This water was filtered through a 25 µm Nitex® net and held at 4°C in the dark. Thus, early experimental artifacts such as production of allelopathic substances would be less likely in such a system compared to a static experimental design. Before use, all collecting vessels, culture tanks and Tygon air lines were acid washed (10% HCl), rinsed twice with fresh water, rinsed once with deionized water, and air dried. Microcosms were and sealed with non-toxic silicon sealant. Air was delivered to each microcosm to maintain mixing via tygon tubing, plastic control valves and "air stones" from an oil-free aquaculture air pump. 

Water collected from a station the previous day was placed in a fiberglass mixing tank during early morning to minimize light shock and was gently mixed with a rubber paddle to ensure homogeneous filling requirements. Water was poured sequentially in small volumes into glass microcosms to ensure homogeneous filling requirements. Reference samples were taken from the mixing tank for chlorophyll g, dissolved inorganic phosphate (PO4), ammonium (NH3) nitrite (NO2) and nitrate (NO2) particulate organic nitrogen (PON) and phosphorus (POP) to characterize initial nutrient conditions and standing stock of phytoplankton. Chlorophyll a was collected on Gelman A/E glass fiber filters and extracted with 90% acetone buffered with MgCO, and measured according to Parsons et al. (1984). Quantification of dissolved inorganic N (i.e.-, (NO2 & NO3) and P (PO4) followed Parsons et al. (1984). Ammonium was measured as NH3 with an ion electrode (U.S. EPA 1983, method 350.3) after converting NH4 to NH3 by raising the pH to 11. This method has some essential features (e.g., minimal interference from waters highly stained with humic materials and paper mill effluents. However, the level of detection typically was relatively high (e.g., 2.0 uM NH3-N) but adequate for this study. Particulate organic N (US EPA 1983, method 351.4) and POP (US EPA 1983, method 364.4) were collected on Gelman glass fiber filters combusted at 500 oC oxidized to inorganic fractions and organic N measured as NH3 and organic P measured as PO4.

Single samples were collected daily at approximately 0800 h from each microcosm for chlorophyll analysis to measure changes in phytoplankton biomass. Nutrient enrichment experiments included the following treatments triplicated for each station: 3 control tanks, 3 P-enriched tanks at 10 uM PO4 above ambient, 3 N-enriched tanks at 50 µm NH3N above ambient NH3 and 3 combined NH3 + PO4 (referred to as N+P) above ambient as described for single additions. We used NH3 enrichments because of interest in potential increased riverine transport into the bay. Although aware of possible suppression of NO3 uptake by NH3 this process was judged to be relatively unimportant in bioassays lasting over 5 to 12 d (D'Elia et al., 1986) and at high NO3concentrations (Pennock, 1987). Dortch (1990) concluded from a comprehensive literature review that NH3 suppression of NO3 uptake under field conditions is quite variable and often undetectable. Nutrient additions were made at time-0 of the experiment. On day-2 and daily thereafter, 18 1 of water were collected from each microcosm for chemical and biological analyses. This volume was replaced by an equal volume of renewal water adjusted to ambient temperature before introduction into the microcosms. Hydrographic variables (e.g., surface water temperature (oC) and salinity (8b) (YSI model 33 conductivity meter), and 30-cm all-white Secchi disk readings (m) were collected generally within one week of samples for nutrient enrichment experiments. 

A randomized block design was used with statistical significance of (P<0.05) within and among stations.  The four treatments in each row were randomly selected so that each of the three station-specific experiments had twelve treatments (randomized four treatment by three replicates for three stations).  Treatments were oriented in a north/south direction, to minimize shading from changes in the annual sun angle, and to allow detection of a possible blocking effect.  A repeated-measures, randomized analysis of variance (ANOVA) was run for each experiment. ANOVA assumptions were checked using residual boxplots, the Lilliefors test on the standard residuals and Bartletts test for equality of variances.  A log transformation was necessary to achieve equality of variances.  The two-way interaction P-values for treatment by day and for block by day were calculated.  To determine how treatments differed by day, a randomized block analysis of variance was run for each station, month and day.  As above, a log transformation was necessary to satisfy assumptions.  Scheffe’s S-test was used as a post-hoc treatment. 

2. Diver-deployed (in situ) Benthic Lander

a.  Introduction


The various problems and sources of errors with respect to SOD analyses have been reviewed by J.F. Davis et al. (1987: Delaware Estuary use attainability project, Delaware River Basin Commission, West Trenton, New Jersey). We have analyzed the relatively broad literature on this subject and the method chosen reflects our interpretation of results from the studies of others in addition to our own experience with SOD analyses in our South Carolina work. Replicate samples were used as an indication of experimental error. In situ  tests have the most potential for error. The laboratory approach, while suffering from the problem of not being carried out in the field, has proven to be the most reliable in terms of variability of results. We followed techniques that have a record of being the most reliable on the basis of inter-system comparisons. 


We worked with in situ  samplers developed and constructed at Texas A. & M University (Dr. G. Rowe). The diver-deployed Benthic Lander used in the Sediment Oxygen Demand (SOD) measurements was designed and built by a research team at Texas A& M University under the direction of Dr. Gilbert T. Rowe. A description of the instrument is given in a paper given by Gilbert T. Rowe and Gregory S. Boland (Benthic Oxygen Demand and nutrient regeneration on the Continental Shelf of Louisiana and Texas, Abstract for LUMCON meeting, 1991). 

b.  Instrument specifications:


Duplicate samples are taken after the instrument is grounded in sediments at a given station. Dissolved oxygen probes (one for each of the duplicate units) are attached to YSI dissolved oxygen meters which are monitored 2-5 minute intervals at the surface. The battery operated machine has dual stirrers that maintain a regular rate of stirring in each 7 liter (v) chamber. Each chamber covers 0.09m2 of sediment. Syringe ports are available for removal of water within each chamber for chemical analysis. The Lander is housed in a basic 3/4" aluminum frame to which is attached a battery housing with 2 power Sonic batteries. Ballast weights are used to keep the device in the sediments. Total negative weight is -28.23 kg and the total positive lift (largely from the 13" Instrument spheres) is 13 kg. 

c. Operation of the Lander



1.  Laboratory preparations

1. The YSI meters should be prepared. This includes installation of probe membranes, Redlining the instrument at salinity 0, adjustment of temperature to ambient for 
calibration, calibrating probes for ambient temperature, setting meter scales to desired dissolved oxygen range, checking calibration with 5-10% Sodium Sulfite solution (0 ppm oxygen). The TEMP should be reset to the expected bottom temperature (based on previous experience). SALINITY should also be set in a similar fashion. Glass and gasket should be cleaned with a solvent (toluene). 

2. Make sure that the silicon oil fills the impeller housing.

3. Charge batteries to +13 volts and place in housing. 

4. Check o-ring on battery and use light treatment of silicon grease on the battery chamber o-rings Close chamber. 

5. Check for chamber volume by measuring distance from the bottom of the rim to the flange (40 mm = 7.0 liters). 

6. Grease and clean the pins for attachment to the D.O batteries (large pin is +). Attach battery wires and start/check stirring assemblies.

7. Secure device in frame and set/secure for travel.




2. Boat operations (deployment)

1. Turn on stirrers by connecting the battery leads. Calibrate the D.O. meters and place probes in housing. 

2. Check syringes for the removal of water.
3. Slide apparatus off boat and let down gently with marker buoy attached to frame. 

4. Divers should remove the chamber unit and secure the bungee cords. One diver on each side should lift  the apparatus out and away from the frame. Then the divers should flip the chamber unit over to release all air bubbles. Make sure that stirrers are operating. 

5. Look for flat area to place chambers and set chambers down gently on sediment, pressing down until the gray flange is sitting on the sediment surface. Again check the stirrers. D.O. chamber wires should be bundled together. 

6. Take water samples (200 ml) with syringes. Filter samples through 0.2 µm filter. 

7. Take D.O. and temperature readings at 5 minute intervals, recording data on the 
sample sheet. Such sheets should be part of the overall data sheet (see BIFS Field data sheet summary). 

8. After a significant drop in D.O. has been recorded (1-3 hours), divers should take a final water sample with the syringes (same as above). The chamber should be picked up and turned upside down to check for the impeller movement (sediment may interfere with such mechanism). Chamber unit should be placed in lender housing and attached with bungee cords. Dive lifts should be inflated and divers should escort apparatus to surface. The apparatus should be carefully placed on the boat and the battery leads detached. 

3.  Determination of oxygen consumption rates


Rate R = (Final O2, ml/l - Initial O2, ml/l) (Volume of chamber = 7 l)



     (area of chamber, 0.091 m2) (Total time, hr-Tfinal - Tinitial)

Conversion of mg/; to ml/l: mg=0.7 ml

3. Laboratory (in vivo) SOD Determinations

Four replicate samples of undisturbed core samples were taken with the SOD corer apparatus at each of the three stations. Sediment filled the corer to at least half the height of the PVC coring tube. Water filled the rest of the corer. Great care was taken so that there was minimal disturbance to the sample. Detachable cores were capped and placed in racks. The samples were sealed with PVC end caps and placed in an upright position in the rack in a Gott cooler. The seawater bath in the Gott cooler was maintained at the level of water in the cores to lessen pressure on the seals. The samples were taken immediately to the laboratory and equilibrated for 10 hours with gentle aeration without disturbing the sediment.. Laboratory water temperature was controlled at field levels. 


We followed the batch method of analysis. The laboratory SOD measurements were made on undisturbed sediments in the original core tubes. Water circulation was maintained with an internal mixing device. Two replicates from each station set were poisoned with HCN; the remaining two samples were left without any additions or changes. Dissolved oxygen probes were pre-and post-calibrated using the micro-Winkler technique. Temperature and depletion of dissolved oxygen were monitored (without stirring) every 30 minutes for 4-6 hours or until 1.5-3.0 mg/l D.O. depletion was obtained. If the initial D.O. readings in the cores was below 4.0 mg/l, the core water was aerated without sediment disturbance in order to have an initial D.O. reading of at least 4.0 mg/l. 


D.O. depletion curves were constructed with the cumulative D.O. depletion data plotted against time. The slope was calculated from the linear portion of the D.O. depletion curve using the first degree regression function: the results are to be represented in units of gO2m-2h-1. 

4. Primary Productivity (in situ light/dark bottle study)

Primary productivity is the rate at which inorganic carbon is converted to organic carbon via chlorophyll-bearing organisms such as phytoplankton. The plankton respiration term was an important part of evaluating the oxygen-uptake mechanism in the bay. Therefore, we evaluated the phytoplankton net and gross photosynthesis using the classical light and dark bottle oxygen technique (Strickland, 1960; Standard Methods, 1989). Some unpublished data using the C14 uptake method were obtained by personnel of the Environmental Research Laboratory, Gulf Breeze for Perdido Bay. Data taken using this method were comparable to our own.


Presently, there is no available method of measuring primary productivity that is free of artifacts. Various authors have recently emphasized the importance of production processes occurring at strong physical gradients (Legendre and Dimers, 1985) and an emerging area of emphasis has concentrated on ecohydrodynamics. The approach in this study examined bay primary productivity in terms of vertical stratification and its relationship to the euphotic zone, the longitudinal salinity gradient in the bays, and temporal patterns over the warm season when hypoxic conditions become prevalent. The scaling of measurements was made mostly at the meso- to macro-scale; fine-grain scaling of observations was based on the present design. Integral water column rates of photosynthesis allowed an estimate of system production minus the relatively small contribution from submerged aquatic vegetation and a somewhat more important contribution of phytomicrobenthos. 


The approach here is developed from that described in Standard Methods (1989). All procedures involving bottle cleaning, checking for supersaturation, the handling of water samples, and calculations are given in the above citation. The oxygen method were used whereby clear (light) and darkened (dark) bottles were filled with water samples and suspended at regular depth intervals for appropriate intervals. The duration of exposure will depend on the rate of net photosynthesis and respiration with a need to avoid bubble formation in light bottles or hypoxia in dark bottles except at depths where hypoxia is present. We will start with sunrise to sunset deployment with possible adjustment to 0900 to 1500 hours or some equal distribution of time around noon (CST). Any given bubble development (>0.3mm diameter) at a single depth will not result in a change in deployment schedule. Bubble development at different depths were reason to change such deployment based on a initial screening by periodically checking the bottle strings. 



a. Endpoints


Changes in the concentration of dissolved oxygen were measured with a Y.S.I. Model 58 D. O. meter equipped with a BOD probe. A magnetic stirrer and stirring bar were required (a 12 volt system were used). The specifications of this D. O. unit is +/- 0.01 mg/-1 with an accuracy of +/- 0.03 mgl-1. These specifications are minimally satisfactory for the warm season in Perdido Bay. More sensitive measurement equipment is not seen to be seaworthy in a small research vessel. If necessary, a more sensitive system were available at a shore-based system, which will require transport of samples to this laboratory set-up. The present method will allow a spatial coverage that is important to the project. 



b.  Methods


Two numbered light bottles and 2 dark bottles were used for each depth at each station (see Figure 1 for a schematic of the experimental set-up). Non-brass ("marine") wire were used to attach a strong (plastic or stainless steel) snap-catch to the neck of each 300 ml BOD bottle. Wheaton "400" brand borosilicate (high purity) glass bottles are to be used. Plastic bottle caps were used to protect the stoppers. The bottles are to be acid-cleaned (warm 10% HCl) and rinsed with distilled water prior to use. Just before the filling of each bottle, the container were rinsed with the water to be tested. Phosphorus-containing cleaning agents will not be used. The experimental set-up has been constructed so that the supporting lines or racks do not shade the suspended bottles. 



c. Calculations


The increase in oxygen concentration in the light bottle during incubation is a measure of the net production (somewhat less than gross production due to respiration). The loss of oxygen in the dark bottle is an estimate of the total plankton respiration. 


Net photosynthesis = light bottle D.O. - initial D.O.


Respiration = initial D.O. - dark bottle D.O.


Gross photosynthesis = light bottle D.O. - dark bottle D.O.

Results from duplicates are to be averaged. The calculations of the gross and net production for each incubation depth should be plotted. 


mg carbon fixed/m2 = mg oxygen released/l X 12/32 x 1000 x K

where K = photosynthetic quotient ranging from 1 to 2, depending on the N supply. One mole of oxygen (32 g) is released for each mole of carbon (12 g) fixed. The productivity of a vertical column of water 1 m square is determined by plotting productivity for each exposure depth and graphically integrating the area under the curve.

S. O. P.: STUDY PLAN FOR THE ASSESSMENT

OF LIMITING NUTRIENTS
I. Introduction


This study has been designed to analyze the question of nutrient limitation on phytoplankton growth in Apalachee Bay.  Apalachee Bay has been characterized by oligotrophic conditions. One of the questions asked concerning the potential impact of the Foley mill on the bay is the contribution of nutrients to the autochthonous production of organic carbon. Such production is, to a considerable degree, dependant on phytoplankton which is considered to be a major source of primary productivity in the estuary. Excess phytoplankton productivity, fueled by the input of limiting nutrients, could be an important factor in the SAV question. 


The basic thesis for this work is that any evaluation of potential sources of excess nutrients depends, in part, on the relative importance of nutrients to phytoplankton production in Apalachee Bay. An increase in limiting nutrient(s) could lead to the exacerbation of the existing SAV problem. Without an evaluation of the influence of potential nutrients to phytoplankton growth, it will be difficult to determine the relative importance of such substances to the bay and, parenthetically, the design of a nutrient control program if one is needed.


A. Background



1. Introduction


Estuaries are enriched by nutrients (Neilson and Cronin, 1981) and their location on the receiving end of watersheds ensures a continuous supply of such substances from various natural and anthropogenous sources. The natural assimilation of nutrients by the estuarine biological system is often achieved without deleterious effects. Variables that control these processes include the physiography of a given estuary, depth, water currents and turnover rates, and the timing and source of the nutrient input. With the relatively rapid increase in human populations along the gulf coast, there are various new municipal and industrial sources of nutrients. Accordingly, there has been a steady increase in the cultural (e.g., human) eutrophication of estuaries along the coast of Florida (Livingston, in press). Considerable research has been carried out concerning the consequences of the anthropogenous input of excess nutrients to estuaries with resulting problems of hypoxia/anoxia, loss of submerged aquatic vegetation due to competition for light and nutrients with phytoplankton, and associated changes in the food webs (Neilson and Cronin, 1981, Heinle et al., 1980; Officer et al., 1983; Price et al., 1985). The loss of human benefits (e.g., water quality, fisheries, etc.) due to over-enrichment is considered to be one of the major problems facing Florida's estuaries today (Livingston, in press). 


Nutrient "over-enrichment" involves both point and non-point sources. Previous studies indicate phosphorus (P) limitation has been rigorously demonstrated in freshwater systems (Schelske and Stoermer, 1972; Schindler, 1977, 1981, Hecky and Kilham, 1988). Nitrogen (N) has been implicated as the major "limiting" nutrient in saline waters of some estuaries (Ryther and Dunstan, 1971; Thomas et al., 1974; Boynton et al., 1982; Bishop et al., 1984). However, there is evidence that phosphorus is limiting in gulf estuaries (Estabrook, 1973; Livingston, 1984; Myers and Iverson, 1977;). According to Hecky and Kilham (1988), no rigorous scientific foundation exists for nitrogen limitation in marine systems, and such limitation remains an open question. In fact, there are various factors (temperature, wind, phosphorus, nitrogen, silica) that shape phytoplankton assemblages in estuaries with seasonal changes in factor importance playing an important role in the determination of phytoplankton community relationships. Management activities are particularly dependent on nutrient loading characteristics of a given estuarine system (Chesapeake Executive Council, 1989; Jaworski, 1981; Darnell and Soniat, 1981). 


There are spatial (e.g., along the longitudinal salinity gradient) and temporal (seasonal) patterns of nutrient limitation. Because of the large size and openness of most estuaries, a simple resolution of the nutrient limitation question is not forthcoming. Although not the ecological obverse of nutrient enrichment because of potential hysteresis effects, nutrient removal from some estuaries has resulted in water quality improvements (e.g., the upper tidal freshwater Potomac responded favorably to phosphorus removal [Jaworski et al., 1981; Jaworski et al., 1972; Lee and Jones, 1981], the upper portion of the Thames River estuary [Gameson et al., 1973], Kaneohe Bay, Hawai {Smith, 1981]). 


The dynamic nature of estuarine processes (e.g., high process variability in space and time) adds to the uncertainty of the definition of 'limiting' nutrients. There is a range of estuarine classes (Biggs and Cronin, 1981) based on the physical/geological features and relative impact due to anthropogeous activities (Biggs et al., 1989). Nutrient bioassay studies provide essential information for the resolution of the problem and, as an experimental (screening) approach, such analyses allow for the probable identification of limiting nutrients even though such information is seldom sufficient for the prediction of system response to nutrient load increases or decreases. The problem of extrapolation from bioassay studies to estuarine systems as a whole is partly a scaling problem (Wolfe et al., 1987 and cited reference; Flemer, 1989). Therefore, the proposed research in nutrient limitation will focus on bioassays that employ microcosm experiments as a critical first step; however, full application of this research requires integration (i.e., mathematical models) of the experimental nutrient dose-response data with accompanying field monitoring of water/sediment quality, factors affecting mixing, dispersion and advection, loading, cycling, and fate aspects (e.g., respiration, burial), and basic phytoplankton spatial and temporal distributions. Much of this descriptive work will be carried out in Apalachee Bay and the combined experimental/descriptive approach will be needed for a reasonable evaluation of the nutrient limitation question.



2. Estuarine nutrient-production dynamics.


The significance of the results of experimental demonstration of limiting nutrients to phytoplankton production will differ depending on the system-level management objective (e.g., hypoxia/anoxia, shading of SAV, food-web shifts) and the experimental design). Each of these issues have been considered in the Apalachee Bay Study Plan. Such factors are important in Apalachee Bay. There is special interest in the problem of hypoxia and the potential interaction between algal blooms and SAV production in the receiving areas of the Gulf.. Therefore, the results of the nutrient limitation experiments will be interpreted in relation to various other portions of the Apalachee Bay studies with particular attention to nutrient loading models, current diagnostic modelling efforts, light (color) characteristics, phytoplankton dynamics, and within-bay nutrient cycling via the sediment/SAV connection (water-sediment-food web). 


Much of the existing information of these processes is based on large spatial and temporal scales (e.g., months to years and major salinity regimes in areas such as San Francisco Bay, Chesapeake Bay, and Delaware Bay). Apalachee Bay is a smaller system that is susceptible to pulsed interventions such as heavy regional rainfall events. The following references will be used as a point of departure for the understanding of potential over-enrichment problems in a small, north-south oriented estuary such as Apalachee Bay:



*  Nutrient loading rates and freshwater discharge (Nixon, 

1981; Jaworski, 1981; Boynton et al., 1982);



*  Physical and geological processes that influence nutrient  
retention and cycling (Pritchard and Schubel, 1981; Nixon, 1988; Biggs 
and Flemer, 1972; Cloern, 1984; Sharp et al., 1982; Haas et al. 1981; 
Malone et al;, 1980);



*  Benthic nutrient remineralization rates (Nixon, 1981; 

Boynton et al., 1980);



*Emergent marsh and submerged aquatic vegetation 

interactions with open estuarine waters (Nixon, 1980; 

Boynton et al.,1982; Heinle and Flemer, 1987);



*Grazing pressure (Pratt, 1965; Martin, 1965, 1970; 

Cloern, 1982; Heinle and Flemer, 1975);



*Light attenuation (Pennock, 1985; Flemer, 1970; Seliger 
et al., 
1975; Platt and Subba Rao, 1975; Platt and Jassby, 1976; Keefe et al., 
1976. 


The studies that will be used in the interpretation of the results of the nutrient limitation experiments are listed in Table 1. Final integration of these parts of the overall Apalachee study will be used to evaluate the possible influence of mill discharges on the Apalachee estuary.



3. Nutrient studies in the northern Gulf of Mexico


Phosphorous appears to be more influential than nitrogen in controlling phytoplankton primary productivity in estuaries along the norther Gulf coast according to Myers and Iverson (1981). The authors used short-term 14-carbon uptake in nutrient enrichment experiments carried out over a series of studies in areas that included the Apalachicola estuary, Ochlockonee Bay, and Apalachee Bay (Econfina and Fenholloway estuaries). Redfield atomic-based ratios (Redfield, 1934) of dissolved inorganic-N:dissolved inorganic phosphate-P (NH3-N, NO2-N, NO3-N: PO4-P) were relatively indeterminate as indicators of potential nutrient limitation (e.g., most values ranged between 10 and 20). 


The application of a mathematical mass balance model of estuarine nutrient transport for the Ochlockonee River-estuary suggests that nitrogen is, at times, more likely to be limiting than phosphorus based on Redfield ratios (Kaul and Froelich, 1984). Similar analyses of preliminary data (Livingston, unpublished data) in the Choctawhatchee Bay system indicated mixed results depending on the time of year and area of the bay. This study is still under review but the results will be used as part of the analysis of the Apalachee system. 


Enrichment studies conducted during November, 1978 on composite samples taken in upper Apalachee Bay using maximum growth potential of Dunaliella tertiolecta indicated phosphorus to be more important than nitrogen as a growth regulating nutrient. However, combined treatments with both nitrogen and phosphorus provided a greater yield than treatment with phosphorus only (U.S. Environmental Protection Agency (1979). Some light-depth photosynthetic studies in Perdido Bay compared responses of natural phytoplankton assemblages in an experimental design that utilized reciprocal up-down bay in situ light-dark bottle exposures (McCauley, Clark, and Flemer, unpublished data). In Bayou Texar (Pensacola Bay system), an area noted for fish kills related to nutrient over-enrichment and hypoxia, nitrate was reported to control primary productivity to a greater degree than phosphorus (Moshiri et al., 1981). Weeks Bay, off the lower Mobile Bay system, has been studied by personnel of the Dauphin Island Sea Laboratory as part of an evaluation of nutrient distribution and limitation. 


Barrett et al. (1978) reported on a hydrographic and biological survey in 1974-76. Mean nutrient and chlorophyll a values were as follows: chlorophyll a (15-24 mg m-3), ammonia-N, (3.2-4.4 micro-g atom liter-1), nitrate-nitrite-N (2.2-5.2 micro-g atom liter-1), and phosphate-P (0.7-1.5 micro-g atom liter-1). Further examination of the data showed that, during the summer (e.g., year-1), most stations were characterized by surface DIN:DIP values that were less than 10; however, some phosphate-P concentrations approximated zero which would yield N:P ratios significantly greater than 20:1 or incalculable. Thus, occasionally, phosphorous may be potentially limiting primary production, especially during the summer. The indication that phosphorus is the more important limiting nutrient is contrary to much of the existing estuarine literature (D'elia et al., 1986; Boynton et al., 1982; Nixon and Pilson, 1983; Hecky and Kilham, 1988; Graneli, 1981; Charpy-Roubaud et al., 1983; Sakshaug and Myklestad, 1973; Graneli et al, 1986). 


There is a need for both the system-level nutrient loading analysis as well as experimental determinations to evaluate the response of Apalachee Bay to nutrient inputs from external sources (natural and anthropogenous). Available literature on the northern Gulf of Mexico is mixed on the subject of nutrient limitation so that no reliable extrapolations can be made to the Apalachee Bay system from such data.



4. Project Hypotheses and Principal Objectives

Hypotheses:


The proposed research is based on a series of inter-related hypotheses that are focused on Apalachee Bay as a shallow-water, pulsed estuary in the northern Gulf of Mexico. 

Null Hypothesis #1


During periods of relatively steady state conditions of low freshwater inflow and high color flux to Apalachee Bay, phytoplankton growth is more light-limited than nutrient limited.

Null Hypothesis #2


During periods of low freshwater inflow and low color flux (e.g., color levels approximate 300-500 Pt-Co units), the bay phytoplankton growth is more nutrient-limited than light-limited.

Null Hypothesis #3


During periods of low freshwater inflow and low color influx, the bay phytoplankton growth is more phosphorus-limited than nitrogen limited.

Objectives


1/   To provide a seasonal picture of light vs nutrient limitation by bay 
phytoplankton.


2/   To provide a spatial and temporal characterization of 
phytoplankton nutrient limitation in Apalachee Bay.


3/   To determine whether hydrographic variability has a positive or 
negative effect on phytoplankton nutrient  limitation.


4/   To provide a nutrient limitation data base that can be combined with a 
hydrodynamic predictive model for hypoxic conditions.


5/   To provide a nutrient limitation data base that can be combined with 
light requirements of SAV to assess shading effects on the SAV 
associations in the bay.


6/   To provide a nutrient limitation data base that can be combined with 
existing nutrient loading data to evaluate the potential impact of the 
Foley mill on phytoplankton productivity in Apalachee Bay.

II. Technical Study Plan


A. Experimental rationale:


There are several approaches to assess nutrient limitation of phytoplankton growth in natural waters as summarized by D'Elia et al., (1986). 

(1) "physiological", in which some metabolic feature is assayed to indicate 
nutrient limitation (e.g., alkaline phosphatase activity);

(2). "mathematical", in which statistical (e.g., Vollenweider, 1976) or numerical 
models are devised that include both steady-state and dynamic 
approaches (O'Connor et al., 1977; O'Connor, 1981) as methods to 
assess nutrient limitation in response to nutrient loading;

(3) "stoichiometric", in which the relative availability of inorganic nutrients in 
loadings (Jaworski et al., 1972, Jaworski, 1981) or in dissolved or 
particulate standing stocks in the water are used as an indicator 
(Redfield, 1934);

(4) "growth assay", in which changes in plant biomass are evaluated in culture 
enrichment experiments (Ryther and Dunstan, 1971; Maestrini et al., 
1984), enclosed natural phytoplankton assemblages (Schelske, 1984), 
or entire ecosystem (Schindler and Fee, 1974).


Anthropogenous enrichment of the upper Patuxent River estuary may qualify as a "pollution experiment" (Nixon and Pilson, 1983). D'Elia et al. (op cit.) and cited references maintain that the growth-bioassay approach provides the best way to determine nutrient limitation of primary (phytoplankton) productivity. Based on this review, we will use the bioassay approach for the Apalachee experiments.


Outdoor tanks open to full sunlight with temperature control and natural phytoplankton assemblages approximate natural conditions more closely than indoor approaches. D'Elia et al. (1986) used a research pier and continuous nutrient supplies which is realistic, with minimization of the production of allelopathic substances. The approach for the Apalachee experiments will meet most of the criteria outlined by D'Elia et al (1986). Since the Apalachee experiments cannot be carried out on site for logistical reasons, we will have some modifications of the methods used in the Patuxent River estuary.



1. Field work


Water will be pumped from 0.5m depths into plastic tanks stations that will be established in the first phase of the analysis. The field program will continue during warm weather periods. The water will be pumped through an 64 micro-meter plankton net to remove the meroplankton and zooplankton. The plankton material will be preserved for identification and enumeration according to procedures given in the original study plan (Livingston, 1988). Approximately 400 liters per station (1,200 liters, total) will be taken to fill the microcosm tanks and provide renewal water. A submersible pump (Ruhl model 1500) will be used to pump water from the bay through the 64 micrometer plankton net which is placed into a stand pipe system with an overflow. Water moves through the overflow pope into  plastic buckets for transport to the Tallahassee Microcosm Facility of E.P.& A, Inc. Sampling will be carried out during late afternoon and samples will be transported during the early evening to eliminate heating from day-time peak temperatures. 



2. Microcosm facility


Water from each station will be run through 25 microliter plankton nets into a 1000 liter plexiglass collecting tank. Plankton taken in the nets will be preserved and saved for quantification and analysis to species. Water will be gently stirred in the collecting tank by a rubber paddle and poured sequentially into microcosms (about 18 liters) to ensure homogeneous filling requirements. At this time, samples will be taken for chlorophyll a analysis by spectrophotometric and fluorometric methods. The analysis will be carried out with a Beckman DU-64 spectrophotometer and a Model 112 Turner Fluorometer.according to methods described in QA/AC/SOP reports generated for this project. At the end of the experiment, the samples will be run for chlorophyll a in the same manner as described above. 


Three sets of 12 microcosms will be placed in the established (temperature-controlled) water baths. Water from one estuarine station and two Gulf stations will be used for each group of microcosms. There will be three sets of four microcosms in each water bath.for a given station. This microcosm set-up will follow a randomized block experimental plan with three replicates for each of the four treatments. This will allow an ANOVA statistical model to be applied to the results of the experiments for each of the three (station-specific) experiments. 


Before each experiment, all culture microcosms will be acid-washed (10% HCl) and rinsed twice with fresh water. Microcosms will be placed in the temperature control (outdoor) tanks with the ambient temperatures maintained.throughout each experiment. Filtered air will be gently bubbled into each microcosm to ensure mixing and to prevent settling of the live cells and the non-living particles. 


The microcosms will be pulse-diluted with bay water filtered through a Gelman Type A/E glass fiber filter (nominal porocity of 0.7 micro-meters) immediately after filling the microcosms. Prefiltering through five micro-meter Whatman paper filter will be required. The dilution water will be stored in the dark at 4.0 oC to minimize any residual microbial activity. Beginning on the second day, each microcosm will receive 1.8 liters of dilution water taken from the respective bay stations and this procedure will be followed for five days. A total of nine liters of dilution water will be required for each microcosm. On day seven, the microcosm experiment will be terminated. 


Prior to filling the microcosms but after filtration with the 64 and 25 micrometer nets, water from each source station will be sampled for the following parameters (using established protocols: Livingston, 1988):

Phytoplankton (total counts to species)

chlorophyll a

particulate organic matter (POM)

dissolved organic carbon (DOC)

particulate organic nitrogen (PON)

dissolved organic nitrogen (DON)

ammonia-N

nitrite-N

nitrate-N

inorganic (ortho) phosphate-P

dissolved organic phosphorus

particulate phosphorus

color

turbidity

These measurements will represent time-0 conditions of the experimental water. Chlorophyll-a will be measured daily before dilution water is added to each culture tank according to methods described above. The full suite of samples will be taken and analyzed at the termination of the experiment. 


Nutrient enrichment will include the following treatment: three control cultures; three p-enriched cultures to achieve a composite input level of 10 micromol PO4-P/L and ambient dissolved nitrogen; three nitrate-N enriched cultures to achieve a composite input level of 50 micromole NO3-N/L and ambient dissolved P; and three cultures that will receive a combined N and P level as described for the single additions. This will be run with filtered and unfiltered water to determine the possible effects of zooplankton on the productivity results. 



3. Experiment al procedures



We will add the following as added treatments for each of the stations.


3 replicates- control3 replicates- Si (Na2SiO3, 30 µm)


3 replicates- EDTA (0.6 µm)


3 replicates- N (NO3, 25 µm above ambient), P, (PO4, 2.0 µm above ambient), 


Si, EDTA (concentrations as above)


These experiments will be run with the nutrient experiments (present protocol: N, P, NP, control) during monthly periods. The existing nutrient protocols can be used for a comparison with the new treatments. As part of this research,  whole bay water treatments will be used to allow us to start to analyze the effects of the experimental set-up on whole water samples (net phytoplankton, zooplankton). Such experiments will evaluate the effects of changes in zooplankton numbers on the utilization of phytoplankton blooms induced by addition of various factors such as N/P as indicated above. 


At each station, four centrifugal pumps will be used to pump 220 gallons (832 liters) of water into four (4) 55-gallon containers. We will need 114 gallons (432 liters) at each station to set up the experiment and another 80 gallons (303 liters) for dilution water (which will also be used for the whole water treatment). The total water needed for each station is 194 gallons. The water will be transferred to the microcosms by simultaneously pumping from the four containers to achieve homogeneity. Dilution water will be stored in cubitainers in two horizontal refrigeration units as before. (3 cubitainers per station or 14.5 gallons). Experiments will be run monthly from April, 1992 through March, 1993. 



4. Experimental design

A randomized block design will be used with statistical significance (å = 0.05) within and among stations. The four treatments include the controls (3), P-amended (3), N-amended (3), and P and N-amended (3). The four treatments in each row will be randomly selected so that each of the three station-specific experiments will have twelve treatments (randomized four treatment by three replicates). Data analysis will be carried out using the computer system maintained by E. P. & A, Inc.



5. Ancillary environmental data


Daily solar radiation values will be obtained using a spectroradiometer and additional data will be taken by maintained weather stations in Tallahassee. The monthly field data (water quality, phytoplankton to species) will be taken as usual according to established protocols (Livingston, 1988). These field data will be taken monthly through March, 1993. Additional data will be taken by the experimental weather stations in Apalachee Bay (e.g., solar insolation, wind speed and direction, rainfall, water temperature, water level, and barometric pressure). Freshwater discharge will be available from the U. S. Geological Survey. 

Appendix III: Statistical Analyses Used in the Long-term Studies of the NE Gulf of Mexico (1970-2002)

1. Difference Testing
A series of statistical methods were used to analyze the long-term data. Scattergrams of the long-term field data were examined and either logarithmic or square root transformations were made, where necessary, to approximate the best fit for a normalized distribution. These transformations were used in all statistical tests of significance. 

To examine spatial differences in mean values of various field characteristics, the nonparametric Wilcoxon Signed Rank test for paired differences (i.e., applied to the differences between paired observations through time at the sites being compared) was used.  The Wilcoxon test (Wilcoxon 1949) is well suited for these types of field data comparisons because the differencing used tends to remove much of the serial correlation in the data sets, and the test does not require the normality assumption which is often difficult to meet with field data. In all such comparisons, the null hypothesis (

1=

2) was tested against the alternative (

1(

2) using a 2-tailed test with 

= 0.05. Variances of the field characteristics were tested for significant differences using a modified Levene’s statistic (Levene 1960) when the underlying populations were non-normal. Both W10 and W50 statistics were examined using the recommendations of Brown and Forsythe (1974). Non parametric testing, while avoiding problems with normality, is still subject to the assumptions of independence. Dependence was examined in both the Wilcoxon and Levene tests with an overall Q statistic (Ljung and Box 1978). 

We used a number of basic statistical tests regarding comparisons of two or more data sets. These included the following:



a. Independence tests


Random, independent observations are integral to the comparison of two samples. The analysis can check to see if there are certain forms of numeric dependence in the data; if there is dependence due to problems of design or sampling methodology, for example, it cannot be detected. The independence tests used for preliminary analyses examine each sample for autocorrelation at a number of lags. For each sample, autocorrelation is computed for the lesser of 24 or n/4 lags, where n is the number of observations. The program then computes the Q statistic of Ljung and Box (1978) for an overall test of the autocorrelations as a group where the null hypothesis is that correlation at each lag is equal to zero. This statistic is approximately chi-square distributed under the null hypothesis with K-m degrees of freedom, where K is the number of lags examined and m is the number of estimated parameters (1 if an AR1 filter has been applied to the data, 0 otherwise).  The p-value of the chi-square test is checked and if it remains less than 0.05, the null hypothesis is rejected.


The output sheet also contains plots of the autocorrelation functions for the two samples.  These graphs are bar-charts showing the values of autocorrelation coefficients at all computed lags, and are overlain with dashed lines at the critical value (value for which any individual correlation may be considered significant) for each series. Critical values are equal to 

 where n is the number of observations.



b. Normality tests

The parametric F-test for comparison of variances and t-test for comparison of means assume that the data come from normally distributed populations.  In support of those tests the 2-sample spreadsheet provides a (chi-square) goodness-of-fit test which compares distributions of the samples to normal distributions having the same means and variances as the samples. Because the number of observations is generally fairly small, the program is designed to divide the data into seven equally-sized intervals (frequency classes) for comparison with expected (normally distributed) frequencies. The program also examines the expected frequencies for the leftmost and rightmost classes and expands (doubles) the width of these classes if the initial expected frequency is less than one.  These procedures both help to minimize the problem of having extremely low expected frequencies in the denominator of the chi-square computation.  However, very low sample sizes and sample distributions with extreme departures from normality can still interfere with the test.  For this reason the program prints a warning when sample size is below 25.  The chi-square test should not be considered reliable for such low sample sizes.


The spreadsheet contains a graph of the frequency distribution (with a normal curve overlain for visual comparison purposes) for each of the two samples. Additionally, the sheet contains calculated values for skewness, kurtosis, and Geary’s g statistic (Geary, 1936) which is another measure of kurtosis and which may be compared with the value 0.7979 (g value for a normal distribution). All of these values may be used by an investigator to assist in their consideration of the normality issue.



c. Variance testing

For independent, random samples from normally distributed populations, the F-test can be used to compare the variances of two samples.  F is computed as the ratio of the variances of the samples:




   , where the null hypothesis is  

     , and where



is the larger of the two sample variances.  The program prints the value of F, the associated p-value from an F-table with 

 numerator degrees of freedom and 

 denominator degrees of freedom. IT also prints a decision to reject or not to reject the null hypothesis (using an alpha level of 0.05), and a warning if it seems that one or more test assumptions have been violated. If one or both of the data series violate the independence assumption due to serial dependence at lag 1, one can use the AR(1) filter option in the 2-sample menu.  Running the filter will prompt the program to use a modified formula for the calculation of F, which computes F in the presence of lag 1 dependence.


For those cases where the samples do not satisfy the assumption of normality, two modifications to Levene’s statistic (Levene, 1960) for variance comparisons are included in the spreadsheet.  The statistics are W10 and W50, which are both robust to departures from normality in the underlying populations (Brown and Forsythe, 1974).  They use robust measures of central location (W10) uses the mean of the middle 80% of the observations; W50 uses the median observation) and thereby decrease or eliminate the influence of extreme values in testing variance.  Brown and Forsythe (1974) recommend using W50 for testing the variances of asymmetric distributions and using W10 for testing long-tailed distributions. Both formulas involve the generation of a new data series zij which also must be free of serial dependence. If a warning message is printed with the robust tests, it applies to the new series not the original series, and it is possible to have dependence in the zij series even if the original data were independent.  Dependence is examined with an overall Q statistic (Ljung and Box, 1978) and chi-square test developed in a fashion similar to that described above in the independence testing section. The output of the variance tests should not be used if a transformation (log, square root, arcsin, normalization) has been applied to the data.  Also, performing a sequential average tends to “smooth” the data (i.e. variation is lowered in both data sets) and may have an effect on the variance test. 



d. Means testing


For independent, random samples from normally distributed populations, the parametric t-test can be used to compare the sample means.  For unpaired samples the spreadsheet provides either a t-test with equal variance or a t-test with unequal variance (the results of the variance test above are used as the criterion for deciding which t-test to output). For paired samples, the sheet provides the results of a paired t-test.  For all tests the output contains the computed value of the t statistic, a probability value (2-sided test, alpha = 0.05) from the t distribution, a reject or do not reject decision regarding the null hypothesis, and a warning if it seems that one or more test assumptions have been violated. If one or both of the data series violate the independence assumption due to serial dependence at lag 1, one can use the AR(1) filter option from the 2-sample menu.  Running the filter will prompt the program to use a modified formula for the calculation of t (see appendix), which computes t in the presence of lag 1 dependence.


For cases where one or both of the data sets violate the assumption of normality, a data transformation can be made to bring the data into normality (although variance testing is affected), or use one of the nonparametric tests (see appendix) which have been included in the spreadsheet.  The tests are the rank sum test for unpaired comparisons (Wilcoxon, 1945) and the signed rank test for paired differences (Wilcoxon, 1949).  Both tests are subject to the assumption of random independent samples.  For the rank sum test both of the data series should be independent, while for the signed rank test only the series of differences needs to be independent.  This can make the signed rank test a valuable tool for two-sample testing because, in practice, serial correlation often disappears when dependent data sets are differenced.  Wilcoxon test results should not be used if an AR1 filter has been applied to the data.


Output for the Wilcoxon tests includes a description of the rejection region, the computed value for the test statistic T for small samples and z for larger samples (n > 25 for signed rank test, n >10 for rank sum), a reject or do not reject decision regarding the null hypothesis (with a probability value based on a two-tailed test and alpha level of 0.05), and a warning if the independence assumption has been violated.  Output for the signed rank Wilcoxon test also includes for the differenced data series an overall Q statistic and chi-square probability value, along with a graph of the autocorrelation function.



e. Distributional shape testing


The two-sample spreadsheet also includes a chi-square test, which compares the shapes of the distributions for the two samples.  Although the samples may individually exhibit dependence, the assumption is made that the two samples are independent of each other. There are no assumptions regarding the form of the underlying distributions. In order to examine shape only, the program adjusts the two data sets by subtracting the respective mean value from each observation such that both series then have a common mean value of zero.  Then the overall range of data in the two series is divided into the lesser of 9 or n/4 classes and a frequency distribution is produced for each sample.  The frequency distributions are compared with a chi-square test.


Output for the shape test includes the computed values for the chi-square statistic and its associated probability value, a reject or do not reject decision regarding the null hypothesis (based on a 1-tailed test and alpha level of 0.01), and a warning if the sample size is too small for a reliable test (n<25) or if the independence assumption has been violated.



f. Principal Components Analysis and Regressions

Principal Component Analysis (PCA) and associated correlation matrices were determined using monthly data and the SAS™ statistical software package. A PCA was carried out as a preliminary review of the data using river flow information, sediment data, and water quality variables. The PCA was used to reduce the physical-chemical variables into a smaller set of linear combinations that could account for most of the total variation of the original set. For the physical-chemical variables in this study, the series were stationary after appropriate transformations; thus the sample correlation matrix of the variables was a good estimate of the population correlation matrix. Therefore, the standard PCA could be carried out based on the sample correlation matrix. 


A matrix of the water and sediment quality data associated with the sampling stations in the Perdido system was prepared. The data were then grouped by station by year. Values for the dependent variables (total biomass m-2, herbivore biomass m-2, omnivore biomass m-2, primary carnivore biomass m-2, secondary carnivore biomass m-2, tertiary carnivore m-2) were then paired with the water/sediment quality data (independent variables) taken for stations within each sector. Unless otherwise defined, these statistics were run using SAS™, Systat™ and SuperAnova™. Data analyses were run on the three independent data sets. Significant principal components were then used to run a series of regression models with the biological factors as dependent variables. Residuals were tested for independence using serial correlation (time series) analyses and the Wald-Wolfowitz (Wald and Wolfowitz, 1940) runs test. A chi-square test was run to evaluate normality.

QuickTime™ and a





TIFF (Uncompressed) decompressor





are needed to see this picture.





QuickTime™ and a





TIFF (Uncompressed) decompressor





are needed to see this picture.








xii
71

_959670097.unknown

_959670101.unknown

_1206700323.xls

_1206700325.xls

_1206700326.xls

_1206700324.xls

_1206700322.xls

_959670099.unknown

_959670100.unknown

_959670098.unknown

_959670088.unknown

_959670092.unknown

_959670094.unknown

_959670095.unknown

_959670093.unknown

_959670090.unknown

_959670091.unknown

_959670089.unknown

_907853424.unknown

_959670086.unknown

_959670087.unknown

_959670084.unknown

_959670085.unknown

_907853448.unknown

_907853415.unknown

_907853420.unknown

_907853411.unknown

