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Introduction and Data Sources
Long Island Sound (LIS) is a relatively shallow estuary (maximum depth 49 m) with a wide variety of contaminants in its muddy sediment.  Sediment, commonly contaminated with a host of toxic compounds and elements, is discharged into LIS through several main rivers: the East River in the west, the Housatonic River and Connecticut River along the northern LIS shore, and the Thames River in the east. The Sound receives contaminants from many sources besides the riverine inputs, such as direct discharges from coastal industries, wastewater treatment plants (WWTP), urban run-off, and atmospheric deposition.  Many towns in New England have a long history of industrial activity, and although many are no longer in business, relict deposits in upland sediments continue to be a contaminant source for the LIS basin. Many harbor areas and coves are strongly contaminated as well as areas around the dumpsites in LIS. Releases of metal and organic contaminants, together with nutrient contamination have resulted in a profound human impact on water quality, sediment toxicity as well as the Sound wide ecosystem (Koppelman et al., 1976). Such a human impact is common in many urban estuaries worldwide and many features have been described in detail from the Chesapeake Bay (e.g., Smith, 2003, Boesch et al., 2001; Cooper and Brush, 1993; Kemp et al., 2005; Jackson et al., 2002). This chapter reviews and synthesizes the concentrations and distributions of contaminants in LIS and their impacts on the biosphere.
Many reports (e.g., Brownawell et al., 1991) and a limited number of peer-reviewed papers have been published on contaminants in Long Island Sound, the most recent of which by Mitch and Anisfeld (2010). These authors reviewed the literature and available databases on metal and organic contaminant levels in sediment and biota in LIS, using data on samples obtained up until 2002, focusing on the period from 1994 to 2006.  They discus discrepancies between the data sources, examine trends over the last few decades, compare sediment contaminant levels with benchmark levels for toxicity, and provide an overview of contaminant issues within the region. Metal pollutants in LIS sediment were discussed by Mecray et al. (2000), Varekamp et al., (2000; 2003; 2004; 2005) and studies on metal contamination in the fringing saltmarsh sediments were provided by Cochran et al. (1998) and Varekamp et al. (1991). Buchholtz tenBrink et al (2000) discussed the inflow of effluents from WWTPs in LIS using spores of Clostridium perfringens, and Turekian and co-workers traced WWTP effluents using Os and its isotope ratios (see chapter on Biochemistry). The flow of excess nutrients into LIS has been the topic of many state and government reports, and these data have been used to establish TDMLs for N and P in the rivers and point sources discharging into LIS by the US Environmental Protection Agency (USEPA, 2000). Despite strong reductions in N fluxes into the Sound (28 % by 2005 compared to 1990), each summer, sections of central LIS and most of west LIS suffer from hypoxia from June till September. 

The primary data sources on contaminants in LIS come from federally funded monitoring programs.  NOAA’s National Status and Trends (NS&T) Program monitors levels of organic and inorganic contaminants in surface sediments and blue mussels (Mytilus edulis) collected from coastal embayments during the winter, in an effort commonly referred to as Mussel Watch. This program provides the longest dataset with an analysis of samples collected on a regular basis throughout U.S. coastal areas since 1986, with the most recent available data currently from 2008.  There are nine NS&T sites within LIS, although samples are not always collected from all sites within any given year, and Mussel Watch program data were reviewed by O’Connor et al. (2006) and most recently by Kimbrough et al. (2009). The USEPA’s National Coastal Assessment (NCA) collected surface sediments from a large number of sites during each summer between 2000 and 2006.  Four hundred and eighty eight discrete sediment samples were collected as part of the CT and NY portions of the NCA.  About fifty of the CT stations were in LIS or in rivers feeding into LIS.  About half of the NY NCA stations were in LIS, mostly located in coastal embayments on the NY side of WLIS.  The concentrations of contaminants in sediment were measured as part of NCA as well as amphipod (Ampelisca abdita) sediment toxicity tests on the collected sediments.  The NCA data collected between 2000 and 2002 were reviewed in a report on the entire national program (USEPA, 2008) and in a more focused report on LIS (USEPA, 2006).  An earlier large survey of organic contaminant status and effects was done as part of USEPA’s Environmental Monitoring and Assessment Program (EMAP) during the early 1990s. Monitoring programs focused on the New York Jersey Harbor Estuary conducted by NOAA in 1991 and 1993 as part of the NS&T program were reviewed by Long et al. (1995), and surveys conducted in 1993, 1998, 2003, and 2008 as part of USEPA, Regional EMAP or REMAP program were discussed by Adams et al (1998) and Adams and Benyi (2003).  During these surveys, surface sediments were collected for analysis of contaminant metals and organic pollutants, and amphipod sediment toxicity tests were conducted.  A special issue of the journal Estuaries (Estuaries, v. 14, no 3, September 1991) contains reviews of many aspects of contaminant loadings, distributions and effects on selected biota in LIS.  The USGS conducted an extensive sampling campaign evaluating the distribution of trace metals and elements in surface sediments and selected sediment cores in 1996.  Their reports and analyses related to sedimentary properties were published in a special issue of the Journal of Coastal Research (Knebel et al., 2000).  The USGS compiled a database of all available information on LIS sediment properties and contaminants which is available on-line  (Mecray et al. 2003).   A map showing the sampling locations from all these national programs as well as locations of sites visited by the Sediment Quality Information database (SQUID) program run by the CT Department of Environmental Protection was compiled by Mitch and Anisfeld (2010; Figure 1).   

We review the available data on metals and organic contaminants in LIS surface sediment, with a treatment of the historical record of contamination based on core data from LIS, as well as from surface sediment samples taken at different times over the last 25 years. Data on body burdens of contaminants measured in LIS biota will be reviewed within the context of the limited data available on toxicity of the LIS sediments, and the condition of resident fish species.   Where available, data from original research reports is also included e.g., an analysis of new data on the metal distribution in several CT harbors (Conklin, 2008; Church, 2009; Lee, 2010; Titus, 2003) and nutrient studies in LIS (Boon, 2008; Andersen, 2005; Lugolobi, 2003).  The record of mercury contamination is discussed in some detail because of the abundance of studies and data on this element in the LIS region. Nutrients and particulate carbon are important contaminants that have impacted the LIS ecosystem, and a short overview is provided on sediment burdens of organic carbon, carbon sources, and carbon isotope data. The concentrations of nitrogen and nitrogen isotope data for sediment and LIS water column are considered as well. The nitrogen fluxes over time as recorded by CTDEP are reviewed and the USGS has maintained water quality monitoring stations for nutrients  (N, P, Si) and organic carbon at stream gauging stations throughout the CT watershed leading into LIS since 1972 (Sprague et al., 2009).  We provide an in-depth analysis of the 40-year history of these element fluxes from the main rivers that discharge into LIS as well as the waste water treatment plants (WWTPs) that discharge directly into LIS, and potential implications for local primary productivity and carbon storage in the LIS sedimentary system.

Contaminant sources for LIS

Metals
A multitude of point sources and non-point sources contributes to the metal loading of LIS sediment. A review of sources of toxic contaminants to LIS by USEPA’s Comprehensive Coastal Management Plan (CCMP) indicated that upstream riverine sources contributed most to delivery of most toxic metals to LIS, except for lead that has a significant source from urban run-off. Significant sources of Cu and Zn contamination existed along the Housatonic River and in some harbor areas (e.g., New Haven). Connecticut was the center for brass production in the 1700-1800s, with Waterbury and Naugatuck as the two leading centers (chapter History; Varekamp et al., 2005). Brass sheet metal and wire as well as clocks, buttons, and weaponry were all made in the Brass Valley, the  (Naugatuck River watershed  
The Remington Company in Bridgeport has made ammunition and weapons in extensive factories since 1867, and may have been an important source of Cu, Zn, and Pb to the local watershed and LIS. Other plating and metal industries were active in Hartford and Springfield (MA), and discharged part of their waste into the Connecticut River. Meriden and Wallingford (CT) were known as ‘silver city’ due to the large number of cutlery and related products that were manufactured here by companies such as International Silver and Meriden Cutlery. During the American Civil War, Parker's Meriden Machine Company was under Union contract to produce 10,000 repeating rifles and 15,000 Springfield rifles. The Winchester Repeating Arms Co in New Haven was active in the 1800s and only closed recently. Connecticut has been a center of the metal industry for many years (and still is), and waste fluids rich in metals have been discharged over the centuries into the main rivers draining into LIS.

Danbury and surrounding towns (Bethel) were the center of the hatmaking industry, with the town of Norwalk as a second focus. The manufacturing of felt from fur, be it beaver fur or later rabbit fur, involves sprinkling a solution of mercury nitrate on the fur before it is hot pressed into felt and then formed into hats. The mercury nitrate apparently makes the larger hairs crinkly and they wrap around the finer hair to make a dense mat of felt. The subsequent heating process decomposes the Hg-nitrate again, leading both to the Hg-exposure of hatmakers as well as constituting a significant source of environmental elemental Hg contamination. The resulting felt hat is relatively mercury-free and presumably, almost all mercury used in the process is thus lost to the environment. The elemental Hg was possibly oxidized and then became attached to particles, providing a reservoir of strongly contaminated sediment in the uplands in Danbury around the former hatmaking factories and in the Still River and Housatonic River. Similarly, in Norwalk several hatmaking factories existed in the old center around Water Street and provided contaminated upland soils that were eroded over time and transported into the Norwalk River. A second unusual source of mercury pollution possibly existed in the HELCO power plant in Hartford, CT (Figure 2)  that used mercury vapor (instead of steam) as the working fluid in the plant.  Spills during recharge and accidents may have provided mercury to Connecticut River sediment (Varekamp, 2011).

Many WWTPs, which locations are shown in Figure 2 process a variety of waste water streams that include sewage, some industrial waste fluids, and household fluids. Studies of suspended solids in WWTP fluids and in sludges report high levels of Ag, Hg, Zn (Scancar et al, 2000; Sanudo-Wilhelmy and Flegal, 1992) and a variety of other elements and compounds (e.g., Osmium, see chapter Biochemistry), reflecting the omnipresence of many metallic elements in common household and hospital products. Particularly, concentrations of Cu, Cd, Zn, Pb, Cr and Hg can be high.  Most sewage sludge is retained in WWTP, but some fine-grained matter escapes with the fluids, providing a particulate flux of metals to LIS. In addition, run-off from urban areas may contain metals as well, which through combined storm water overflow systems (CSOs) may lead to relatively high metal fluxes into rivers. 

Small patches of highly contaminated sediment occur around the dredge spoil sites in LIS, although most of these have been capped with clean sand (Fredette and French, 2004). Some LIS harbors and coves are strongly contaminated with metals and sewage, usually related to local sources and one cove also showed low level contamination with radioisotopes from the nuclear power industry (Benoit et al., 1999).

Organic contaminants  

Primary sources of organic contaminants to LIS are direct inputs from WWTPs, urban run-off, and CSOs, and atmospheric deposition. Riverine inputs, particularly in CT and the East River extend the range of contaminant sources, particularly as these rivers in addition to servicing inland population centers, also historically have served as centers for industrial activity.  A map of population density over the period 1750 to 2000, location of WWTPs, major discharges, and watersheds for the region (Figure 2), clearly shows the importance of anthropogenically-derived contaminants in WLIS.  Wolf et al. (1991) cited in their forward looking review of environmental quality and management issues for LIS riverine discharges and WWTPs as primary sources of nutrients and metals, with urban run-off as the primary source for most organic contaminants and lead; they recognized atmospheric deposition as another important source. The WWTP inputs were considered to be secondary to river inputs in the CCMP, but still significant. Sources for polycyclic aromatic hydrocarbons (PAH) in the NY/NJ Estuary were mainly urban run-off, while atmospheric deposition was a significant source for PAHs with molecular weights of < 200 g/mole (Rodenburg et al., 2010). Reviews by the National Academy of Sciences (NAS, 1985; 2003) also showed that urban run-off was a major source of petroleum hydrocarbons to the sea. The PCBs that enter LIS largely follow the same pathways as the PAHs; significant sources of PCBs in the upper reaches of the Housatonic River to the north, and from the Hudson River to the west do not seem to reach LIS (Pringle et al., 2011). Chlorinated pesticides such as DDT and its metabolites, DDE, dieldrin and chlordane, although banned in the 1970s and 1980s, are still found at appreciable concentrations in soils and LIS sediments, and enter LIS through pathways similar to PAHs and PCBs.  Once in the system, particle reactive and/or hydrophobic contaminants will tend to be associated with fine, organic rich sediments. Although all but the largest sediment-sorbed contaminants (those with log octanol water coefficients > 6.5) are generally available for bioaccumulation by resident biota, only those which cannot be broken down via metabolism biomagnify to top predators through trophic interactions.

Nutrients

The nutrients N, P and Si are essential for primary productivity (diatoms use silica in their skeletons), and the flux of excess N and P into LIS has increased dramatically over the last two centuries, leading to eutrophication (e.g., Lugolobi et al., 2004). A direct record of current and past nutrient fluxes is provided by monitoring data of rivers (USGS) and WWTPs  (CTDEP), whereas longer term, more indirect data can be extracted from sediment core analyses (Varekamp et al., 2006). 

The sources of N and P include atmospheric deposition (Luo et al., 2002), discharge from the human-altered landscape (Mullaney et al., 2002), excess fertilizer flows, excess particulate organic carbon from the land that becomes oxidized in LIS to release its N and P, but most of all, nutrient releases from WWTPs. The effluents of the WWTPs are monitored and TMDLs have been established to limit the nutrient inputs into the Sound from point sources and the main rivers (USEPA, 2000). The goal is to reduce the input of nitrogen into the Sound by 58.5% (relative to 1990) by 2014, and the progress towards that goal is made today from a baseline flux of 210,000 pounds (lbs) of total N/day to 88,000 lbs N/day (Figure 3). To reach these goals, the allowed nitrogen concentrations in WWTP effluents are being reduced in a step-wise fashion from 8 ppm total N to a final goal of 5.6 ppm total N.
Metal Contamination
Spatial patterns of metal contamination in LIS surface sediment

The absolute concentrations of contaminants in sediment are strongly influenced by grain size and organic carbon contents, and these tend to be correlated to each other in many environments as well (Windom et. al., 1989). The association of metal contaminants with fine-grained organic-rich sediment thus impacts the spatial distribution of contaminants as well as the distribution of their maximum and minimum concentration values. Trace metal concentrations in LIS sediment show a wide range, caused by these sedimentary factors and variations in local anthropogenic source inputs. The mean and maximum values for the trace metals Ag, As, Ba, Cd, Cr, Cu, Hg, Ni, Pb, V and Zn, together with their pre-industrial values (After Mecray and Buchholtz ten brink, 2000) and mean enrichment factors are shown in Table 1. Silver is most strongly enriched (30x), followed by Cu, and then Cd and Hg. Barium, V and Ni are close to natural background values. The strong enrichments in Ag probably reflect the strong inputs from WWTPs (Sanudo-Wilhelmy and Flegal, 1992) and the strong Cu enrichments reflect the inputs from the Housatonic River and several smaller sources from local harbor areas (Breslin and Sanudo-Wilhelmy, 1999). Metal contamination in LIS shows increasing concentrations with proximity to New York City and higher concentrations in more fine-grained deposits (Mitch and Anisfeld, 2010; Mecray and Buchholtz ten Brink, 2000; Greig et al., 1977; Long Island Sound Study, 1993). The concentration maps for Pb and Cu display such a trend (Figure  4 ), with some patchiness, but clearly higher values are found in the central and western part of the Sound. Sediment grain size decreases broadly from east to west (Knebel et al., 2000), with depositional sedimentary environments in central and western LIS. To correct metal abundances for these grain size influences, we normalized the metal data on their sample Fe concentrations,  which has been shown to correlate closely with grain size (Figure 5). We then evaluated the resulting Fe-normalized east-west patterns for different metals.

Nickel has modest contributions from anthropogenic sources, but Ni concentrations show a clear increase from east to west (Figure 6a). The Fe-normalized Ni concentrations show a much flatter east-west trend (Figure 6b), however, and Ni concentrations in LIS sediment are probably largely controlled by natural processes. In contrast, Fe-normalized trends for Cu, Hg and Ag, and Cr (Figure 7, a-d
) show increases from east to west, indicating the presence of additional metal sources going west. Local sources in the central and western part of the Sound are the Housatonic River for Cu, Zn, and Hg, and the East River (Ag, Hg), in addition to the many large WWTPs (Ag) that discharge directly into central and western LIS. 

Element ratios that are characteristic of specific sources can be used to trace the metal sources. These source signals were determined from sediment from the estuary of the Housatonic River, which carries the characteristic source signals of the metal industry in the Brass Valley (Cu, Zn, Cr) and the Hg from the hatmaking industry in Danbury and surroundings (mainly the Still River effluents). The metal content of sediment from the Connecticut River was characterized from sediment cores from Chapman Pond, a small cove south of East Haddam, and Great Island in the mouth of the Connecticut River estuary. Sewage sludge metal data come from sediment data in the New York Bight that has a large amount of sewage sludge dumped there (e.g., http://pubs.usgs.gov/fs/fs114-99/fig3.html).
In addition to Cu and Zn, the upstream sediment of the Housatonic River has up to 7000 ppm Cr (Varekamp et al., 2005), providing a Cr-rich sediment source for LIS.  The Cr/Fe in LIS sediment increases from east to west (Figure  ). The area around the Central LIS dumpsite also shows high Cr/Fe and these sediments are presumably partially derived from dredged Housatonic River sediment. Many LIS sediments have Cu/Ag similar to sewage, but a cluster of sediment data with high Cu/Ag must have additional contributions from Cu-rich Housatonic River sediment. A similar pattern emerges from Cu and Zn concentrations (Figure 8). Mixing calculations based on element ratios (Figure 9) indicate that up to 20% of Housatonic River sediment can explain the high Cr and Cu concentrations in many LIS sediment, with extremes carrying up to 40% of the highly metal-polluted Housatonic river sediment. 

Core records of historic metal contamination

Many sediment cores in LIS have been dated with radioisotopes and thus provide a time record of metal contamination in LIS (Buchholtz TenBrink, pers comm., and Varekamp & Thomas and co-workers, 2010). Examples for several metals are shown for two cores, positioned on the A transect of the USGS coring cruise of 1996 (Figure  ). Core A4C1 is positioned in shallow water close to the Connecticut coast, whereas core A1C1 is located in the middle part of CLIS. Sediment accretion rates in core A1C1 (0.6 mm/year mean sedimentation rate) are much lower than those in A4C1 (2 mm/year), providing a higher time resolution in core A4C1.

The metal profiles versus age show background concentrations in pre-colonial times and gentle increases in concentration in the early to mid-1800s and stronger enrichments in the 1900s. In most cores, metal concentrations decrease between 1980 and 2010, the period of enhanced environmental legislation such as the Clean Water Act. The metals Ag, Cu, Zn, Cr, Hg and Pb show enrichments over natural background values ranging from ~3 to 15. The element Ni shows no enrichment in sediment deposited since 1850 AD and appears to have no major anthropogenic contributions. A similar conclusion for Ni was obtained earlier in the Ni/Fe longitudinal transect of LIS. Core A4C1 shows a strong concentration spike in Cu, Zn, Cr and Hg around 1955, a period when two hurricanes hit central Connecticut. This suite of elements is characteristic for sediment from the Housatonic River, and this thin metal-enriched layer is a hurricane flood deposit in the central LIS area (Varekamp et al., 2005). 

Metals in coastal embayments

Harbor sediments deserve separate consideration because they may have much higher metal concentrations than open LIS sediment. This may be due to the restricted water circulation and the proximity to multiple sources of industrial and municipal wastewater (Breslin and Sañudo-Wilhelmy, 1999; Rozan and Benoit, 2001; Louma and Phillips, 1988). Harbors are usually characterized by a variety of sedimentary environments with high concentrations of Zn, Cu, Pb and Cd (Breslin and Sañudo-Wilhelmy, 1999; NOAA, 1994; Rozan and Benoit, 2001). Many harbors support commercial and recreational shellfish industries, which is a matter of concern with the high metal loadings (O’Connor, 1996). The mean and median sediment Zn and Cu concentrations for several Connecticut harbors (Table 2 and Figure 10) all exceed natural background values, and display a much greater variability than open LIS sites (Table 2). Sediment metal contents in Port Jefferson Harbor, NY for instance vary by over an order of magnitude at distances of only 50-500 m (Breslin and Sañudo-Wilhelmy, 1999), suggesting highly variable sedimentary environments or the influence of local discharges. With the exception of Clinton harbor (Cu and Zn) and the Housatonic river (median Zn), all mean and median Cu and Zn values are similar to or exceed NOAA Effects Range Low (ERL) thresholds.  For most CT harbors, both mean and median sediment Zn concentrations are similar to the ERL Zn threshold.  Only Clinton harbor (below) and Bridgeport and Norwalk harbors (higher) differ significantly from the ERL Zn threshold. Both Cu and Zn concentrations were similar to or exceed NOAA Effects Range Median (ERM) thresholds for one or more locations in four of the eight harbors examined in East-LIS (New London), Central-LIS (New Haven) and West-LIS (Bridgeport and Housatonic river; Figure 10).  Hot spots in harbors are defined as locations where sediment Cu and Zn concentrations exceed the 90th percentile values (Figure 10).  The number of hot spots identified within CT coastal harbors range from one (Clinton, Branford, and Milford) to eight (New Haven).  

Linear regression analyses of the sediment Cu and Zn concentrations within each harbor show that Cu and Zn co-vary in CT river and harbor sediment, with regression coefficients from 0.73 for Norwalk harbor to 0.96 for Clinton harbor.  For most CT harbors, the slope of the regression line defining the relationship between Cu and Zn was similar for ELIS and CLIS harbors in this study (0.22-0.49).  In contrast, the slope of the regression line increased (0.58-0.81) for WLIS harbors (Bridgeport, Housatonic and Norwalk) indicating a disproportionately higher sediment Cu content relative to Zn content for these harbors (Table 3). Linear regression analysis shows that Cu is strongly correlated with both sediment LOI (proxy for organic matter) and sediment Fe (=Fe %) for all Connecticut harbors/rivers studied (Figures 11b and11a; 
Table 3). Increases in the slope of the Cu vs LOI and Cu vs Fe relationships (Table 3) indicates a disproportionately higher source strength for Cu within WLIS river estuaries and harbors, such as the Housatonic River. 

Mecray and Buchholtz ten Brink (2000) showed a strong correlation between metal concentrations and % fines in open LIS sediment, whereas Mitch and Anisfeld (2010) analysis of the National Coastal Assessment 2000-2002 and State of Connecticut Sediment Quality Information Database (SQUID) show no strong relationship between sediment metal concentration and grain-size. The coastal embayments generally show a greater range of sediment Cu and Zn variability compared to their respective open water sediment location in LIS (Mitch and Anisfeld, 2010) which is here largely explained by variations in sediment physical properties and local depositional environment.  The “hot spots” are characterized by the presence of fine-grained, high LOI sediment and are most frequently located in the inner (northern) reaches of the harbors (dredged channels, river mouths, river coves) proximate to contaminant sources.  Copper and Zn sediment concentrations at these “hot spot” locations in the harbors throughout LIS exceed ERL and ERM thresholds.  The two main West-LIS harbors (Housatonic River and Bridgeport) have disproportionately high sediment Cu concentrations compared to other LIS harbors, showing the influence of the Housatonic River inputs from the ‘Brass Valley’ industries of the past.

Mercury contamination in Long Island Sound

The geochemistry of mercury as a contaminant in LIS has been studied extensively over the last 20 years. Sediment concentrations range from low ppb Hg values in the east to up to 800 ppb Hg in western LIS (Figure
  ????  ). The Hg/Fe values also trend higher going west (Figure  7b), like many other metals with sources in WLIS. Besides the common far-field Hg sources such as coal and garbage burning, western Connecticut has a strong Hg point source in the historic hat making industry (Varekamp et al., 2005). Upland sediments around the old hatmaking towns of Danbury and Norwalk have tens to hundreds of ppm of Hg, which is remobilized in a steady state fashion at low level, but more intensely during major rain storms, hurricanes and extended wet periods. The marshes and mudflats of the Housatonic River estuary are strongly enriched in mercury (Table 3; Figure 9Figure 12??), 
and the offshore delta deposits also show a strong spike at about the 1955 level, which is the time of major flooding in Connecticut (two hurricanes in two weeks). In western LIS, a core near Execution Rock (core WLIS75GGC1) shows a strongly Hg-enriched layer at the ~1955 level, and this layer is directly underlain by a coarser deposit with small coal and debris fragments.  Most likely, this is also part of a hurricane deposit, although the direct source of this Hg in the far western Sound is not known. The Connecticut River has carried Hg-rich fine-grained sediment to the Sound over the last 60-80 years, presumably from various industrial sources and possibly from an experimental powerplant that used Hg as its working fluid. Clays deposits in small coves and inlets on the river flood plain (Varekamp, 2011) contain up to 3 ppm Hg. Presumably, this fine-grained sediment was also carried into the Sound over the years, constituting a heretofore unrecognized Hg source for LIS.

Most LIS core profiles for Hg show a strong increase in the mid-1800s (in dated cores based on 210Pb and 14C dates) which is coeval with the increase in C. perfringens spores (Figure  13 ), a sewage indicator (Varekamp et al., 2000; 2003; Buchholz tenBrink, 2000). This synchronicity between sewage input and Hg enrichment is not necessarily causal: both relate to industrialization and increase in population density over the last 150 years. Most core profiles show that sediments deposited in the 1960-1970s period display the strongest Hg contamination.  These cores show a decrease in Hg concentrations in the core tops, whereas concentrations of C. perfringens increase also over these last 50 years, because WWTP effluents kept increasing in volume over this time. Besides the direct hurricane layers, many LIS and coastal salt marsh cores show a double peak in Hg concentrations, one at ~ 1900 AD and the peak of the 1960-1970s. The late 1800s and early 1900s were a very wet period and presumably, more Hg was exported from the heavily contaminated watersheds of the Housatonic and Norwalk Rivers, and possibly the wet climate also enhanced the “flush out” of Hg from the atmospheric reservoir (Varekamp et al., 2003). 

Records of Hg deposition from ponds on Block Island, RI, east of Long Island Sound (Block Island Sound) show a different pattern than the open LIS core records (Figure 14). These Block Island records were obtained from a freshwater pond and a freshwater marsh on an island with no local Hg contamination sources (Neurat et al., ms) and no influx from LIS sediment. These records show only a very gentle increase in Hg concentration over the last part of the 19th century. The first strong increase in Hg concentrations and Hg accumulation rates only starts ~1935-1940 in these cores dated with 210Pb, 137Cs and 14C. Such a relatively late rapid increase in Hg contamination is also found in some ice core records (Schuster et al., 2002) and other remote lake records (Perry et al., 2005), and these contrast strongly with almost all records from the open LIS basin and its coastal marshes with their steep rise in Hg in the mid-1800s. The strong local Hg sources from the hatting industry started already at the beginning of the 19th century, and may have strongly influenced the Hg distribution in LIS for more than 200 years, overwhelming the variations in the strength of the far-field atmospheric input.  The latter is deposited both in situ on the Sound and in the watershed, the latter focused through the watersheds and then transported through riverine sediment transport into LIS. If the hatting Hg has such a large influence on the Hg distribution patterns and concentrations in most of central LIS, we have to assume that fine-grained sediment is circulated throughout the Sound with the strong tidal currents. Satellite images of the sediment plume of the Connecticut River during hurricane Irene (September, 2011) clearly show indeed that the river sediment plume is dispersed dominantly to the west but to a lesser degree also to the east-southeast.

The WWTP provide a flux of Hg into the Sound and correlations with the abundance of the sewage tracer C. perfringens (Figure 15 ) suggest that up to 25 % of total Hg in Sound sediment may derive from WWTP effluents (Varekamp et al., 2003).  The hatmaking Hg may be responsible for 20-30 %, as based on Cu-based mass flux constraints of Housatonic River sediment, whereas the remainder comes in with the sediment from the Connecticut River and smaller watersheds. 

A modern Hg budget estimate for LIS was made by Balcom et al. (2004), who considered Hg cycling within LIS and the inputs and outputs (Figure 16). The inorganic pool of dissolved Hg and Hg adsorbed onto fine particulate matter from the main rivers feeding LIS (East River, Connecticut River, Thames River and Housatonic River) provide the dominant input flux (close to a 1000 moles/year), whereas the WWTPs along the LIS coastline supply a much smaller amount (~60 moles/year). Atmospheric deposition is a sizeable source term at 130 moles/year, but rather surprising is the magnitude of the estimate of the volatile Hg(o) escape from LIS into the atmosphere (~400 moles/year). The inorganic Hg that is brought in by the various sources may become reduced during aqueous bacterial reactions, which leads to a build up of Hgo (dissolved) in the water column (Rolfhus and Fitzgerald, 2001), which will ultimately escape to the atmosphere. The estimated flux of Hg from LIS waters back into the atmosphere is about three times as large as the estimated direct atmospheric Hg deposition rate (Balcom et al., 2004). The evasion of elemental Hg from the surface waters of LIS is another return pathway of Hg that was brought into LIS associated with particles through rivers from a variety of point sources. Mercury may also escape from coastal salt marsh areas through reduction and vapor evasion, but the magnitude of that flux is not well known (Lee and Benoit, 2000). The LIS coastal zone thus is an area with active processing of Hg, where the input consists of focused atmospheric deposition from the watershed, in situ deposition on LIS, and point source Hg in dissolved and particulate form. Bacterial reduction in the water column with subsequent evasion to the atmosphere forms an important Hg return flux.

Methylation and ecosystem uptake occurs in LIS and marsh fringes, with methylation rates in marsh environments estimated at a few %/yr (??). Fish in LIS have Hg enrichments up to 1 ppm (Skinner, 2009), suggesting that a fraction of the inorganic mercury has been transformed into methylmercury through bacterial reactions (Whalin et al., 2007). The methylation of Hg in LIS depends on the substrate that carries the Hg and presence of bacteria capable of sulfate reduction and methylation.  Sediment in west LIS with high Hg concentrations have the lowest methylation rates (Hammerschmidt et al., 2008; Fitzgerald et al., 2000), presumably the result of the presence of abundant organic carbon that tightly binds the Hg to the substrate. With potential decreases in eutrophication in the future, the deposition rate of organic carbon may decrease, which may lead to higher methylation rates of Hg in that part of the Sound (Fitzgerald et al., 2007). 

Organic Contaminants

Spatial Patterns of Organic Contaminants in Sediment  

The USGS, as part of their comprehensive evaluation of sediment contamination in LIS sediments, begun in 1995, gathered all available data on sediment contaminant levels for priority pollutants from federal and state monitoring programs as well as dredge material permits and published papers.  Their data set is available on-line at http://pubs.usgs.gov/of/2003/of03-241/.  An overview of spatial patterns in overall petroleum hydrocarbon contaminant levels in sediments was obtained by calculating total PAHs by summing all 23 PAHs analyzed in the dataset after removing data reported as being below the limit of detection, and data from non-peer reviewed studies conducted as part of dredge permitting applications,. To put these values in perspective they were grouped into 4 categories, showing low levels approximately corresponding to the 85th percentile ranking of all values reported by NOAAs NS&T program (<2000 ng/g dry weight) in blue, slightly higher levels (from 2000-4,000 ng/gdw) in green, levels exceeding the Effects Range Low  (ERL: 4,000-45,000) in yellow, and levels exceeding the Effects Range Median (ERM <45,000) in red (Figure 17).   The ERL and ERM values were set based on empirical data gathered across the country by NOAA linking sediment contaminants levels with observed toxicity, where the ERL corresponds to the 10th, and the ERM the 50th percentile of toxicity effects (Long and Morgan, 1990).  Particularly in ELIS and CLIS, most sediment sampled showed PAHs levels below 2,000 ng/g (blue symbols), indicating that they rank among the less contaminated sites throughout the US.  In ELIS and CLIS, values exceeding the NS&T 85% percentile (green symbols) are only seen near the CLIS dredge material disposal site in central LIS, and at coastal locations, particularly in CT, although it should be noted that there is a paucity of data along the eastern shore of Long Island.  In WLIS there are many more data points and clear evidence of organic contaminant pollution. In this region most sediment PAH levels exceed the NS&T 85% percentile, and many exceed the ERL (yellow),  not only along the coast, but also in samples taken along the main stem of LIS.  Sediment samples exceeding the ERL are also found in some coast embayments along the Connecticut shore, particularly New Haven harbor, and in some river samples in mid and central LIS.  Total PAH levels exceeding the ERM are found only in the extreme Western Sound and outlet of the upper East River.  

The USGS dataset contains data for 18 individual PCB congeners, but none of the more toxic co-planar PCBs.  Toxic reference points for total PCBs are much lower than for total PAHs, with the ERL at 23 and the ERM at 180 ng/gdw, so data were plotted showing levels below the ERL (blue), between the ERL and ERM (green), values exceeding the ERM but less than 500 ng/g (yellow), and values exceeding 500 ng/g (red) (Figure  18).  Generally, a similar pattern is observed for PCBs as for PAHs, with the lowest sediment concentrations (blue) observed in open waters of ELIS and CLIS with the exception of the former mud dump site, with elevated levels exceeding the ERL common at coastal Connecticut locations.  In contrast, sediment PCB levels exceeding the ERL are routine both in coastal areas and open waters of WLIS.  Sediment PCB levels exceeding the ERM are fairly common in WLIS and in a number of coastal areas further east in CT.  Extremely high levels (>500 ng/g) are only found closer to the Hudson River, and in one site on the Mystic River.  

These overall patterns persist in more recent data compilations such as Mitch and Anisfeld (2010), who reviewed contaminant data derived from the period 1994-2006, pooling all data for WLIS, CLIS, and ELIS  (Table 3 ).  Values within each sub-basin were reported as percentile values, and as overall means for each area.  Mean levels of sediment PAHs, PCBs, and DDT generally decreased from west to east, although some very high levels of PAHs were observed in CLIS, leading to a very high 90th percentile value of 10,900 ng/g, and a mean value of 2,860 ng/g, higher than that observed in WLIS (2,470 ng/g).  Concentrations at the 90% percentile exceeded ERL values for all three groups of contaminants in all three LIS areas. In WLIS, values in the 50th percentile exceeded ERL values for DDT and PCBs, but not PAHs. The dataset for metals is much more extensive than those for organic contaminants, but generally, the two data sets show the same trends, with more WLIS stations having sediments that exceed the ERL values. Metal ERM values were only exceeded for Hg in WLIS.  

Mitch and Anisfeld also compared embayment data from the NCA to open water data for PAHs, PCBs, and DDT and found no significant differences between the two regions.  This conclusion contradicts the indications from earlier data sets, and the much larger datasets compiled by the USGS.  This apparent lack of coastal enrichment in organic contaminants could have been driven by the preponderance of open water NCA sampling sites in WLIS, or the high variability in values observed for most contaminants.  In a comparison of sediment contaminant levels reported by NS&T from 1994-2004, only the Housatonic River, Mammaroneck and Throgs Neck showed levels of PAHs or PCBs exceeding the NS&T 85th percentile value.   Mitch and Anisfeld, comparing EMAP data from 1990-1992 to NCA data from 2000-2002, reported no significant changes in sediment PCB concentrations, while sediment PAH concentrations fell by a factor of three during this period. These temporal patterns are consistent with the more persistent nature of PCBs as compared to PAHs.  Mitch and Anisfeld also evaluated data on chlorinated pesticides, including total chlordnes, chloropyrifos, total DDT and total dieldrin, total endosulfan and total hexachlorocyclohexane (Lindane). They reported levels exceeding the NS&T 85% for almost all pesticides in the Housatonic River, the Mamaroneck, and the Throgs Neck sites.  These same three sites also had high levels of the contaminant metals Cr, Cu, Pb, Hg, Ag, and Sn.  A recent evaluation of the chlordane data by Yang et al. (2007) indicates that levels of this persistent but banned insecticide have not consistently diminished over the past 2 decades.  Most concentrations are higher in west-LIS, exceeding those thought to cause toxicity  (Figure 19) .

Emerging Contaminants 

All the studies discussed previously report on priority pollutants that have been part of monitoring programs over the last 20-30 years. Emerging contaminants have only been studied cursorily.  The only relatively new contaminants that have been added to national monitoring programs are the polybrominated diethyl ethers (PBDEs), a family of recently recognized persistent bioaccumulative toxic compounds widely used as fire retardants until they were banned by international treaty during the last 10 years.   NOAA recently released data from the Mussel Watch program reporting concentrations of mono to hepta PBDEs in mussel tissue and sediment from around the country (Kimbrough et al., 2009).  Elevated levels were found in mussels tissue collected near in urban areas in many part of the country including Seattle, Los Angeles, Boston, Baton Rouge, but the largest concentrations of hot spots on the national map were associated with the NY/NJ Harbor Estuary and LIS.  Of 57 locations nationwide where elevated PBDE levels were observed in samples collected in 1996 or in samples taken between 2004 and 2007, five were in LIS, with concentrations of 697 at Throgs Neck, 495 at New haven, 493 at Houstatonic River, at 350 Connecticut River, and 334 at Hempstead Harbor (in ng/g lipid weight concentrations). Mussels from sites in the Hudson River and NY/NJ Harbor estuary generally showed higher levels ranging from 2190 at Governor’s Island in the Hudson River to 594 in Raritan Bay.   Six of the 10 highest levels nation-wide were reported from mussels collected in this area. High sediment levels were also found at the NY sites where concentrations ranging from 19-41 ng/g dry weight were observed.  Use of these lower molecular weight PDBEs has now been banned in the US and throughout much of the world.  However, use of the deca PBDEs is still allowed. 

Data collected as part of the USGS survey characterizing sediment properties of LIS in 1996 mapped the distribution of Clostridium perfringens spores in LIS sediments (Buchholtz ten Brink et al., 2000) as a marker for sewage inputs to the system.  Figure 20 shows widespread distribution of the spores in WLIS as well as pockets of similarly elevated spore counts at locations near the CT and NY coast as well as smaller areas in the main stem of LIS.  Due to their persistence and density, spores are likely to be distributed with fine sediments throughout LIS. Brownwawell’s research group has recently measured a new class of sewage tracer compounds, a class of disinfectants called quaternary ammonium compounds or QACs.  In a transect of surface sediments down the main stem of LIS from near the Throgs Neck Bridge to Mt. Sinai in NY, concentrations of total QACs decreased from a high of almost 14 µg/gdw to less than 1 µg/gdw, clearly indicating the significant input of sewage to WLIS (Brownawell unpub. data).   The WWTPs are also a source of natural and synthetic hormones as well as hormone mimicks such as the detergent breakdown products, aklyphenol polyethoxylates. No comprehensive survey of these compounds has yet been conducted in LIS.  However, a recent examination of sex ratios in the local silversides, Menidia menidia, from coastal areas around Long Island  (Duffy et al. 2009) reported a significant correlation between longitude and sex ratio with fish from the western, more urban portions of Long Island showing female biased sex ratios as seen in Figure  21.
Contaminants in biota

Organic and inorganic contaminants in biota
Data on levels of contaminants in tissues of LIS aquatic species are limited.  The largest dataset consists of tissue contaminant levels in mussels collected at 9 sites  (Connecticut River, Hempstead Harbor, Housatonic River, Huntington Harbor, Mamaroneck, New Haven, Port Jefferson, Sheffield Island and Throgs Neck) as part of the NS&T program, annually from 1986-1994, and then every other year since then.  Data for the Mussel Watch Program from NS&T is available on an easily searched data portal (http://egisws02.nos.noaa.gov/nsandt/index.html#), although only data from 1989 on are available through this source.  

Robertson et al. (1991) conducted a detailed assessment of contaminant status in LIS as it related to national contaminant trends for both inorganic and organic contaminants in mussels and sediments from the 1986-1988 NS&T data.  Data for the nine Mussel Watch stations and the two Benthic Surveiliance stations in WLIS and ELIS, were plotted on cumulative distributions for the entire country for both sediment and mussel tissue contaminant data.  Several patterns are evident from these plots: LIS sites tend to rank low for inorganic contaminants compared to other sediment sites on the national distribution, with none standing out as being highly contaminated on a national basis.  In contrast, organic contaminants generally show higher rankings, with most LIS sites ranking above the national means. A summary of national rankings for all contaminants is provided in Table 4, which shows that for both sediment and mussels, LIS ranked 4th in the nation, behind only the Hudson/Raritan estuary, Boston/Salem Harbors and the Los Angeles coast, ranking above San Diego, Tampa Bay, San Francisco, Bay, Puget Sound Delaware Bay and Galveston Bay.  The Throgs Neck station in extreme WLIS ranked particularly high in this assessment for tPAHs, tClordane, tPCBs, tDDT, and Pb being more than one standard deviation above the national mean, thus ranking in the top 16% of values nation-wide. 

Turgeon et al. (1991) reviewed Mussel Watch data for LIS from 1986-1988, focusing on comparisons between sites within LIS, reporting contaminant levels in mussels from WLIS (particularly the Throgs Neck site) to be high relative to national standards.  Mean concentrations at the Throgs Neck site were 4,900, 1,300, and 210 microgram/gdw for total PAH, PCB and DDT respectively for the three year period studied, higher than at all other LIS sites. O’Connor recently published a detailed analysis of the National Mussel Watch dataset analyzing time trends in data from 1986-2003 (O’Connor & Lauenstein 2006). For the organic contaminants (Lindane, tClordaned,tDDT, tPCB, tPAH, and tButly tin) significant decreases were observed at most LIS sites for most contaminants with the exception of tDieldrin and tPAHs, where no significant time trends were observed for five out of the nine sites (Table 5).  In contrast, very few of the metals showed time trends, with only Cd, Cu, and Pb showing significant decreases at a couple of sites.  Interestingly, As and Hg showed statistically significant increasing trends at Port Jefferson. For the organic contaminants analyzed, national mean values during this period (1988-2003 for tPAHs, and 1989-2003 for tButyltin) decreased on average by a factor of 4, with tButyltin showing the largest decrease (8x) while tDDT, tPCB, and tPAH only decreased by a factor of 2-3. These trends were significant at the 95% level for each of these groups of contaminants. Of contaminant metals, only Cd showed significantly decreasing trends over this period decreasing by a factor of only 1.5. 

A closer inspection of all available data for PAHs and butyltins in LIS, including the 2004-2008 data from the NS&T data portal, suggests that decreasing trends are no longer evident. Some contaminants at some of the LIS sites are no longer decreasing nor are values from the WLIS necessarily still the highest for individual contaminants in all cases  
 Data for tPAHs in mussel tissue from NS&T over the period 1989-2008 are shown in Figure 22.  Median values over this entire period ranged from a low of 314 ng/gdw in Port Jefferson, to a high of 1,580 ng/gdw at Throgs Neck, although median levels for the period exceed 1,00 microgram/g for both the Housatonic River and New Haven, including some of the highest values recently measured. Median values for all LIS sties exceeded the national median of 220 ng/gdw reported by O’Connor & Lauenstein for 2002/2003.  These accumulated body burdens are still well below values predicted to cause acute toxicity (around 100 ug/gdw), although some PAHs can act via receptor mediated mechanisms leading to developmental effects at much lower levels (McElroy et al. 2011).  The trends for increasing values is a cause for concern.  Since mussels filter particulates from the water column, current values in these organisms should be reflective of recent trends in water column bulk concentrations of theses contaminants. The presence of increasing body burdens could reflect increasing inputs to the water shed or at least enhanced resuspension of relict sediment reservoirs.     

Data for butylins in the NS&T Mussel Watch program illustrate spatial trends unlike those observed for most other organic contaminants in that the Throgs Neck site is not the most contaminated. In her early review looking at data from 1986-1989 Turgeon found the highest levels at Mamaroneck (500 ng/gdw) with Port Jefferson and then Huntington Harbor having the next highest levels at 300 and 250 ng/gdw respectively with lower levels at the 6 other sites.  Throgs Neck ranked 5th among the sites sampled. On a national perspective, these levels were considered low, approximately 10 times less than levels observed in oysters or mussels at sites near marinas in other parts of the country.   An analysis of recent data available for butyltins (mono-, di-, tri-, and tetra-butyltin 1989-2008) in the NS&T database were only available from 5 of the Mussel Watch sites (Hempstead Harbor, Mamaroneck, Huntington Harbor, Port Jefferson, and Throgs Neck.  Tetrabutyltin was never detected in any samples analyzed, but of the three organotin compounds measured, tributyltin usually accounted for the majority of the residues with dibutyltin, a metabolic breakdown product of tribultytin, sometimes found at levels approaching tributyltin.  Data for the sum of mono-, di-, and tributyltin for 1989 through 2010 are shown in Figure 23.   Maximum levels were generally observed in 1989 or 1990, with the highest levels (exceeding 500 ng/gdw observed in Mamaroneck and Port Jefferson.  Peak levels (about 400 ng/g) were observed later, in 1993, at Throgs Neck. Port Jefferson experienced a secondary peak of almost 100 in 1994, with periodic increases observed throughout the sampling period, including the most recent data available in 2008 where levels of 56 ng/g were reported.   Throgs Neck and Mamaroneck mussel still contain butyltins at levels exceeding 25 ng/g while most other sites have dropped to less than 15 ng/g.  Patterns observed in butyltin levels in mussel tissues likely reflect decreasing environmental concentrations resulting from the ban of TBT antifouling paints in the US in 1988 for vessels under 25m in length.  More recent spikes at Throgs Neck and Port Jefferson indicate either new sources, or remobilization of high TBT sediment reservoirs, continuing well past the ban.  Although body burdens of butyltins in mussels are still well below levels known to cause mortality (48,000 ng/gdw) growth impairment (3,200 ng/gdw), or even imposex in sensitive neogastropod species (320 ng/gdw) (Meador, 2006), increasing levels despite the ban are a cause for concern.   Sources could include resuspension of older more heavily contaminated harbor sediments due to dredging projects, or potentially more recent inputs from either illegal use of TBT paints or inputs from vessels exempt from the bans imposed on watercraft <25 m in the 1980s.   

Apart from the NS&T data, there is limited additional data available on body burdens of organic or inorganic contaminants in LIS organisms.  Most of this has resulted from periodic surveys conducted by the New York State Department of Environmental Conservations (NYSDEC) which has monitored PCB levels primarily in striped bass, but also in blue fish, and more recently as part of a large survey done in 2006 and 2007, PCBs and mercury were analyzed in striped bass, bluefish, American eel, weakfish and lobster hepatopancreas, as well as cadmium and dioxins and furans in lobster hepatopancreas from LIS (Skinner et al. 2009).  The majority of data on PCB levels in fish has been collected as part of the NYS DEC striped bass monitoring program, which has been focused on samples from the Hudson River.  However periodic sampling of striped bass from LIS has occurred since 1984, with the most recent comprehensive survey completed in 2006 and 2007 (Skinner et al. 2008). In evaluating these recent samples, Skinner et al. also review the earlier data and trends in PCB levels in striped bass and bluefish. For PCBs, no special differences were observed between sampling areas roughly corresponding to WLIS, north and south regions of CLIS, and ELIS for PCBs in any of the fish species samples, although collections of eel and weakfish were insufficient to test for differences between all four of the areas sampled.   PCBs body burdens were not correlated with wet weight of striped bass, although large bluefish (>508 mm) had significantly higher body burdens. Average concentrations of PCBs were 0.333, 0.110, 0.565, and 0.512 µg/gww for striped bass, small (305-508mm) bluefish, large (>506 mm) bluefish, American eel, and weakfish respectively. Levels of PCBs reported for striped bass declined by >80% from levels observed in 1985 on a wet weight basis, from >2 µg/gww, or less than 0.5 µg/gww. But as shown in Figure 24 lipid content of also dropped significantly during this period.  On a lipid-normalized basis, PCB levels were dropped only 50% on average between the mid 1980s and 2006/2007.  Combining all the data for the entire record, PCB body burdens were significantly correlated with lipid content.  Similar time trends were observed with bluefish, where declines of 70% in wet weight normalized tissue levels were observed, while there were no significant declines in lipid normalized body burdens during the same period.  These analyses indicate ambient levels of PCBs in the LIS environment have not significantly changed since the mid 1980s. Insufficient data on American eel and weakfish prevent any conclusions regarding temporal differences. In the NYDEC study the mean concentration of PCBs in lobster hepatopancreas for LIS was 1.31 µg/gww.  Interestingly, significantly higher concentrations were observed in male lobsters, possibly due to depuration by female lobsters through egg production. The differences between concentrations in males and females created more complex special patterns.  On a wet weight basis, lobsters from ELIS appeared to have lower PCB concentrations, but this pattern was not apparent when body burdens when normalized to lipid content.  Skinner did not comment on temporal trends in PCB concentrations over time due to insufficient data.
Although mean body burdens of PCBs in all species analyzed were below the FDA action limit of 2 ppm, it is important to note that significant individual variation in PCB content was observed in all species analyzed.  Maximum PCB levels in some species approached or exceeded the FDA limit.  Maximum PCB concentrations observed were 1.45, 3.17, 1.85, and 2.83 µg/gww for stripped bass, large (>508mm) bluefish, weakfish, and lobster hepatopancreas respectively.  Only small bluefish and American eel had maximum reported PCB concentrations of less than 1 µg/gww.  This implies some health risk to both wildlife and humans in consuming these species. 

Fish tissues were also analyzed as part of the NCA assessment, although published analysis of these data has not been reported to our knowledge.  NCA reported data for blue crab, lobster, scup, summer flounder, winter flounder bluefish, brown bullhead, channel catfish, and white perch.  In most cases fillets were analyzed, but sometimes the viscera, also known as “offal,” or whole organisms were analyzed. Data on PCB body burdens in fish and shellfish collected were examined as part of this review. Twenty one individual PCB congeners were analyzed, including 3 of the more toxic, co-planer PCBS (IACUC# 77, 118, and 126).  PCBs were detected in most but not all samples analyzed.  The sum body burdens of all PCBs analyzed for species with 5 or more samples are shown in Table 6 .  Average concentrations in fillets (muscle tissue) are generally low, with average body burdens below 100 ng/g wet weight for all species except white perch.  Although only eight white perch specimens were analyzed, the maximum value recorded was 1,680 ng/g relatively close to the FDA cut off for seafood safety of 2 ppm (2,000 ng/gww).  It should be noted that the NCA data reported is for fillet, or muscle tissue only, so it cannot be directly compared to the hepatopancreas data reported in the NYDEC study for lobsters.  Although not an extensive dataset on PCB body burdens, the NCA data is important in that it provides data on species for which we have no other recent data, and which are prominent members of the local sport fishery.  Individual variability in this data set is also large with coefficients of variation approaching or exceeding 100%.   Despite this, the very low levels reported indicate minimal exposure to PCBs due to consuming these species, with the exception of White Perch where maximum values are close to the FDA limit.

The NYSDEC also measured total Hg in striped bass, bluefish, weakfish American eel, and lobster as part of their 2006-2007 survey in LIS (Skinner et al. 2009). In both striped bass and bluefish, total Hg levels in mussel tissue were significantly correlated with size, with the highest concentrations being observed in the north portion of CLIS (Area 2 in his study) due to the largest numbers of larger fish caught in this area.   Mean tissue Hg concentrations in Area 2 were 0.528 µg/gwet weight for striped bass, and 0.400 µg/gww in bluefish. Mercury levels were lower in weakfish (0.141 µg/gww) and American eel (0.110 µg/gww).  Due to the smaller sample size collected for these two species, spatial comparisons were not possible.  Mercury was also measured in the hepatopancreas of American lobster.  Regardless of location, all values were found to be less than 0.200 µg/gww.  Lobsters from ELIS showed a small but statistically significant elevation in Hg concentrations (0.111 vs 0.061 µg/gww) as compared to lobsters from the WLIS and ELIS combined. This was not considered to be extremely meaningful, given the overall low levels. Mercury, as a class B metal, strongly binds to proteins, and evaluation of Hg levels in lobster muscle rather than hepatopancreas may have yielded higher concentrations. Comparison of striped bass Hg data collected in 1985 by the NYSDEC to values obtained in 2006/2007 indicated no significant differences in mean Hg concentrations over this 20-year period.  

Hammerschmidt and Fitzgerald (2006) quantified both total Hg and methylmercury (MeHg) levels in 4 species of fish (alewife, winter flounder, bluefish and tautog) and American lobster collected from CLIS in 2002. Virtually all  (98%) Hg recovered from animal tissue was in the form of MeHg, allowing relatively straightforward comparison between their data on MeHg with the data on total Hg reported by NYSDEC. Mean MeHg levels in muscle were similar in bluefish and tautog (0.137 and 0.191 µg/gww), but much lower in winter flounder muscle (0.021 ug/gww), and in whole bodies of alewife (0.027 µg/gww).  Levels in lobster tail muscle (0.140 µg/gww) were similar to that found in bluefish and tautog. Collectively, these data indicate no significant spatial trends for Hg body burdens in fish or shellfish from LIS. However, given the relatively high levels observed in some of the species evaluated, unrestricted human consumption is ill-advised given the consumption advisory set by the EPA of 0.3 µg/gww (USEPA 2001).
Toxicity of LIS sediments and health impacts on resident biota 

Assessment of toxicity can be inferred by comparison to body burdens associated with toxicity in other studies.  However direct measurement of toxicity, either through sediment toxicity tests, or analysis of local fauna provides a more direct measure of potential or realized effect.    In support of the Long Island Sound Study, NOAA conducted contaminant toxicity assessment in LIS during the period 1988-1991. Wolfe et al. (1994) published the first comprehensive analysis of these data in 1994.  Although the report summarizes the whole program, data presented in this report is derived primarily from sampling in August 1991. Sediment samples were collected at 20 coastal stations along the entire coast of CT, and from the western Long Island coast out to Cold Spring Harbor, and 11 stations along the main stem of LIS from the west to a point northeast of Montauk.  At each sampling location three sediment samples were collected, and three independent toxicity assays were performed: the 10 day whole sediment toxicity test with Ampelisca abdita, a 48 hr sediment elutriate test embryo test with Mulinia lateralis, and a microbial bioassay (MicrotoxTM) performed on organic sediment extracts. 

The amphipod test is probably most representative of acute lethal toxicity experienced by resident organisms.  About 80% of samples collected from the coastal embayments showed significant toxicity in this assay, while tests of samples from the main stem of LIS with the exception of a site in CLIS showed little to no toxicity.  The Mulinia test was less sensitive, yielding less toxic sites.  The MicrotoxTM assay indicates a similar number of toxic sites and the amphipod test, yet the results were not correlated, indicating these tests are responding to different sediment properties.  Figure 25  shows a summary of the data indicating which sites showed toxicity in 1, 2, or 3 toxicity tests.  Coastal embayments in the WLIS including Little Neck Bay, Oyster Bay, and Manhasset showed  the most significant toxicity in this survey, although it can be seen from the figure that sites in extreme WLIS, as well as sites in most coastal embayments along CT showed some evidence of sediment toxicity. 

The Ampelisca test is also being used as part of the NCA program.  Results from 2000-2006 including data from 310 samples reported significant toxicity (>80 reduction from control survival) in only 19 samples.  The location of these samples, are shown in Figure 26.   Also shown in this map are samples with even greater toxicity (<60% control survival).  Despite the general reduction in toxic sites identified, the NCA data indicates that significant toxic sediments are still present throughout coastal embayments along both the NY and CT shores of LIS with approximately equal numbers of toxic sites in each state.  The presence of toxic sediments in coastal sites throughout LIS is also indicated by data from McElroy’s group who analyzed sediment toxicity using the Microtox test on extracts of LIS sediments collected in 2002.  As can be seen in Figure 27  evidence of sediment toxicity is fairly widespread.  Results from the MutatoxTM assay indicates that some solvent extractable materials in these sediments are also capable of causing mutations in bacterial test species, and thus represent a potential mutagenic risk to higher organisms.     

Toxicity studies on indigenous species were performed as part of the NS&T assessment in the late 1980s, and were reported in the 1991 special editions of Estuaries. Almost no other work has been done since this time.  Nelson et al. (1991) evaluated reproductive success of winter flounder from Shoreham, Madison, New Haven, Milford, Norwalk and Hempstead in comparison to two sites near WWTP outfalls in Boston Harbor in 1986 through 1988 by examining egg and larval properties.  Evaluation of percent fertilization, embryo lipid content, and larval size indicated New Haven Harbor to be the most impacted site in LIS, although fish from both Shoreham and Milford scored poorly in some indices, although embryos from all LIS sites were in better condition than those sampled from Boston Harbor.  Within LIS there were no differences in sediment, adult liver, or embryo PCB concentrations, nor was there any apparent correlation between embryo PCB concentrations and embryo health measures.  No significant site specific differences in PCB concentrations in flounder livers were observed in LIS, and all were less than those from fish collected near WWTP outfalls in Boston Harbor.  There was also no correlation between embryo or sediment metals and toxicity.  Nelson et al. (1991) concluded that winter flounder reproduction was impaired at some LIS locations, but that neither PCBs nor metals appeared to be linked to the health status of the fish examined.  A related study examined sublethal abnormalities in winter flounder embryos, and found developmental deficits and elevated incidence of cytotoxocity and DNA damage in embryos from fish (Perry et al. 1991). Embryos from New Haven were most significantly affected, although abnormalities were also observed in embryos from Hempstead, Shoreham and the Boston Harbor sites.  

Gronlund et al. (1991) reported on a more detailed study assessing overall health of winter flounder collected at three of the NS&T sties, New Haven, Niantic and Norwalk.  Histological examination of liver from adults, indicated fish from the New Haven site to be most severely impacted with almost 90% showing some measure of histological lesions. Fish from Norwalk ranked next, with 70% showing lesions, while only about 20% of fish from Niantic showed liver lesions.  Levels of DNA adducts were highest in fish from New Haven which had prevalences about around 35% similar to that observed in Boston Harbor.  Fish from both Norwalk and Niantic had levels of hepatic DNA adducts of less than 10%. Of the three sites examined, New Haven had the highest levels of chemical contaminants including PAHs, PCBs, Ag, Ni, Pb, Cu, Cr, and Zn.  Although no cause and effect relationships could be determined from this study, levels of PAHs at the New Haven site of 4,000 ng/gdw are similar to those associated with liver lesions in other flounder species at other sites. 

Cytochrome P450 monooxyganase (Cyp1a) has been used as a biomarker of exposure to organic contaminants, particularly PCBs and PAHs in fish for almost 30 years.  Monosson and Stegeman evaluated Cyp1a activity in livers of winter flounder from a variety of locations throughout the Northeast, including LIS in the early 1990s (Monsson and Stegeman 1994).  Their analysis indicated widespread exposure to chemicals that induce Cyp1a throughout the region. As measured by Cyp1a catalytic activity, only fish from Georges Bank appeared to be free of contamination.  Fish from two sites in LIS were evaluated as part of this study, Hempstead Harbor and Niantic. Hempstead Harbor fish expressed the highest levels of any examined in this study, and activity at both sites exceeded that from Boston Harbor. Cyp1a activity correlated with PCB concentrations in liver from the same fish.  A more comprehensive study published by Collier et al. (1998) reporting CYP1A data on winter flounder from collected from 1988-1994 at 22 sites around the Northeast sampled as part of NOAAs Benthic Surveillance Program, demonstrated that with the exception of Maine, CYP1A induction was widespread throughout the region.  Furthermore, there appears to be no evidence of diminished responses in the more recently collected fish samples. The results of this study indicate that exposure to organic contaminants is widespread in fish from urban areas throughout the northeast.  More recent work in McElroy’s lab examining Cyp1a gene expression in livers from young-of-the-year winter flounder collected in 2008 and 2009 from Port Jefferson, Oyster Bay, Manhasset Bay, Little Neck Bay in LIS, and Shinnecock and Jamaica Bay on Long Island’s south shore also indicate widespread evidence of exposure to organic contaminants in LIS fish (Romany, 2010).   

Nutrient and Carbon Contamination Patterns and Trends
Measured and estimated nutrient fluxes

Like so many other urban estuaries, LIS suffers from nutrient and carbon pollution, creating directly (carbon) or indirectly (nutrients) a large biogenic oxygen demand.  The direct effect of the enhanced nutrient fluxes is eutrophication with an ‘end of the pipeline’ effect of seasonal hypoxia-anoxia in western and central LIS (O’Shea and Brosnan, 2000; Welsh and Eller, 1991; Parker and O’Reilly, 1991). The magnitude of the various nutrient fluxes today can be estimated, and measured directly from river data. Atmospheric wet deposition of inorganic nitrogen in LIS watersheds was estimated for calendar years 1994-2009 using data from the National Atmospheric Deposition Program (2007). The data from the program have been synthesized into a gridded format based on interpolation at each of the monitoring locations.  The mean deposition rate was calculated for each year by taking the average of the gridded data for the LIS watershed.  The watershed area used did not include LIS, because the grids were clipped to the coastlines.  The area averaged included the Pawcatuck River basin, in addition to the rest of the LIS watershed. Wet deposition of inorganic nitrogen on the LIS watershed has generally decreased since the mid-1990s.  This decrease is parallel to decreases in emissions of nitrogen oxides from vehicles and electricity generation.  The declines in atmospheric deposition of reactive N are primarily in the form of nitrate, whereas emissions of NH3 do not appear to have significant trends, indicating that reduced forms of nitrogen are becoming a larger fraction of the atmospheric nitrogen budget (Pinder et al., in press). The direct atmospheric input of nitrogen on LIS is estimated at ~ 15,000 lbs N/day (Castro and Driscoll, 2002).  The P load is estimated at 1.2 106 lbs P/yr. The loading of Si (an essential element for diatoms, the main primary producer in the Sound) is largely determined by the river fluxes, where the element originates through weathering of rocks on land. Secondary fluxes may stem from phytoliths (small silica grains in plants) in association with particulate organic matter discharge. The combined annual flux of Si from the Connecticut River and Housatonic River is estimated at 1.5 1011 gr Si/yr.  The WTTP silica flux is ~ 1% of the riverine flux (Boon, 2008). 
Trends in nutrient fluxes over the last 40 years

The U.S. Geological Survey has maintained a network of stream gages and water-quality monitoring sites in the Long Island Sound watershed (NASQAN, Fick and Hawkinson, 1975; USGS National Water Quality Assessment – NAWQA; Gilliom et al., 1995; the Nitrogen Credit Advisory Board – Figure 28). These long-term monitoring sites are largely stations above the tidal influence (‘fall line’ stations), for which nutrient loads below these stations are not measured.  The monitoring sites on the major rivers (Connecticut, Housatonic, Naugatuck, Quinnipiac, Shetucket, and Quinebaug) represent about 84% of the drainage area from the north (excluding Westchester County, NY). Data on the loads of N and P have been previously summarized by Mullaney et al, (2002), Colombo and Trench (2002), Trench and Vecchia (2002), Trench (1996), Trench et al, (2000), and Sprague et al (2009). Data for selected water-quality monitoring stations and associated flow data from USGS stream gaging sites were analyzed to estimate the N, P, Si, and total organic carbon loads from 1974-2008.  Loads were estimated using the linear regression method LOADEST developed by Runkel et al (2004). 

The concentrations and loads of total N have declined since management action was undertaken as part of the Federal Clean Water Act of 1972. Trends in flow-adjusted concentrations and loads, and non-flow adjusted concentrations and loads are shown in Table 7.  Significant flow-adjusted trends in concentrations and non-flow-adjusted concentrations were observed at most selected sites, with the exception of the Quinnipiac River at Wallingford and the Saugatuck River at Redding. The Quinnipiac River is dominated by point source N discharges from three wastewater treatment facilities totaling 26,500 m3/d (Mullaney et al., 2002). Mullaney et al. (2009) estimated that about 360 hectares of impervious area were added to this watershed from 1985-2002 as a result of urbanization. The Saugatuck River at Redding (01208990) has remained relatively lightly developed, and urban land use has likely increased only slightly during the study period.  This station is an example of concentrations and loads that can be expected in forested watersheds of the Long Island Sound basin.

Non-flow-adjusted N loads had downward trends at 7 of the 11 sites selected for this summary.  The Housatonic River at Stevenson and the Norwalk River at Winnipauk showed no significant trend, in addition to the Quinnipiac and Saugatuck sites. Total N loads (non-flow-adjusted) declined significantly from the other 7 stations, averaging 31 percent over the period of record. Although over this long period of analysis (water years 1974-2003) there are significant downward trends in total N, concentrations generally showed no significant trend in later years, as also described by Sprague (2009). 

Total N loads from the major fall line stations declined dramatically during the period of study, from about 21 Mkg yr-1 to15 Mkg yr-1.  The most notable decreases occurred at the Connecticut, Farmington, Naugatuck, Quinebaug and Shetucket Rivers (fFigure 29, Table 8).  Yields of N during the study period ranged from 3.0 kg ha-1 for watersheds with minimal development to 21.4 kg ha-1 in watersheds with dense urban development and major wastewater discharges (Table 9).  Nitrogen yields are strongly correlated with percent of impervious surface in each watershed, which serves as a measure of the overall urban development (Figure 30).
WE NEED TO ADD THE TEXT JOHN WROTE ON INPUTS OF N FROM SEWAGE TREATMENT PANTS FROM NY AND CT. THESE MATCH TO THE FIGURE. THIS IS AN IMPORTANT SECTION SHOWING THAT THE PREPONDERANCE OF N LOADING FROM WWTP COME FROM NYC  (FIGURE 31)  
THE MAP ALSO SHOWS THAT IN SOME AREAS LEVELS HAVE DROPPED DRAMATICALLY BETWEEN 1995 AND 2010, WHILE IN OTHERS THEY HAVE NOT. 
Total P concentrations and loads have declined in the majority of stations analyzed for this summary (Table 10).  Concentrations have declined probably due to improvements in wastewater treatment practices and state bans on phosphate detergents (Litke, 1999). Total P loads (non-flow-adjusted) declined significantly at 8 stations, averaging 53 percent over the period of record. Significant downward trends in total P occurred over this long period of analysis (water years 1974-2003), but there are indications of increases in P concentrations and loads toward the end of the record.  Analysis for water years 1993-2003 indicate significant increasing flow-adjusted and non-flow-adjusted trends in total P at 5 of these stations (Sprague et al., 2009). Phosphorus yields ranged from 0.1 kg ha-1 yr-1 in watersheds with minimal development, to 3.3 kg ha-1 yr-1 in the past at sites with high-density urban development, and major wastewater discharge (Table 11).
The trends identified by these analyses indicate large declines in N and P loads during 1974-2008 with associated changes in the ratios of these nutrients. The changes in TN/TP have implications for the dominant phytoplankton in LIS (diatoms). The TN/TP were lowest (11-26) among sites with the most developed watersheds (Hockanum, Naugatuck and Quinnipiac Rivers), and the highest ratios (43-76) were found for the least developed (Salmon and Saugatuck Rivers). Ratios of TN/TP generally increased from water years 1974 to the mid-1990s, and then began to decline until present. This is generally due to declines in TP loads relative to TN loads in the early part of the record followed by slightly increasing TP loads from the late 1990s through 2008 (Figure 31. 

Flow-adjusted-concentrations and loads of total organic carbon and non-flow-adjusted concentrations of total organic carbon declined significantly at most of the stations during the study period.  Only three stations had significant declines in non-flow adjusted loads of total organic carbon (Table 13 and 14). 

The trends in silica loads and concentrations were not consistent over the time period of study (Tables 15 and 16). The Quinebaug and Naugatuck Rivers had a significant decline in flow-adjusted concentrations and loads of Si, while the Connecticut, Quinnipiac, and Saugatuck Rivers had a significant increase in flow-adjusted Si concentrations and loads. Only the Quinebaug River site had a significant decline in non-flow-adjusted loads.  The Connecticut River had a marginally significant (p=0.059) increase in Si load that amounted to 0.69 percent per year, or 24 percent during the studied period of record. Silica concentrations measured at the fall-line stations were similar to those expected for the saturation with quartz (SiO2; Hem, 1985), and ranged from about 3 – 12 mg/L.[ the silica is derived from feldspar weathering (mainly plagioclase, not quartz!!, and the kinetics of quartz precipitation prevent that there is a precipitation control on Si in water!!!]  The median yield of silica was 48 kg ha-1yr-1, with an interquartile range of 37-57 kg ha-1yr-1. The lowest yields occurred in the Connecticut and Housatonic Rivers, and the highest yield was in the Quinnipiac River . Lower yields of dissolved silica have been associated with sedimentation behind dams (Humborg et al., 2000), and the accumulation of biogenic silica from diatom productivity in the impoundments (Humborg et al., 2000).  The higher yields associated with the Quinnipiac River may be due to higher silica concentrations in groundwater in sediments of the Mesozoic Valley of Connecticut relative to sediments derived from other local bedrock types (Grady and Mullaney, 1998). Increasing development of watersheds and climate change may affect the baseflow index and therefore the Si loads, due to the introduction of additional impervious areas (Loucaides et al., 2007), and changes in recharge rates and the time distribution of streamflow.
  Figure 32 summarized time trends in total loads of N, P, organic carbon and Si illustrating decreases in N and P, with inconsistent trends in both organic carbon and silica.  P, organic carbon and Si appear to be increasing during the last decade.   

LIS water column nutrient data

The CTDEEP carries out biweekly surveys of water quality in LIS along a series of fixed stations. Analytical data from water samples from these cruises and from several other cruises provide a snapshot of the distribution of nutrient concentrations and 15N values in LIS in 2007 (Boon, 2008). The nutrient concentrations and isotopic ratios in LIS waters are determined by the various inputs and by the sinks, mainly primary productivity, but also exchange with the open ocean through tidal exchange (Bowman, 1977). 

The concentrations of the various nitrogen species show differences for surface and bottom waters, and a strong E-W trend, with higher concentrations in western LIS (Table
 ????). Records from CTDEEP from 1991 to 2004 show TDIN (in ppm N) versus time, showing the characteristic saw tooth pattern of build-up during the winter and withdrawal during the early spring bloom (Figure 35). During the time of diatom blooms (early spring, sunlight induced algal blooms, summer and early fall, second blooms), the N concentrations drop strongly. Experiments with nutrient addition (Gobler et al., 2006) show that LIS is largely Nitrogen-limited in its primary productivity. The NO3/NH3 ratio is determined by the various inputs as well as by the extraction by photosynthesizing organisms, some taking preferable NH3, other NO3. The input of WWTP ammonia is an important factor as is the ammonia flux from the decomposition of organic material in the bottom waters (Cuomo et al.  2005).  The molar ratio of nitrate and ammonia in the two main input rivers varies from 2.5 to 20 (seasonal fluctuations), with a mean of ~ 10, whereas WWTPs have lower ratios (~  1.5 to 2 ). The molar NO3/NH3 in LIS varies between 0.15 and 0.75, which is very different from the nitrate-dominated riverine environment. The variations over time for surface and bottom waters in station A-2 indicate that in WLIS the surface waters tend to be enriched in TDIN with respect to the bottom waters, whereas in waters from CLIS and ELIS, the reverse may be true. 

The Si concentrations reach very low values during the blooms, and locally Si-limitation may curb diatom productivity (Gobler et al., 2006; Boon, 2008). A detailed analysis of the large amount of dissolved nutrient data in LIS collected over the last few decades in conjunction with the measured inputs summarized above is a necessity for a better understanding of nutrient cycling and primary productivity in LIS over time, but outside the scope of this chapter.
YOU’VE MADE NICE MAPS OF SURFACE AND BOTTOM DISSOLVED SI, P, AND NH3 BUT THERE IS NO TEXT DESCRIBING THEM
????    
The isotopic composition of nitrogen (15N) is a function of its ultimate source, with in general isotopically heavier N stemming from material higher up in the food chain (Cravotta, 2002). In addition, the removal of N through photosynthetic activity may also fractionate the N isotopes, and thus the resulting nitrogen isotope ratios are a complex function of nitrogen supply, speciation and withdrawal. The process of denitrification (converting nitrate to elemental nitrogen gas) leads to more positive 15N values in the remaining nitrate.  Denitrification is extensively used in WWTPs to remove nitrogen, and WWTP effluents may show relatively high bulk 15N values: 15N(NH3) = +6 ‰ to +25  ‰, and 15N(NO3) =  -9 ‰ to + 16  ‰ (Boon, 2008). Riverine TDIN is a mixture of all N sources which include effluents of local WWTPs and has 15N(NH3) from  +2  to +4 ‰ and 15N(NO3) from 0 to +10 ‰ (data from samples collected between February and August, 2007 in the Connecticut River in various locations above the estuarine mixing zone, Boon, 2008). In the Housatonic River, 15N(NH3) ranges from +2 to +10 ‰  and 15N(NO3) from +4 to +12‰ for the same period  (see figure  36  ). The modern mean 15N of total riverine N is ~ +5‰, whereas that for WWTPs is heavier at ~ + 10 to +12 ‰, be it with large seasonal and local variations. The N isotope data thus can be used broadly to trace the N sources and possibly the fate of the relatively heavy WWTP N within the LIS foodweb, and ultimately in the buried remains of photosyntate in sedimentary marine organic matter.  
Observed 15N in nitrate LIS waters ranges from -8.6 per mil to +5.7 per mil in surface waters, and in bottom waters from -2.7 per mil to + 11.4 per mil. The 15N in dissolved NH3 are not yet available, but presumably on the heavy end of the range, up to +20 per mil.
The historic record of organic productivity from sediment core data 

The modern LIS nutrient concentration data discussed above do not aid directly in the identification of trends in nutrient fluxes on the decadal to century time scale. The increased nutrient fluxes of the last 100-200 years probably enhanced the primary productivity in LIS, which in conjunction with global climate change (e.g., enhanced stratification of LIS, see chapter XX) led to the seasonal hypoxia in western and central LIS. Many processes play a role in the creation of hypoxia, and one approach to unravel this multitude of drivers is to consider the historic record of eutrophication in sediment cores to assess when eutrophication started in conjunction with other factors that may have a causal role. 

The organic carbon and nitrogen concentrations in sediment cores indicate the amount of buried organic matter, commonly phrased as organic carbon accumulation rates (mg Corg/cm2 yr). These carbon accumulation rates are an indirect proxy for nutrient fluxes into the Sound in the past, because higher nutrient fluxes usually translate into higher rates of primary productivity and higher rates of burial of organic matter. Integration of core data over the whole bottom of the Sound to obtain LIS-wide burial rates of organic carbon and nitrogen is fraught with many uncertainties, but the trends in representative cores provide proxies for changes in the overall fluxes of carbon and nitrogen over time. The organic contents of sediment are mixtures of organic carbon imported from the watersheds (terrestrial carbon) and in situ produced marine algal matter. Mixing calculations based on 13C and N/C values (Perdue and Koprivnjak, 2007) of the organic fraction of the sediment are used to deconvolute these mixtures, so pure marine organic matter accretion rates can be calculated (Varekamp et al., 2009). The burial rate of marine organic carbon is an indirect proxy for the primary productivity and for the nutrient fluxes that sustained that productivity. 

The isotopic composition of nitrogen in LIS sediment is among others an indicator of the nitrogen sources, although the N isotopes are also fractionated during the photosynthetic process (ref). The modern increase in nitrogen fluxes is partly a result of enhanced WWTP flows, which have more positive 15N values than most other sources. Mapping the 15N in LIS water and sediment cores thus is another mode of tracing the magnitude of increased nitrogen fluxes. A caveat here is that changes in the rates of denitrification and changes in the food chain may also cause changes in 15N in the buried organic matter (refs). We present data on these aspects for two sediment cores: WLIS75GGC1, taken near Execution Rock in the far western part of LIS and core B1GGC2, taken on the delta of the Housatonic River in central LIS, figure
 .
Evidence for hypoxia of the past is found in the sediment, beginning in the early-mid 1800s, as indicated by lighter 13C values in carbonate (Luogolobi et al., 2003; Lugolobi et al., 2004). The oxidation of photosyntate in the bottom waters and sediment pore waters leads to consumption of dissolved oxygen, but also to an isotopically lighter carbon pool of DIC in the bottom waters. The presence of this isotopically light DIC is reflected in the lower values of 13C of benthic foraminifera (Thomas et al., 2003; 2004).  The records of 13C in carbonate of foraminifera from the two cores show more or less constant values during pre-colonial times, but then drop by 1-3 per mil since the early 1800s. Part of this drop in 13C is the reflection of the isotopically lighter CO2 in the atmosphere (Keeling et al., 2005) and as shown for marine carbonates by Bohm et al. (2002). The  13C  in the atmospheric CO2  reservoir has decreased by about 1 per mil over the last 150 years. After correction for this change, it appears that most cores in WLIS show a decrease in 13C in foraminiferal carbonate, indicating potentially the onset of eutrophication in WLIS about 150 years ago. This time scale is coincident with the increase in population density around LIS and presumably, increased fluxes in nutrients. 
Particulate organic carbon (CORG) is a contaminant in LIS, because it creates biological oxygen demand that ultimately is one of the causes of the hypoxia. The CORG in LIS stems from the local marine primary productivity (marine organic carbon or CORGM) and from import from land (terrestrial carbon or CORGT) as well as a particulate CORG flux from WWTPs (CORGWW). The three forms of CORG can be distinguished based on their 13C, C/N and 15N values (Meyers, 1997; Varekamp et al., 2009), although we do not distinguish explicitly here the CORGWW component. The CORGM accumulation rates in sediment cores are a proxy for the marine primary productivity although it only represents the buried (and preserved) fraction of the total marine organic productivity; other fractions of the marine productivity are consumed higher up in the food chain and possibly exported from LIS (fish catch, movement of fish to other areas). Most LIS cores show higher CORG concentrations in the more recent sediment, and bulk CORG accumulation rates increased 5 to 8 times from pre-colonial background levels to recent times (Figure  37).

The CORGM accumulation record in core WLIS75GGC1 shows a strong increase in late colonial times, but decreased strongly over the last 100 years (Figure 39 ). The CORGT dropped to almost zero in the mid to late 1700s, most likely the result of the extensive deforestation at that time. After 1800 AD, the CORGT flux increases again and by 1900 AD, the CORGT and CORGM accumulation rates are roughly equal, and CORGT is the dominant form of organic carbon in core sediments deposited over the last 50 years. The B1GGC2 core record has a similar pattern, be it less extreme, and the CORGT in the sediment dominates over the last 100 years (Varekamp et al., 2000).

Obviously, the contributions of both marine and terrestrial organic matter to LIS have fluctuated strongly over the last few hundred years, a reflection of changes in landscape and nutrient fluxes. The common hypothesis that increased nutrient fluxes drove up the marine primary productivity of the Sound and thus caused the hypoxia is not the complete story - the impact of the abundant CORGT on the occurrence of hypoxia should probably be considered as well. The accumulation rates of biogenic silica (BSi) were measured in many LIS cores (Andersen, 2005) and have increased strongly since 1800 AD, but decreased over the last 50 years. The WLIS75GGC1 core had higher background (4-5x) and much higher peak (10x) BSi accumulation rates compared to those in core B1GGC2. Higher nutrient concentrations may have been common in the western Sound over time, which seems to translate into higher sedimentary BSi values. Apparently, the productivity of diatoms decreased presumably as a result of silica limitation, and possibly other species took over (e.g., dinoflagellates, see chapter BIO).

The sedimentary N content increased hand in hand with CORG concentrations over time as has the 15N of the bulk sediment (Figure 40). The pre-colonial 15N background values differ by ~1 per mil in between the two cores, but both cores show an increase of 1-1.5 per mil over the last 150-200 years (Figure 41). This strongly suggests the arrival of heavier N in the Sound waters, presumably sewage-derived nitrogen. This may have created, possibly with enhanced fluxes of carbon as CORGWW, higher 15N values in the Sound waters over the last 150 years. The bulk 15N values of the CORG in sediment represent a mixed signal, however, influenced by the proportions of CORGT and CORGM in the sediment. The 15N signature of the bulk CORG was once more deconvoluted into that of CORGM, using a 15N of +2.5 per mil for CORGT, using the proportions of the two types of CORG calculated before. These values provide a detailed record of the 15N of locally produced marine organic matter and presumably CORGWW over the last few 100 years (Figure XX ).  

The two cores show very similar records and the pre-colonial 15N in CORGM from core B1GGC2 is ~ +8.2 per mil (based on a 4000 year record in this core; Varekamp et al., 2000) and rose to ~ +10 per mil by 1850 AD. The 15N in CORGM of WLIS75GGC1 sediment rose from ~ +9.2 per mil in the pre-colonial background to ~ +10.2 per mil in industrial times. Both core records show a decrease in 15N in marine organic matter of ~ 1 -1.5 per mil over the last 50 years. The latter is a puzzling observation that seems to contradict the simple scenario of strong primary productivity stimulation by the abundant nitrogen from WWTP with high 15N.
On a more speculative basis, we estimated the burial rate of marine organic matter partitioned according to N derived from WWTPs and N from non-point sources. These calculations do not consider the N isotope fractionations (or changes in those over time) during photosynthesis, and these estimates are also sensitive to the assumed mean value of 15N in bulk WWTP effluents. The observed mean value for 15N in WWTP effluent in 2007 was +10 per mil, but the final value had to be taken equal to or larger than the heaviest 15N value in the core records. We used +11.4 per mil as the mean for 15N in WWTP effluents and assumed a zero WWTP N flux prior to 1850 AD. We use the pre-colonial 15N values in each core as representative of the 15N from non-point source N, although we realize that those values may have changed over time as well. The mass accumulation rates of marine organic carbon productivity driven by non-point source nitrogen inputs in the WLIS75GGC1 core sediment show an increase in the 1600-1700 AD period, probably as a result of landscape changes and beaver dam removal (Varekamp, 2006), and continued to rise up till 1850 AD. This is followed by a decrease between 1850 and 1950 AD till almost zero contributions, but rising strongly again since the mid 20th century. The WWTP N-driven productivity increased since 1850 and became dominant between 1900 and 1950, but then again decreased till low values as found today.  The CORGM record of core B1GGC2 partitioned according to N source is similar to that of WLIS75GGC1, with recent productivity equally divided between WWTP and non-point source N (Figure
  42). A shift in primary productivity from diatoms to dinoflagellates over the last 50 years may have both impacted the rate of marine carbon burial in western LIS (Dortch et al., 2001) as well may have changed the 15N of the buried organic matter (BIO chapter). 
In conclusion, nutrient pollution of the Sound is still ongoing, although both riverine and WWTP inputs of N and P have been diminishing over the last few decades. The environmental effects of these processes are obvious in the seasonal hypoxia that occur with variable intensity in mid to late summer in western and central LIS. The trends in cores on stored organic carbon and its isotopic signatures indicate that the flux of terrestrial carbon into LIS may also be an important driver for hypoxia, although terrestrial carbon may be more refractory than marine carbon (Meyers, 1997). The records also show that the increased marine productivity over the last 150 years is related to both enhanced N fluxes from land as well as from WWTPs. 
Data and Research Needs and Recommendations

Long Island Sound represents an estuarine system significantly impacted by anthropogenic activities. Data from sediment cores show without any doubt the profound human impacts on the water and sediment quality of LIS since pre-colonial times. Inputs of both organic and inorganic contaminants increased steadily during the first ¾ of the twentieth century and peaked during the 1960-1970s.  Fortunately with implementation of upgraded sewage treatment associated with the Clean Water Act, and laws regulating use and releases of persistent toxic contaminants such as PCBs and chlorinated pesticides, general water quality has improved in LIS since the mid 1980s.  However, despite these improvements, there remains a legacy of persistent contaminants in LIS sediments, and measurable contaminants are found in many LIS biota.  Contaminant levels remain elevated in WLIS and CLIS relative to ELIS, but hot spots for various contaminants remain in coastal embayments, particularly along the CT shores of LIS receiving inputs from major cities and/or rivers.    Recent trends in contaminant levels in indigenous bivalves in some cases show that levels are no longer decreasing, and in some cases appear to be on the rise again, albeit from levels much below those found in the 1980s. Of particular concern are methylmercury levels in biota.  In addition to continuing inputs from atmospheric deposition and ‘legacy Hg’ from the watersheds, decreased degrees of eutrophication in some areas may lead to diminished organic carbon burial (an important stable host for Hg) and thus could accelerate the release of methyl mercury from LIS sediments.  Despite reductions in contaminant concentrations in surface sediments, low level sediment toxicity appears to be still common in many areas of WLIS, but also in a number of coastal bays.  Data from the NCA, as well as several smaller independent research projects still indicates the potential for negative impacts on organisms from throughout LIS. These trends are illustrated in a recent survey comparing sediment quality index estimated from levels of contaminants in sediment, sediment toxicity as measured by the Ampelisca test, and organic carbon content for the three subareas of LIS using data collected from 1000-2004 as part of EPAs NCA (EPA 2008).  This analysis indicated from 9 to 46 percent of the area within each sub-basin was in poor condition (mainly W-LIS) while between 18 and 69% of the area was in good condition (Fig. A17; EPA 2008).

LIS is fortunate to have been the focus of several large scale environmental assessments by NOAA, USGS, and the EPA, some of which such as NCA
 and the NS&T continue to provide data today.  The extensive CTDEEP data set on nutrient levels in LIS should be evaluated in detail, and variations in fluxes and riverine inputs should be assessed within the context of measured nutrient levels in LIS. Potential trends in pH of LIS waters and changes in DIC over time are currently completely unknown, and studies should be carried out based on existing data sets or sediment proxies. Periodic detailed sampling and analyses of both metals and organic contaminants in sediments should be continued at multiple year  (possibly 5 year) intervals, particularly in coastal embayments with high population density.  The fate of legacy contaminants such as Hg, Cr and Cu from the Housatonic river should be monitored, especially after major hurricanes or other wet events.  
The main data available today on contaminant levels in biota come from NS&T’s Mussel Watch data set, a few studies on PCBs by the NYDEC, and some recent work on metals in bivalves in CT harbors. This work should be expanded to include species harvested for human consumption as well as key resource species of importance to aquatic food chains. Assessment of contaminant-related effects in indigenous biota is particularly lacking as is assessment of how global climate change may influence sources of contaminants to LIS, their cycling within LIS, and the combined impact of environmental factors such as hypoxia, lowered pH and nutrient and toxic chemical additions on local organisms. Monitoring plans need to include emerging contaminants such as PBDEs, pharmaceuticals, hormones, and personal care and cleaning products, particularly those that have a potential to act synergistically with other contaminants or influence disease susceptibility in indigenous organisms.  
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�The text doesn’t match what’s in the figure.  Pb is not in the figure, Cr is.  Either they are mislapeled or you included the wrong data.  Changed text to match figure.


�This statement doesn’t match what is in the figure, so I don’t really know what to do here.  Vince, did Joop select the wrong figure here?  


�This figure seems to be missing


�Joop I have no idea what tables and figure you are refereeing to here.  Check the new numbers and then revise. The material in figure 12 doesn’t really match the text in this section.  The core number is wrong, and the map at the bottom is not really discussed, nore are the other metals shown.      


�JOHN, CAN YOU  ADD BACK IN WHAT YOU WROTE ON THIS?  


�I added this as a way to describe all the trends in this figure, but it doesn’t match with the text above. This paragraph should give more of a summary of the big picure here. This whole section and the tables needs to checked by John to make sure it captures what he was trying to say.  It woud be good to condense the tables to show more summary material,  but John is the only one who can do this correctly.  Alo the identifiers on the table that only give fall line station numbers are not very helpful to most people.  


�TABLE IS MISSING


�Missing text and reference to surface and bottom maps of dissolved Si, P, and nh3. Need to add. 


�I really don’t think we need 6 figures  and 2.5 pages of text on data from 2 cores. Anyway this figure showing where the cores are appers to be missing. 


�If THIS FIGURE STAYS IN IT NEEDS TO BE BETTER EXPLAINED. IAT FIRST I THOUGHT IT WAS MISSING. NOT CLEAR WHAT FIGURE YOU REFER TO HERE????


�Is the NCA still going on??  


�Why would one be more important to do than the other?  Given the lack of trends in both inorganic and organic contaminants, it seems that continued sampling of both is needed, but not very frequently. 
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