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Dissolved oxygen is crucial for aquatic life and the health of the overall ecosystem.  The recent Technical 
Report for the Estuary and Basin (PDE 2012) highlights the past and ongoing importance of careful 
management of water quality to sustain adequate oxygen conditions for fish and wildlife in the Delaware 
system. Importantly, wastewater treatment upgrades and other environmental improvements have largely 
eliminated the “dead zone” that existed prior to the 1980’s, which blocked fish migrations and caused untold 
harm to ecological communities. Currently, the Delaware River Basin Commission and States of Delaware, 
New Jersey and Pennsylvania work to sustain suitable water quality to protect aquatic life, including dissolved 
oxygen concentrations.   
 
Criteria to protect aquatic life are based on scientific information about the oxygen needs of fish and wildlife 
as well as an understanding of mixing properties, ecological relationships, and interactions with other 
pollutants (e.g. excess nutrients).  Several recent advances in scientific information suggest that some 
ecologically significant species in the Delaware Estuary are more sensitive to low dissolved oxygen 
concentrations than previously known.  The purpose of this brief is to summarize these findings and to 
recommend strengthening of dissolved oxygen standards in the critical habitats for these fauna. 
 
As a National Estuary Program, the Partnership for the Delaware Estuary (PDE) is responsible for 
implementing the Comprehensive Conservation Management Plan (CCMP) for the Delaware Estuary.  
The CCMP recognizes both the vast natural resources of the Delaware Estuary and River Basin and the 
tremendous economic value of these resources to the region.  As a result, PDE strives to implement natural 
resource protection and restoration measures in balance with the need to maintain the working river.  The 
PDE Science and Technical Advisory Committee (STAC) was established to provide the Partnership for the 
Delaware Estuary and collaborating entities with objective, expert advice and peer review for scientific and 
technical matters related to the National Estuary Program's activities and goals 
The current dissolved oxygen standards set by the Delaware River Basin Commission are twenty-four hour 
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averages which differ among zones and between seasons. The standards are lowest during the critical period 
of summer when DO levels reach their nadir, from June 15 to September 15. Zone 3, from the Tacony-
Palmyra Bridge upstream of Philadelphia down to about 2.5 miles above the mouth of the Schuylkill River 
mouth, encompassing most of Philadelphia, has a standard of a 24 hr average of not less than 3.5 mg/l. Zone 
4, which runs from about 2.5 miles upstream of the Schuylkill River mouth downstream to the Delaware-
Pennsylvania state line, has the same standard of a 24 hr average not less than 3.5 mg/l.  Zone 5 runs from 
the state border downstream to Liston Point at the official mouth of the Delaware River, 10 miles below 
Delaware City. This zone is divided into three subzones for the oxygen standard. In its upper reach, extending 
from the state border downstream to the mouth of the Christina River, the standard is also a 24 hr average 
of not less 3.5 mg/l. In the midsection of Zone 5, from the Christina River to the upper end of Pea Patch Island 
off Delaware City, the summer standard increases to a 24 hr average of not less than 4.5 mg/l. Then from Pea 
Patch Island downstream to the lower end of Zone 5 at Liston Point, the official mouth of the Delaware River, 
the standard increases to a 24 hr average of 6.0 mg/l., as it is in the Bay itself down in Zone 6.  
 
 
I. Dissolved Oxygen Trends in the Delaware Estuary 
 
For a given temperature, elevation and salinity, water can contain a maximal amount of oxygen that can 
persist in those conditions. That concentration is described as the saturation level. Water containing less 
than the saturation level of dissolved oxygen is described as hypoxic. Water that is devoid of dissolved 
oxygen is described as anoxic. Severe anoxia and hypoxia have plagued the Delaware Estuary in the past, with 
early documentation of dissolved oxygen issues extending back to 1914 (Philadelphia 1914, Albert 1988, 
Sharp 2010).  More intensive monitoring of dissolved oxygen in the 1960s, including continuous deployments 
of dissolved oxygen sensors, provides a comprehensive understanding of the magnitude and extent of the 
historic Delaware River “dead zone”:  at least 17 miles of full water column anoxia (< 1 mg/L) extending for 
up to 5 months of the year, with the combined anoxic and hypoxic zones covering more than 35 miles of the 
133 mile long Delaware Estuary & Bay (FWPCA 1966, Kiry 1974, USGS-NWIS 2013, Sharp 2010).   
 
In contrast to eutrophication, which is defined as the addition of nutrients such as nitrogen and phosphorus, 
causing algal blooms that then die off and increase biochemical oxygen demand (BOD), the major cause of 
hypoxia and anoxia in the Delaware is the addition of chemically reduced substances, i.e. sewage and 
industrial byproducts, that “require oxygen for oxidation” (Sharp 2010). These substances are described as 
allochthonous, because they originated outside of the river, as opposed to algae produced in the river, which 
is autochthonous material.   
 
Beginning in the late 1950s and early 1960s, the U.S. Public Health Service began to focus significant 
attention and resources on the dissolved oxygen problems for the Delaware Estuary (FWPCA 1966).  Among 
the outcomes from these intensive efforts was a mathematical model for the estuary (referred to as the 
DECS model in reference to this Delaware Estuary Comprehensive Study). These early modeling efforts clearly 
established that the point source loadings of BOD (both carbonaceous biochemical oxygen demand, CBOD, 
and nitrogenous biochemical oxygen demand, NBOD) were the primary cause of the severe reductions in 
dissolved oxygen for the estuary (FWPCA 1966). The federal government and the Basin States (New Jersey, 
Delaware, Pennsylvania, and New York) then utilized the DECS model and the newly-formed Delaware River 
Basin Commission (created in 1961) to directly address the dissolved oxygen deficiencies in the estuary.  
 
 Following the revisions to the Federal Water Pollution Control Act in 1965 that “provided for the setting of 
water quality standards which are State and Federally enforceable” (EPA 1972), the Delaware River Basin 
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Commission (DRBC) established water quality standards (including “uses” and criteria) in 1967, followed by a 
pollution budget in 1968 (today we typically refer to this as a TMDL, but the 1968 version was and continues 
to be referred to as an “assimilative Capacity” ).  It is important to note, however, that the DRBC at that time 
(1967) recognized that full dissolved oxygen restoration could not be achieved in the near future, and so 
accepted  a reduced aquatic life use and associated numerical criteria  for 38 miles of the estuary (River Mile 
[RM] 108 down to RM 70; FWPCA 1966, Wright & Porges 1971, DRBC 2010a).  The designated uses for this 
area (corresponding to Zones 3, 4 and the part of Zone 5 above RM 70.0) were limited to maintenance of 
resident fish and other aquatic life, and passage of anadromous fish, as oppose to more stringent uses of 
propagation of fish and other aquatic life.  The associated numerical criteria were a 24 hour average 
dissolved oxygen concentration not less than 3.5 mg/L and a seasonal average (April 1 to June 15, and Sept 
16 to Dec 31) not less than 6.5 mg/L. 
 
Following the establishment of the 1967 standards and the 1968 wasteload allocation, the amendments to  
the Federal Water Pollution Control Act in 1972 (subsequently referred to as the Clean Water Act) 
accelerated the restoration of dissolved oxygen in the estuary.  Among the many useful components of the 
Clean Water Act were grants and loans for upgrades to publically owned treatment works (POTWs), the 
municipal wastewater treatment plants which comprised the largest component of the BOD being discharged 
to the estuary.  Following upgrades to both private and public wastewater treatment plants in the 1970s and 
1980s, major improvements to dissolved oxygen were observed.  By the late 1980s, dissolved oxygen began 
to regularly exceed the 3.5 mg/L water quality criterion set back in 1967 for the urban zones of the estuary 
(PDE 2012). 
 
Dissolved oxygen conditions continued to improve through the 1990s, with concentrations nearly always 
exceeding the water quality criterion of a 24-hour average exceeding 3.5 mg/l, and at times remaining above 
5 mg/L throughout the estuary.  Since 2000, dissolved oxygen conditions have varied substantially year-to-
year. There have been many episodes since 2000, however, where dissolved oxygen has dropped below 3.5 
mg/L, although the 24-hour average has not necessarily dropped below 3.5 mg/l.  A reduction of dissolved 
oxygen levels from levels measured in the 1990s has been observed (i.e., Figure 3b in Sharp 2010), although 
not a drastic reduction. 
 
An oxygen sag is defined as a condition where dissolved oxygen concentrations are below the saturation 
level. There has been a persistent oxygen sag in the estuary (DRBC 2010b, PDE 2012, USGS-NWIS 2013).  For 
instance, both 2010 and 2012 saw periods of low dissolved oxygen at the USGS’s Ben Franklin and Chester 
continuous monitoring stations (USGS-NWIS 2013).  The persistence of the dissolved oxygen sag is easily seen 
in Figure 1 from the recently published Technical Report for Delaware Estuary & Basin, where dissolved 
oxygen (represented as percent of saturation) remains around 60% as a long-term average at the USGS Ben 
Franklin and Chester stations during the summer months (PDE 2012). Note that at 28oC, a commonly 
observed high temperature in the tidal Delaware River in July and August, 60% saturation implies DO 
concentrations of about 4.7 mg/liter, so the River at these locations has been experiencing oxygen sags that 
do not necessarily violate the criteria of the 3.5 mg/l as a24-hour average. These two locations are in the 
Commission’s Zones 3 and 4, respectively. However, as noted below, these levels of DO may cause mortality 
or reduced growth of one or more sensitive species inhabiting the estuary, especially young Atlantic 
sturgeon, which have nursery zones for young-of-year fish in the Zones with the lower DO readings.  
 
Although the causes of the contemporary low dissolved oxygen episodes are not well understood, recent 
modeling studies have continued to highlight the importance of BOD from discharges to the river, with 
nitrogen-based BOD perhaps contributing more than any other factor to the depression of dissolved oxygen 
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(Hydroqual 1998).  The DRBC is planning to develop water quality models that can isolate the relative 
importance of different factors to the current dissolved oxygen conditions.  If NBOD loading is confirmed as 
the largest source, the Commission is planning to evaluate the costs associated with incremental 
improvements in dissolved oxygen conditions. 
 
Aquatic organisms are arguably the most diagnostic for ecosystem health because they depend on water 
quantity, water quality and healthy biological processes that are integrated over the large spatial scales.  Air 
quality, groundwater quality, and forest integrity also affect aquatic animals and plants.  A diverse array of 
aquatic plants and animals live in headwater streams, rivers and the tidal estuary, and moving downstream 
along this river continuum their health and fitness is increasingly representative of larger spatial areas.  In 
these areas, short-lived animals and plants (periphyton, macroinvertebrates) are exceptionally good 
indicators of short-term disturbances from water impairment, whereas long-lived animals and plants (marsh 
grasses, freshwater mussels, fish) are good indicators of long-term, cumulative impairments.  Below we 
discuss oxygen requirements of Atlantic sturgeon, freshwater mussels, American shad, striped bass and river 
herring. . 
 
There are numerous types of vertebrate and invertebrate animals that reside or pass through the freshwater 
tidal portion of the Delaware Estuary.  For the purposes of this brief, we focus on a few example species that 
are considered ecologically significant because they are exceptionally rare and/or important to ecological 
functioning.  Specifically, we discuss the effects of low dissolved oxygen (and appropriate protective criteria) 
on sturgeon, freshwater mussels, American shad, striped bass, and river herring.  
  

1. Atlantic Sturgeon 
 
The Delaware River spawning stock of Atlantic sturgeon has been grouped with the Hudson River stock into 
the New York Bight Stock Complex. This stock complex was declared Endangered by the National Marine 
Fisheries Service in 2012.   
 
Published research indicates that juvenile sturgeon of various species require relatively high levels of 
dissolved oxygen, even exceeding the requirements of rainbow trout (Klyashtorin 1982). Secor and 
Gunderson (1998) reported the effect of several combinations of temperature and dissolved oxygen levels on 
90 day old juvenile Atlantic sturgeon in a laboratory study. They employed an upper temperature of 26oC. 
Freshwater at sea level at this temperature is saturated with oxygen at a concentration of 8.1 mg/l. The 
paper reported that a hypoxic oxygen level of only 3 mg/liter at 26oC (79oF) caused 85% mortality when the 
fish were held for 10 days at this level. This low level of oxygen also caused a decline in growth rate prior to 
mortality. The experiment held DO levels constant, as opposed to the daily cycle of DO that occurs in the 
River, where DO reaches a nadir in the hours between midnight and dawn, and in that respect was more 
stressful than a relatively brief amount of time at 3 mg/l would be. However, it demonstrated that levels of 3 
mg/l at 26oC were fatal or potentially fatal, depending on the length of time that DO was at that level or 
lower.  
 
Unfortunately, little research has been conducted on effects of other oxygen levels on young Atlantic 
sturgeon at higher temperatures typical of summer. Consequently, we do not know the effects of 4 mg/l, for 
example, or the effects of dissolved oxygen cycling through a typical daily fluctuation, from the lowest levels 
during darkness to a peak during bright daylight and then back down. 
 
The limited results of Secor and Gunderson (1998), however, and publications on other sturgeon species 
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suggest that a major cause of the depressed status of the Delaware River Atlantic sturgeon stock is that 
sturgeon have not been able to reproduce in the formerly anoxic water of the River, and may be blocked 
from restoration by the current hypoxic conditions. In 2009, concentrations of young-of-year sturgeon were 
been found in the Chester area, and upriver towards Philadelphia. These locations had anoxic conditions in 
past decades, and currently experience hypoxia. 
 
The available oxygen and temperature data for the Delaware River show that oxygen reaches its lowest level 
and temperature reaches its highest level in July and August. At that time, young-of-year Atlantic sturgeon 
are only between 30 days and 60 days old, compared to the age of 90 days of sturgeon tested by Secor and 
Gunderson. Experiments on other sturgeon species have shown that younger sturgeon are more sensitive to 
hypoxia. Consequently, hypoxia in the Delaware may have a more severe impact on growth and survival of 
young-of-year Atlantic sturgeon than indicated by the response of the 90 day old sturgeon tested by Secor 
and Gunderson. 
 
In view of the evidence presented by Secor and Gunderson (1998) on the sensitivity of young Atlantic 
sturgeon to hypoxia, the current goal of 3.5 mg/l is inadequate to prevent mortality and reduced growth of 
young-of-year Atlantic sturgeon.  That is because even if the 24 hour average attains the criteria of 3.5 mg/l, 
DO could be at or below the 3 mg/l level for part of the daily cycle, thus exposing young-of-year sturgeon to 
deadly levels of DO that also have the sub-lethal effect of reducing their growth. A 1979 report by a fisheries 
Task Force formed by the Commission, named the Ad-Hoc Task Force to Evaluate Dissolved Oxygen 
Requirements of Indigenous Estuary Fish, concluded that this target of a 24-hour average of 3.5 mg/liter was 
too low to protect fishery resources.  The Task Force noted that detrimental effects of low oxygen are known 
to occur in periods much less than the twenty-four hour average called for in the current standards.  The 
Task Force recommended that the standard be changed to an instantaneous minimum, as opposed to a 
twenty-four hour average.  
 
The standards recommended by the Task Force in its 1979 report would set a minimum level of 4.0 mg/l, as 
opposed to a 24-hour average, in the Zones that now have the criterion of an average of 3.5 mg/l (Zones 3, 4 
and the upper part of Zone 5). For the midsection of Zone 5, between Delaware City and Liston Point, the 
Task Force recommended a minimum of 4.5 mg/l, and for other zones it recommended a minimum of 5 mg/l. 
Since that time, Secor and Gunderson conducted their research on the effect of 3 mg/l on 90 day old 
sturgeon at 26 degrees C. We do not have equivalent research on the effect of 4 mg/l on young-of-year 
sturgeon, and that level of hypoxia could be damaging, either by producing mortality or by exerting so much 
stress that sturgeon growth could be reduced. If growth of young fish is reduced, they remain susceptible to 
increased predation risk for a longer period of time, because smaller fish can be eaten by smaller predators, 
which are more numerous than larger predators. We also do not have such research on 60 to 90 day old 
sturgeon, which is the age of sturgeon exposed to the highest temperatures and the lowest DO levels in the 
Delaware River. These sturgeon, due to their younger age, can be expected to be even more susceptible to 
lethal and sub-lethal effects of hypoxia than the 90 day old sturgeon tested by Secor and Gunderson (1998).  
  
Research conducted by the Delaware Division of Fish and Wildlife documented the presence of young-of-year 
(YOY) sturgeon in the River in 2009, when methods were developed to successfully collect these fish; thirty-
four young were collected (Fisher 2010). Despite extensive sampling effort in 2010, however, none were 
found in that year. Young-of-year sturgeon were again collected in numbers in 2011 (forty-eight young-of-
year fish). In 2012, only one specimen was collected. Examination of dissolved oxygen readings from USGS 
gauges in the River seem to support the idea that dissolved oxygen conditions were lower in 2010 and 2012, 
the years of zero to only one YOY sturgeon caught,  than they were in 2009 and 2011, when dozens were 
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collected.  
 
 The lowest DO readings in any given year have usually been reported by the USGS gauge at the Benjamin 
Franklin Bridge, located at the extreme downstream end of Zone 3, Philadelphia. Dissolved oxygen readings 
from this gauge, however, were censored from the 2010 data by the USGS, due to gauge malfunction, which 
makes the comparison of this year to other years difficult. In that year, all readings below 4 mg/l were 
censored. However, one or more manually obtained oxygen readings confirmed that DO was below 4 mg/l. 
Analysis by E. Silburg (DRBC; personal communication) of data from USGS oxygen monitors found that 
dissolved oxygen levels were at low levels for more days and a higher percentage of days in 2010 and 2012, 
the years that none or only one young-of-year sturgeon were collected, then they were in 2009 and 2011 
(Table 1). Note that in Table 1B, in 2010 and 2012, 70% or more of days observed had minimum oxygen 
readings of less than 5 mg/l, while only 40% and 27% of days in 2009 and 2011, respectively, fell below 5 
mg/l. Although the number of days with minima below 4/mg/l is not available for 2010, 39% of days in 2012 
had lower minimum DO readings, compared to 10% and 12% in 2009 and 2011, respectively. These results 
indicate that DO levels tended to be low more of the time in 2010 and 2012 than in 2009 and 2011, 
consistent with a hypothesis that sturgeon are not able to successfully reproduce in some years because of 
current levels of hypoxia in the tidal Delaware River (Kahn and Fisher 2012). 
 
Any efforts which result in elevating the minimum D.O. levels in the estuary are a step in the right direction. 
However, in view of the experimental results and considerations cited above, the Task Force’s recommended 
standard of 4 mg/l may be too low for full protection of young-of-year Atlantic sturgeon. River water at 28 
degrees C, the normal high temperature in July and August, is only 51% of saturation at 4 mg/l, which is still 
severe hypoxia. Saturation at 28 degrees C is attained at 7.8 mg/l. 
 

2. Freshwater Mussels 
 
Freshwater mussels (Unionidae, Margaratiferidae) are the most imperiled fauna in the United States, which 
is home to the greatest unionid biodiversity in the world.  More than 70% of the 300 native species are at risk 
(Neves 1993, Williams et al. 1993).  In the Delaware River Basin, only 1 of our 13 native species is considered 
“common” by heritage lists maintained by the States of Delaware, New Jersey and Pennsylvania.  In addition 
to declining mussel diversity, the distribution and abundance of even “common” species appears greatly 
reduced compared to past conditions (PDE 2012).  Of 70+ streams surveyed in the past decade by PDE and 
Academy of Natural Sciences scientists, less than 5 still had any mussels, whereas Ortmann (1919) described 
diverse mussel assemblages in virtually all of those streams.   
 
Fortunately, sizeable relic mussel beds have been discovered in the tidal freshwater portion of the Delaware 
River in recent years (Kreeger et al. 2011, 2013), including the eastern floater (Pyganodon cataracta), alewife 
floater (Anodonta implicata), yellow lampmussel (Lampsilis cariosa), tidewater mucket (Leptodea ochracea), 
eastern pondmussel (Ligumia nasuta), and eastern elliptio (Elliptio complanata). These finds provide hope 
that genetically appropriate broodstock from these beds might eventually be used to reintroduce mussels 
into suitable waterways throughout their native range in the Delaware River Basin.  Until mussel recovery has 
been greatly expanded from present distributions  however, it is paramount that the critical habitat for 
extant mussel beds be identified and protected, especially in the tidal freshwater portion of the mainstem 
Delaware River.  Several of the species recently discovered are state-listed as endangered or threatened, 
although none are federally listed as yet. 
 
Like all animals, freshwater mussels require oxygen for respiration.  Importantly, freshwater mussels have a 
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very limited capacity to move and so they cannot escape reduced water quality such as low dissolved oxygen 
when and where it occurs. There is remarkably little published literature on the physiological requirements 
for dissolved oxygen by any freshwater mussel species, nor do we understand for how long mussels can close 
their shells and respire anaerobically.  Kreeger (2011) reported typical oxygen consumption rates for various 
Pacific species of mussels, showing that the rates vary seasonally between 7-68 ml O2 h-1 g-1 dry tissue weight. 
 There are other published respiration rates for mussels such as these (e.g. Spooner & Vaughn, 2008), and 
their physiological responses to low oxygen appear generally consistent with fish and other aquatic 
invertebrates.  For example, mussel respiration increases with temperature, whereas dissolved oxygen 
concentrations typically decline with temperature. Consequently, to examine whether low dissolved oxygen 
concentrations might impair mussel populations, it is most important to examine their physiological 
requirements for oxygen during summer and in bottom waters at the sediment interface where mussels live. 
 
Studies of acute or chronic effects of low oxygen on mussels have been examined only rarely and with 
equivocal results.  On one hand, Lewis (1984) and McMahon (1991) reported that adult mussels are relatively 
insensitive to reduced oxygen concentrations.  On the other hand, Tankersley and Dimock (1993) reported 
altered metabolism of adult mussels even when dissolved oxygen was moderately reduced.  One indicator of 
low oxygen adaptation and possible stress appears to be the production of lactic acid, a byproduct of 
anaerobic metabolism.  Lactic acid can be toxic when it becomes concentrated in tissues, which is why there 
is a finite duration with which bivalves can switch to anaerobic metabolism.  Representative findings on low 
dissolved oxygen responses by freshwater mussels are listed below. 
 
 

 Chen (1998) found a significant increase in lactic acid concentrations in the posterior adductor 
muscle and gill of adult E. complanata when exposed to oxygen concentrations of 4 mg L-1 or lower, 
compared with oxygen concentrations of 6 mg L-1 or greater.  

 Rates of oxygen consumption by various species of mussels declined with declining dissolved oxygen 
concentration, especially at 24.5oC compared with 16.5oC (Chen 1998, Chen et al. 2001). 

 The consensus view of most scientists (see Strayer 2008) is that adult freshwater mussels do not 
suffer acute stress from low dissolved oxygen conditions for as long as several weeks (McMahon and 
Bogan 2001); however, the sublethal stress of exposure to low dissolved oxygen could reduce growth 
or cause female mussels to abort their brooded larvae (Aldridge and McIvor 2003). 

 Potential impacts from low dissolved oxygen might be especially acute for juvenile mussels, which 
typically live buried within sediments (Sparks and Strayer 1998).  Oxygen availability within interstitial 
spaces of sediments is often lower than in the overlying water, sometimes being <4 mg L-1 even when 
concentrations are near saturation in the water (Strayer et al. 1997).  

 Sparks and Strayer (1998) observed stress behavior (gaping, surfacing) in juvenile E. complanata, a 
common Delaware River mussel, when exposed to reduced dissolved oxygen, and mortality was 
reported over longer time periods.  

 Newly transformed juvenile mussels appear to be especially sensitive to oxygen and cannot tolerate 
anoxia even for short durations (Dimock and Wright 1993, Polhill and Dimock 1996).   

 
In the tidal Delaware River, it appears that extant mussel beds are more numerous and sizeable between 
Trenton and northeast Philadelphia in comparison to downriver within Philadelphia and below, despite 
apparently suitable habitat conditions and lack of saltwater.  It is unclear why few mussels can be found in 
this reach, but the limited range downriver could possibly be a holdover from past disturbance events, such 
as the acute dissolved oxygen sag from the 1920s to the1980s, since mussels take so long to recover due to 
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their slow growth and maturation rates.  If low dissolved oxygen in bottom sediments in these areas 
continues today, especially during spring-summer recruitment periods when water holds less oxygen due to 
higher temperatures, then juvenile mussels that settle from passing fish might not have the opportunity to 
recolonize historic areas.   
 
In summary, it appears that, under the current DO standard, there is potential for adverse impact to the six+ 
species of freshwater mussels, including state listed species, within the tidal freshwater portion of the 
Delaware Estuary, especially in juvenile life stages.  Whereas adult freshwater mussels appear tolerant of 
short-term (< 1 week) exposure to low dissolved oxygen (<2 mg L-1), chronic stress occurs between 4 and 6 
mg L-1.  Importantly, early life history stages are likely to be more sensitive to low dissolved oxygen than 
adults because they live in the sediment and deposit-feed, relying on limited oxygen within the interstitial 
spaces. It is plausible to explain the lack of current mussel distributions in parts of their historic range based 
on past (low) dissolved oxygen conditions that could impair success of new recruits.  Studies of dissolved 
oxygen impacts on mussels that live within the Delaware River Basin are needed.  Based on existing literature, 
a safe level that would avoid chronic stress would be 6 mg L-1 or greater in bottom waters over a 24-hour 
daily averaging period.   
 

3. American shad 
 
The American shad (Alosa sapidissima) is a migratory fish species of the herring family and has been valued 
for its flesh and roe since colonial times.  It remains a popular sport fish to this day and can be caught angled 
with rod and reel during the spring and early summer as the adults migrate from the ocean up the Delaware 
to spawn.  The shad also spawn in tributaries of the Delaware which are not sufficiently blocked by dams to 
prevent their access to suitable habitat.  In the late 1890s, the Delaware River had the largest commercial 
shad harvest of any river on the Atlantic coast with up to 19 million pounds harvested in a given year.  
Currently, there is some commercial harvest of shad in the estuary but overall, harvests in the Delaware are 
well below historic levels as they are coast-wide due to population declines.  
 
Predation pressure may play a significant role in the determination of American shad abundance. Since the 
late 1890s, an exotic predator of American shad YOY has become well established at high abundance in the 
River, namely smallmouth bass, Micrpterus salmoides. The recent assessment of the Delaware River 
American shad stock by the Delaware River Basin Fish and Wildlife Management Cooperative presented 
evidence that the stock abundance is negatively correlated with abundance of striped bass in Delaware tidal 
waters (Delaware River Basin Fish & Wildlife Management Cooperative 2011). . Recent observations indicate 
that shad spawning may have returned to the tidal areas of the Delaware (Delaware River basin Fish and 
Wildlife Management Cooperative 2011).  Therefore all life stages of shad can be found in areas of potential 
DO sag.  
 
For American shad, Stier and Crance (1985) report that: 
 

 DO of at least 4.0 mg L-1 is necessary in spawning areas 

 Mortality of eggs and larvae exposed to DO concentrations of 2.5 to 2.9 mg L-1 was about 
50% and mortality of eggs was 100% at DO'S below 1.0 mg L-1 

 Larvae lost equilibrium at a DO of 3.0 mg L-1; many died at DO'S below 2.0 mg L-1; and all died 
at 0.6 mg L-1 
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 Juvenile shad seem to prefer high DO concentrations when exposed to a gradient but can 
probably survive low DO (0.5 mg L-1) for several minutes if they have access to DO above 3.0 
mg L-1 

 Minimum DOs of 2.5 to 3.0 mg L-1 are probably sufficient to allow juvenile migration through 
polluted waters but severely low DO concentrations in rivers can prevent the passage of 
adult shad to spawning areas upstream 

 
Given the above DO requirements, it appears that, under the current standard, there is potential for adverse 
impact to American shad in the Delaware Estuary, especially in juvenile life stages.  Juveniles are present both 
spatially and temporally in the zones of documented oxygen sag.  The current standard allows DO of less 
than 3.5 mg L-1 during some portions of the 24-hour daily averaging period.   
 

4. Striped bass 

 
Once considered extirpated by some biologists, the Delaware River population of striped bass (Morone 
saxitilis) is now one of the major spawning stocks on the Atlantic coast. This stock was declared restored by 
the Atlantic States Marine Fisheries Commission in 1998. The key to its recovery was the reduction in 
industrial and sewage pollution in the River due, in part, to the federal Clean Water Act. The current 
spawning grounds are in tidal fresh water in the Delaware River above detectable concentrations of salinity. 
The spring spawning survey conducted by the DFW usually finds more fish In April in Delaware waters from 
the Delaware Memorial Bridge up to the Delaware-Pennsylvania line. As the season progresses into May and 
temperature and salinity increase, spawning bass are more commonly collected in Pennsylvania waters up to 
and including the Philadelphia Navy Yard. Spawning is usually over by the end of May.  

 
Fay et al. (1983) reports the following DO requirements for various life stages of striped bass: 
 

Eggs:  The lethal DO value for eggs is <1.5 mg/L but at values of <5.0mg/l, eggs are predisposed to 
other mortality sources rather than being directly impacted by DO.  
 
Larvae:  The lethal level for yolk sac larvae is <2.3 mg/L and <2.4 mg/L for post-yolk sac larvae. 
 
Juveniles:  The tolerance range given is between 3 - 20 mg/L.  Mortality occurred during prolonged 
exposure to levels <2.4mg/L  at a water temperature of 32.8°C 
 
Adults:  Avoidance was demonstrated at < 44% saturation of dissolved oxygen. 

 
Given the above DO requirements, it appears that there is potential for adverse impact to striped bass, 
especially in egg and larval life stages during a DO sag in the Delaware Estuary.  If a DO sag occurs before or 
during the end of May, eggs and larvae can be present both spatially and temporally in the area of concern 
which is characterized by DOs of less than 3.5 mg/L during some portions of the 24-hour daily averaging 
period. However, the lower DO levels are usually observed in July and August, during the juvenile life stages. 
DO levels below 3 mg/l could have a negative effect on juveniles.  
 

5. River herring 
 

Alewife (Alosa pseudoharengus) and blueback herring (Alosa aestivalis) are collectively known as river 
herring.  They are important on an ecological, commercial, and recreational basis in the Delaware basin and 
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elsewhere.  A robust commercial river herring fishery existed near Philadelphia in the late 1800’s and early 
1900’s.  This fishery was eliminated by the “DO block” in the mid 1900’s. No commercial fishery has existed 
for river herring within New York’s shared portion of the Delaware River. As of January 1, 2012 landings are 
prohibited within the Delaware and New Jersey portions of the Basin. Historically, the recreational fishery for 
river herring was very small with few participants and low retention rates. Those herring that were landed 
were typically frozen for bait, pickled, kept for their roe or other traditional uses. In recent years, some 
fishing effort was directed at herring by recreational anglers seeking live bait for striped bass during the 
spring run. As of January 1, 2012, the recreational fisheries in Delaware, New Jersey, and Pennsylvania waters 
were also closed (ASMFC 2012).   
 
Ecologically, river herring are prey for other important fish species in the Delaware such as striped bass.  The 
assessment of existing data indicates declining stocks for unknown reasons but habitat evaluations would be 
beneficial (ASMFC 2012). Coastwide and in the Delaware system, the unprecedented recent abundance of 
striped bass is a probable cause of declines in river herring over the last two decades. The decline in bass 
abundance in the last few years has been followed by a coastwide increase in river herring abundance. They 
are also essential hosts for larvae of some freshwater mussels, such as the alewife floater, Anodonta 
implicata. 
 
There are known or suspected individual runs of river herring in the basin’s larger streams and rivers to at 
least river mile 155 (ASMFC 2012). In addition, during sampling in 2006 required by the Pennsylvania 
Department of Environmental Protection pursuant to sub-section 316b of the Clean Water Act, river herring 
were reported to be impinged and entrained in the cooling system at the Portland Generating Station 
indicating that spawning is taking place at or near this location.  The Portland facility is located just below the 
Delaware Water Gap in the mainstem Delaware at river mile 206 (ENSR International 2008).  In a 2001-2001 
study (Entrix, Inc. 2002), entrainment of river herring eggs and larvae was highest in May and June at the 
Edge Moor power generating facility near Wilmington, DE (approximately river mile 72) indicating the peak 
spawning period for river herring in that region of the River. In addition, bay-wide trawl surveys from the 
Salem Nuclear plant up-river to approximately river mile 90 showed that numbers of river herring juveniles  
were highest in July and August.  
 
Concerning dissolved oxygen requirements, Bozeman et al. (1989) reported that mass mortalities of juvenile 
blueback herring occurred in the lower 48 km of the Connecticut River during June and July in 1965-67 and 
1971, when dissolved oxygen concentrations fell below 1.3 mg/l at 24.6°C and 3.6 mg/l at 27.6 °C.  In 
laboratory studies, juvenile alewives responded to dissolved oxygen concentrations below 2.0 mg/l by 
moving to the surface of the test chamber. They can survive for at least 5 min at concentrations as low as 0.5 
mg/l if allowed access to an area of 3.0 mg/l or higher concentration in which to recover (Bozeman et al. 
1989).    
 
Given the above information, a portion of the remaining river herring population of the Delaware Estuary is 
likely present in the area of the documented oxygen sag when it occurs.   Larvae and juveniles especially 
could undergo mortality if DO conditions deteriorate to <2.0 mg/l.  No data from recent years indicates that 
DO has fallen below this level, however.  

 
II. STAC Recommendation 
 
Emerging scientific information suggests that some important forms of aquatic life are likely to be harmed by 
existing moderately low dissolved oxygen concentrations in the Philadelphia-Wilmington area.  Recent and 
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projected increases in water temperature associated with regional warming, combined with potentially 
relaxed wind fields that promote mixing (PDE 2012), are likely to further constrain dissolved oxygen 
conditions.  
 
This STAC Brief was prepared in response to a request from the PDE Estuary Implementation Committee to 
assess whether current DO standards are sufficient for important aquatic species in the lower Delaware 
River.  After considerable deliberation during its February 2012 meeting, the STAC approved the following 
recommendation:   
 

 Current scientific information indicates that the current Dissolved Oxygen minimum standard of a 
24-hour average of 3.5 mg/l in Zones 3-5 is too low for survival and optimal growth of juvenile 
sturgeon. This standard should be increased. 

 
In addition, an increased standard could potentially benefit freshwater mussels, juvenile river herring, 
American shad and striped bass.   

 
There has been much discussion about what the new standard should be.  The DRBC is planning to convene 
an panel of biologists who have expertise in physiological ecology to investigate this issue. Many STAC 
members have suggested that the standard should be no less than 5 mg L-1. 
 
STAC Contacts 
 
Susan Kilham, Ph.D. (STAC Chair), Phone 215-895-2628, email: kilhams@drexel.edu 
Danielle Kreeger, Ph.D, (PDE STAC lead) Phone: 302-655-4990, email: DKreeger@DelawareEstuary.org 
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Table 1. Analysis of dissolved oxygen levels by year from the USGS gauge at the Benjamin Franklin Bridge, 
Philadelphia (extreme lower end of Zone 3, DRBC). In 2010, the USGS censored all dates that had readings 
below 4 mg/l, on the grounds that the gauge was malfunctioning. Manual sampling was conducted that 
confirmed the low values of DO during one of the two periods that data were censored. Consequently, the 
2010 data are missing for most of the lowest DO days. Analysis conducted by Eric Sildorff of the DRBC 
(personal communication).  
 
Table 1A.  The number of days per year, from 2009 through 2012, that were observed to have a minimum 
DO level below 6 mg/l, below 5 mg./l, below 4 mg/l and below 3 mg/l.  The observation window was from 
June 1 to August 31 each year.  
  

 # Day 

obs. 

# Days <6 

min 

# Days <5 

min 

# Days <4 

min 

# Days <3 

min 

2009 92 63 37 9 0 

2010 33 31 25 0 0 

2011 92 52 25 11 0 

2012 90 72 63 35 0 

 

 

 
Table 1B.  The number of days per year, from 2009 through 2012, that were observed to have a minimum DO 
level below 6 mg/l, below 5 mg./l, below 4 mg/l and below 3 mg/l, expressed as a percentage of the total 
instead of a frequency of occurrence. The observation window was from June 1 to August 31 each year.  

 

 % Days 

<6 min 

% Days 

<5 min 

% Days <4 

min 

% Days 

<3 min 

2009 68% 40% 10% 0% 

2010 94% 76% 0% 0% 

2011 57% 27% 12% 0% 

2012 80% 70% 39% 0% 
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Figure 1.  Summary of average monthly dissolved oxygen conditions (represented as percent of 
saturation) for the Delaware Estuary and the Delaware River at just above the head-of-tide for the 
period 2000 to 2010 (data from USGS-NWIS). 
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The Delaware River spawning stock of Atlantic sturgeon has been grouped with the 
Hudson River stock into the New York Bight Stock Complex. This stock complex has been 
declared Endangered by the National Marine Fisheries Service earlier this year. Because of 
this endangered status of the Delaware River spawning stock, threats to survival and growth 
of this stock of Atlantic sturgeon should be eliminated, if possible.  

Over several continuous decades of the mid-twentieth century, oxygen was essentially 
zero for summer and fall months in  twenty miles or more of tidal River in the spawning and 
nursery zones that sturgeon now inhabit (Albert 1988, Sharp 2010), a condition known as 
anoxia (complete depletion of oxygen in water bodies). We should consider the proposition 
that this anoxia in past decades (ca. 1945 to 1970) almost certainly caused virtual failure of 
reproduction of the Delaware River spawning stock of Atlantic sturgeon over that period. As 
explained below, current oxygen levels in the River are still a threat to reproduction of 
Atlantic sturgeon. An improvement in the goal for dissolved oxygen could pay benefits in 
enhanced survival and growth of Atlantic sturgeon in the Delaware River. 

Published research indicates that juvenile sturgeon of various species require 
relatively high levels of dissolved oxygen, comparable to the needs of rainbow trout. One 
peer-reviewed paper reported the effect of several combinations of temperature and 
dissolved oxygen levels on 90 day old juvenile Atlantic sturgeon in a laboratory study (Secor 
and Gunderson 1998). When dissolved oxygen levels are reduced well below the saturation 
level, the resulting condition is termed hypoxia (low oxygen levels). Secor and Gunderson 
employed an upper temperature of 26 degrees C. Freshwater at sea level at this temperature 
is saturated with oxygen at a concentration of 8.1 mg/l. The paper reported that a hypoxic 
oxygen level of only 3 mg/liter at 26 degrees C (79 degrees F) caused 85% mortality when the 
fish were held for 10 days at this level. This low level of oxygen also caused a decline in 
growth rate prior to mortality.  

While Secor and Gunderson’s paper is important and very helpful, the information 
supplied by their study is limited. First, we do not know what the effect of 4 mg/liter of 
dissolved oxygen would be, or of 5 mg/liter, because the experiment did not employ these 
oxygen concentrations. These levels could possibly also cause mortality or growth 
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suppression.  
A second limitation of Secor and Gunderson (1998) is the upper temperature level 

employed in the experiment, 26 degrees C. Peak summer temperatures in the tidal Delaware 
River in recent years have been 30 degrees C (86 degrees F). An experiment on the closely 
related shortnose sturgeon (also inhabiting the tidal Delaware River) did employ a 
temperature of 30 degrees C, however. This study found the fish required more oxygen to 
survive at 30 degrees C than they did at a lower temperature (Campbell and Goodman 2004). 
Consequently, Atlantic sturgeon in summertime conditions in the Delaware River could be 
expected to suffer mortality at higher oxygen levels than the 3 mg/l employed by Secor and 
Gunderson. 

 A third limitation in Secor and Gunderson’s experiment is the age of the sturgeon 
tested. They tested the response of 90 day old sturgeon, and their results may not be 
representative of the response of younger sturgeon. Although there are no published 
experiments testing the response of younger Atlantic sturgeon to hypoxia combined with 
elevated temperatures, one paper examined the response of younger shortnose sturgeon 
(Jenkins et al. 1993).  The results indicate that younger shortnose (<30 days) are significantly 
less tolerant than shortnose >90 days. Jenkins et al. found that 19 day old shortnose held at 
3.5 mg/L and 22.5 C (72.5 D F) had 22% mortality after 6 hours. In contrast, 90 day old 
sturgeon had no mortality under the same conditions. Although these results were for 
sturgeon even younger than 30 days and for a closely related species, they suggest that the 
hypoxia and peak temperatures in the Delaware could have a more severe impact on very 
young Atlantic sturgeon than Secor and Gunderson reported.  

The available oxygen and temperature data for the Delaware River show that oxygen 
reaches its lowest level and temperature reaches its highest level in July and August. At that 
time, young-of-year Atlantic sturgeon are only between 30 days and 60 days old, compared to 
the age of 90 days of sturgeon tested by Secor and Gunderson. Consequently, hypoxia in the 
Delaware may have a more severe impact on growth and survival of young-of-year Atlantic 
sturgeon than indicated by the response of the 90 day old sturgeon tested by Secor and 
Gunderson. 
 Measured levels of dissolved oxygen in the tidal Delaware River have been 
dangerously low for juvenile sturgeon in some recent summers. Currently, likely spawning 
locations of Atlantic sturgeon in the Delaware, though not known with certainty, are 
considered to exist both upstream and downstream of Philadelphia. Dissolved oxygen levels 
in the tidal Delaware River are measured routinely at the Benjamin Franklin Bridge in 
Philadelphia, at Chester, at the Cherry Island Flats adjacent to Wilmington and at Reedy Island 
near Port Penn, Delaware, below the mouth of the Chesapeake and Delaware Canal. The 
Benjamin Franklin Bridge gauge is centrally located in the likely spawning areas of sturgeon, 
while the Chester gauge is only a few miles upstream from the Marcus Hook reach of the 
River, which usually holds a concentration of juvenile Atlantic sturgeon, according to field 
research conducted by Matt Fisher of the Delaware Division of Fish and Wildlife.  

 Among all of these gauges, oxygen levels are usually lowest at the Benjamin Franklin 
Bridge. Results from 2010 at this site showed oxygen dropping below 3.5 mg/liter, while in 
2011 oxygen dropped below 4 mg/liter. At the Chester gauge, oxygen dropped down to 4 
mg/liter in 2010. In 2011, oxygen readings at Chester declined almost to 4 mg/liter and were 
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below 5 mg/liter for much of August. 
Among the last five years, oxygen levels reached their lowest level in 2010, according 

to these data. While young-of-year Atlantic sturgeon were first collected in the River in 2009 
and were again collected in 2011, none were found in 2010 (Delaware Division of Fish and 
Wildlife, unpublished data). This raises the question of whether the failure to collect young-
of-year sturgeon in 2010 was due to catastrophic mortality of this year class due to hypoxia.  
 The Delaware River Basin Commission regulates dissolved oxygen levels in the River 
by requiring wastewater dischargers, such as municipal sewage plants and large industrial 
facilities, to meet certain criteria in their discharge waters. In 1967, the Commission set the 
current water quality goal for minimum levels of dissolved oxygen at  a twenty-four hour 
average of 3.5 mg/liter for Zones 4 and the upper half of Zone 5. This includes the stretch of 
the River from the Philadelphia Naval Base, just upstream from the mouth of the Schuylkill 
River, downstream to Delaware City, Delaware, just above the mouth of the Chesapeake and 
Delaware Canal. This reach includes the River from the downstream section of Philadelphia 
through Wilmington and New Castle, Delaware, encompassing  nursery zones, and probably 
spawning zones, for Atlantic sturgeon. The division between Zones 4 and 5 is the 
Pennsylvania-Delaware state line, exactly where the Marcus Hook reach lays, so these are the 
critical zones for this concentration of young-of-year Atlantic sturgeon. 
 In view of the evidence presented in this paper on the sensitivity of young Atlantic 
sturgeon to hypoxia, this goal of 3.5 mg/l is inadequate to prevent mortality and reduced 
growth  of young-of-year Atlantic sturgeon. The 1967 goal was a compromise between 
alternatives that would provide either higher or lower standards and treatment. A report by a 
fisheries task force formed by the Commission (1979) stated that this compromise target of 
3.5 mg/liter was too low to protect fishery resources,  

In the first place, the task force labeled as “unacceptable” the fact that the existing 
standard for oxygen was a 24 hour average. It noted that detrimental effects of low oxygen  
could occur in “periods much less than twenty-four hours.” The task force called for the 
standard to be set as a minimum at any time, as opposed to a twenty-four hour average. 

The standard called for by the Task Force was a minimum level of 4.0 mg/l in the  
section that now has the goal of 3.5 mg/l (Zones 4 and the upper part of Zone 5, in the 
Commission’s terminology). For the lower half of Zone 5, between Delaware City and Liston 
Point, the official mouth of the Delaware River and beginning of Delaware Bay, the report 
called for a minimum of 4.5 mg/l, and for other zones it suggested a minimum of 5 mg/l. In 
view of the experimental results we now have available (discussed above), the 
recommendation of 4 mg/l now seems too low for young Atlantic sturgeon. 

What can the Commission do to correct the deficiency in this water quality goal of only 
3.5 mg/l of dissolved oxygen as a twenty-four hour average? A modeling study conducted for 
the Commission during the 1990s estimated that dissolved oxygen could be increased by 
between 1 and 2 mg/liter by significantly reducing the ammonia content of wastewater 
discharges (also described as reducing the nitrogen-based biological oxygen demand). 
Though this measure would have a cost, it is economically feasible to increase the dissolved 
oxygen level by reducing the nitrogen-based biological oxygen demand. This would be 
accomplished by reducing the large volume of ammonia currently discharged. Ammonia is 
converted first to nitrite and then to nitrate when exposed to oxygen. By extended aeration 
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prior to discharge, the ammonia concentration can be greatly reduced (E. Sildorff, Delaware 
River basin Commission, personal communication).  

 In summary, experimental evidence discussed above demonstrates that young-of-year 
Atlantic sturgeon suffer reduced growth and increased mortality at reduced levels of 
dissolved oxygen; they have been compared to rainbow trout in their oxygen requirements. 
The current hypoxic conditions in the tidal Delaware River in summer are dangerously close 
to lethal limits for survival and growth of young-of-year Atlantic sturgeon. The Delaware 
River Basin Commission has the ability to raise dissolved oxygen levels in the Delaware River 
by requiring dischargers to reduce high levels of ammonia in discharge water. Modeling 
studies conducted in the late 1990s indicated that removing ammonia pollution could raise 
dissolved oxygen levels by 1 to 2 mg/liter, which would reduce the likelihood of negative 
impacts of hypoxia on growth and survival of young-of-year Atlantic sturgeon. The benefit of 
this improvement in water quality will be enhanced restoration of the Delaware River 
spawning stock of Atlantic sturgeon, which could eventually join the American shad and 
striped bass as fully restored stocks of wild fish. 
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