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Executive Summary 

 

Bivalve shellfish perform numerous ecosystem services but are under threat from a 

variety of stressors. Climate change will alter the environmental conditions that bivalve shellfish 

are sensitive to, so restoration efforts should consider how the future climate will evolve.  Here, 

climate model projections and statistical water quality models are used to estimate future 

changes in temperature, salinity, dissolved oxygen, and pH in the tidal freshwater region of the 

Delaware Estuary that are expected to result from increases in greenhouse gases and the 

associated climate change. Projections from eight regional climate models utilizing a medium-

high emissions scenario are presented for the time period 2041-2070 during the summer, when 

bivalve growth rates are highest. Water temperature throughout the tidal freshwater region is 

expected to increase by 2.7 to 3.5 °C (95% confidence range). Near Reedy Island, where the 

current annual mean salinity is 4.4, salinity is expected to increase by 1.1 to 2.1 in summer as a 

result of streamflow declines and sea-level rise. However, in most of the tidal freshwater region, 

which is just upstream of Reedy Island, mean salinity change is expected to be very small, with 

the mean position of the 0.5 isohaline (which defines the seaward extent of the tidal freshwater 

region) projected to move landward by only 4 km. The combined effects of a decrease in 

solubility and an increase in respiration (both resulting from warming) lead to an oxygen 

concentration decrease of about 20 mmol m
-3

 near Ben Franklin Bridge (the site of the lowest 

oxygen concentrations), which is a decline of approximately 13%. pH is expected to decline by 

0.08 as a result of increased temperature, respiration, and atmospheric CO2. The projected 

changes are expected have negative impacts on bivalves in the region, preferentially natives. The 

greatest concern regards the oxygen decline, which will increase the hypoxic stress that bivalves 

are currently experiencing during summer. Future research should consider changes in variability 

(e.g., changes in drought frequency and tidal range) as well as laboratory and field experiments 

to better quantify the impact of environmental conditions on bivalves in the tidal freshwater 

region.  

 

 

  



 

 

 

1. Introduction 

 

Bivalve shellfish perform numerous ecosystem services in aquatic systems, such as 

filtration, sediment stabilization, and habitat construction. The Delaware River System 

(including the river, estuary, and watershed) is home to about 60 species of bivalves and, as in 

many highly populated areas, these bivalves have substantially declined in numbers and extent as 

a result of a variety of stressors, including dam building, water quality impairments, habitat 

degradation, overfishing, and disease (Kreeger and Kraeuter, 2010). Though there have been 

reductions in some stressors (including an increase in dissolved oxygen levels), restoration 

efforts, such as reseeding and shell planting, are needed to re-establish vibrant bivalve 

communities. 

The focus of this proposal is on the unique tidal freshwater region of the Delaware River, 

which extends from Trenton, NJ, the head-of-tide, to around Wilmington, DE, the approximate 

mean location of the 0.5 isohaline
1
. Climate change is a potential challenge to the successful 

restoration of bivalve communities because they are sensitive to temperature, salinity, sea level, 

flow, and water quality, all of which are likely to continue to change as a result of increases in 

greenhouse gases. Kreeger and Cole (2010) surveyed shellfish experts to identify the potential 

threats that a changing climate pose for bivalves in the Delaware River System. Increases in sea 

level and salinity were the major concern for tidal freshwater bivalves. It has been suggested that 

other climate-related changes will significantly affect bivalves in the future, such as acidification 

resulting from the invasion of anthropogenic carbon dioxide (Miller et al., 2009; Kreeger and 

Cole, 2010) and declining dissolved oxygen levels due to reduced solubility and increased 

respiration (Sparks and Strayer, 1998; Chen et al., 2001). 

This proposal had three main objectives: 

Objective 1: To use a state-of-the art hydrodynamic model of the Delaware 

Estuary and projections of sea level, streamflow, and possibly other changes in 

climate resulting from increases in greenhouse gases to estimate the future 

change in extent and temperature of the tidal freshwater region of the Delaware 

River; 

Objective 2: To estimate the accompanying changes in pH and dissolved oxygen 

using a simple box model calibrated to historical data; and 

Objective 3: To work with an expert on bivalves in the Delaware River System to 

translate the projected changes in salinity, temperature, pH, and dissolved 

oxygen concentration to changes in the potential habitat of bivalves in upper 

portion of the Delaware Estuary. 

 

2. Methodology 

 

 To achieve Objective 1, we used projections from the North American Regional Climate 

Change Assessment Program (NARRCAP; Mearns et al., 2009; Mearns et al., 2012), which uses 

eight combinations of regional climate models of relatively high spatial resolution (50 km) 

embedded in Global Climate Models (GCMs) of coarser resolution. These models simulated the 

historical climate of North America for the period 1971-2000 and  projected  the climate over the 

same domain for the period 2041-2070 under the A2 emissions scenario (Nakićenović and Swart, 

2000), which is in the mid-to-upper range of emissions scenarios used by the Intergovernmental 

                                                 
1
 Salinity is reported in practical salinity units (psu). 1 psu is very nearly equal to 1 part per thousand. 



 

 

 

Panel on Climate Change for their Fourth Assessment Report. We used projections of surface air 

temperature and runoff from the NARCCAP models. Temperature was averaged over the 

Delaware River Basin (DRB); because temperature change in estuaries generally follows 

regional temperature change (e.g., Preston, 2004), we assumed the change in water temperature 

of the tidal freshwater portion of the Delaware Estuary was the same as the change in air 

temperature over the DRB. Changes in streamflow were determined by spatially integrating 

(over the watershed of the DRB draining to Trenton, NJ) the runoff output of the land-surface 

component of the NARCCAP models. Probability distributions of projected changes in 

temperature and streamflow were generated using the technique of Tebaldi et al. (2005), which 

weights models according to their simulations of the past and their convergence towards other 

models in the future. 

 Though we have been working on a three-dimensional model of the Delaware Estuary 

and have given presentations on it (see Appendix B), the model was not sufficiently developed 

for use in climate-change applications. We therefore used a statistical approach for determining 

salinity change in the upper Delaware Estuary resulting from changes in streamflow and sea 

level (Ross et al., 2015); the statistical model was trained using long-term (1950-present) records 

of salinity from the United States Geological Survey (USGS) and the Haskin Shellfish Research 

Laboratory. The statistical models include non-parametric terms and are robust against 

autocorrelated and heteroscedastic errors. After using the models to remove the influence of 

streamflow and seasonal effects on salinity, several locations in the estuary show significant 

upward trends in salinity. Insignificant trends were found at locations that are normally upstream 

of the salt front. Downstream of the salt front, the models indicate a positive correlation between 

rising sea levels and increasing residual salinity, with salinity rising from 2.5 to 4.4 per meter of 

sea-level rise. These results are consistent with results from one-dimensional (1D) and dynamical 

models; in this report, we also present some results from our own implementation of Savenije’s 

(1993) 1D model. 

 To estimate the sea level increase by the mid-21
st
 century, we used the global projections 

of Rahmstorf (2007) for 2055, augmented by a subsidence term determined from the difference 

between historical rates of global sea-level rise and local sea-level rise. 

 To achieve Objective 2, we constructed a dissolved oxygen budget of the upper portion 

of the Delaware Estuary using dissolved oxygen concentration data from USGS stations located 

at Reedy Island, Ben Franklin Bridge, and Trenton (Tomaso and Najjar, 2015). From this 

analysis, we determined how net oxygen consumption and respiration have changed from 1970 

to the present at monthly resolution. A relationship between temperature and respiration was 

determined, which we combined with warming projections to estimate future changes in 

respiration. The analysis also showed that respiration and oxygen levels were tightly linked, 

which then allowed us to determine future oxygen change in the estuary. To account for the 

impact of warming on oxygen via solubility effects only, we used the known temperature 

dependence of the oxygen saturation concentration (Garcia and Gordon, 1992). Changes in pH 

due to respiration were determined from a statistical correlation with oxygen. pH changes 

resulting from increasing temperature and atmospheric CO2 concentration were also estimated 

using the known equilibrium constants of the carbonate system. 

 To achieve Objective 3, we consulted with a specialist on bivalves in the Delaware 

Estuary, Dr. Danielle Kreeger, who is the Science Director at the Partnership for the Delaware 

Estuary (PDE). Bivalves have highest growth rates in the summer and this is therefore the time 

period that we focused our analysis on. 



 

 

 

3. Results 

 

3.1. Projected changes in temperature, streamflow, sea level, and salinity 

 

 Projected changes in winter (December-February) and summer (June-August) from the 

NARCCAP models are shown for temperature in Figure 1 and for streamflow in Figure 2.  The 

best estimates of warming (and corresponding 95% confidence intervals) are 2.68 (2.62, 2.87) °C 

in the winter and 3.06 (2.66, 3.48) °C in the summer. For most models, streamflow increases in 

the winter and decreases in the summer. The most likely change in summer is -41 (-52.9, -2.7) 

m
3
 s

-1
, which is a decline of 19% (mean summer flow is 218 m

3
 s

-1
). 

 Global sea level, according to the model of Rahmstorf (2007), is expected to increase by 

about 0.34 m by 2055 (with respect to a 1990 baseline), a result that is very insensitive to the 

emissions scenario. Sea-level rise at Philadelphia during the second half of the 20
th

 century was 

2.7 mm yr
-1

 (Zervas, 2001) whereas the global average rate during this time was 1.8 mm yr
-1

 

(Church et al., 2004). We estimate the subsidence rate for the upper Delaware Estuary to be the 

difference of these two rates, or 0.9 mm yr
-1

. Thus from 1990 to 2055, we estimate a subsidence 

contribution to sea-level rise of 0.06 m, giving a relative sea-level rise of 0.34 m + 0.06 m = 0.40 

m. 

 We estimated salinity change at two locations in the Delaware Estuary: Ben Franklin 

Bridge (mean salinity 0.12) and Reedy Island (mean salinity 0.44). We focus on these sites 

because both are data-rich, the Reedy Island station is closest to the mean position of the tidal 

freshwater boundary (salinity ~0.5, which is about 10 km upstream of Reedy Island, on average), 

and the Ben Franklin Bridge station is closest to the location of the historically lowest oxygen 

concentrations. Statistical and 1D models were used. We note that the statistical models showed 

significant relationships between salinity and streamflow at both locations (Ross et al., 2015). A 

significant linear relationship between salinity and sea level was found at Reedy Island (3.3 m
-1

) 

but not at Ben Franklin Bridge. Figure 3 shows salinity calculations conducted by Ross et al. 

(2015). They found that the 1D model of Savenije (1993) reproduced the average salinity along 

the main axis of the estuary (Figure 3a). Statistical and 1D approaches to estimating the 

sensitivity to sea level agree well at most locations throughout the estuary (Figure 3b). In 

particular, a 1-m sea-level rise is predicted to increase salinity at Reedy Island by slightly more 

than 3 and to have little effect upstream of Chester, including Ben Franklin Bridge. Streamflow 

changes are expected to have significant effects on salinity only in the central portion of the Bay 

(with the 1D model exhibiting more sensitivity) whereas little change is seen at Chester and 

upstream locations (Figure 3c).  

 The actual projected changes in salinity at Ben Franklin Bridge and Reedy Island 

resulting from streamflow change by 2041-2070 using the statistical models combined with 

NARCCAP streamflow projections are shown in Figure 4. The overwhelming majority of 

models projects salinity declines in winter and salinity increases in summer. However, the 

salinity changes at Ben Franklin Bridge are extremely small. The effect of sea-level rise on 

salinity at Reedy Island by 2055 (with respect to 1990) was, using the statistical model, 0.40 m × 

3.3 m
-1

 = 1.3, larger in magnitude than the streamflow-induced changes in salinity. In winter, 

streamflow and sea-level effects cancel to some extent, with estimated increases between 0.4 and 

1.7, whereas in summer they work together, increasing salinity by 1.1 to 2.1 (Figure 5). 

According to the 1D model, the 0.5 isohaline moves landward by 3.8 and 9.3 km for sea-level 

rises of 0.4 and 1 m, respectively. 



 

 

 

3.2. Projected changes in oxygen and pH 

 

 We considered changes in oxygen concentration due to the impact of warming on the 

saturation concentration and on respiration. We focus our analysis at Ben Franklin Bridge, which 

is where oxygen concentrations are typically lowest (Figure 6). A warming of 3 °C in the 

summer (from the present mean temperature of 26 °C to a future mean temperature of 29 °C) 

will cause the saturation concentration to decrease by 5.2% or 13.2 mmol m
-3

. The impact of 

temperature on respiration was estimated using results from Tomaso and Najjar (2015). They 

constructed an oxygen budget (or box model) in the upper Delaware Estuary by directly 

computing lateral advection and exchange with the atmosphere and then determined net oxygen 

consumption as a residual term in the budget. Primary production data were combined with the 

net oxygen consumption rates to estimate respiration. A climatology of respiration was computed 

for two time periods in two regions (or boxes) of the upper estuary: between Trenton and Ben 

Franklin Bridge (Box 1) and between Ben Franklin Bridge and Reedy Island (Box 2); see Figure 

7. The relationship between climatological respiration and temperature is shown in Figure 8. 

Slopes are generally weaker in Box 1 than in Box 2 and in the earlier period than in the later 

period. Figure 9 shows net oxygen consumption in Boxes 1 and 2 and oxygen concentration at 

Ben Franklin Bridge. Both are shown as anomalies (departures from the mean annual cycle). It is 

clear that as oxygen consumption increases, dissolved oxygen concentration decreases. An 

increase in oxygen consumption by 1 mol m
-2

 mon
-1

 corresponds to an oxygen concentration 

decline of about 20 mmol m
-3

. We used the slope of the line in Figure 8 for Box 1 during the 

later period (which is more representative of future water quality conditions than the earlier one 

is, due to wastewater treatment improvements): 0.14 mol m
-2

 mon
-1

 °C
-1

. A warming of 3 °C thus 

results in a respiration increase of 0.42 mol m
-2

 mon
-1

, which leads to a decline in oxygen 

concentration of 8.4 mmol m
-3

. Thus, the combined effects of a decrease in solubility and an 

increase in respiration lead to an oxygen concentration decline of about 20 mmol m
-3

 at Ben 

Franklin Bridge. 

 Summer oxygen concentrations at Ben Franklin Bridge during summer are typically 100 

mmol m
-3

 below the saturation level of approximately 250 mmol m
-3

 (Figure 6). Thus typical 

summer concentrations are 150 mmol m
-3

. We estimate that conditions in 2041-2070 will be 

more like 130 mmol m
-3

, an approximately 13% decline. 

 pH change at Ben Franklin Bridge was estimated using the correlation between pH and 

oxygen concentration. pH has increased with time at Ben Franklin Bridge, most likely as a result 

of declining net oxygen consumption. From the 1970s to the 2000s, summer pH levels at Ben 

Franklin Bridge increased from roughly 6.5 to 7.0. At the same time, summer oxygen levels at 

this location increased by about 50 to 150 mmol m
-3

. Thus, an oxygen decline of 10 mmol m
-3

 

resulting from increased respiration corresponds to a pH decline of about 0.05. Warming itself 

will also lead to a pH decline. The mean summer pH at Ben Franklin Bridge for 1995-2014 is 

6.984. The mean alkalinity at Ben Franklin Bridge is 672 meq m
-3

, which was estimated by 

linearly regressing alkalinity vs. salinity (data from Sharp et al., 2009) and the using the fit to 

compute alkalinity at zero salinity. We used the CO2SYS program (Lewis et al., 1998) to 

compute the concentration of dissolved inorganic carbon (DIC), which, like alkalinity is 

unaffected by temperature change. Holding these values of alkalinity and DIC constant, 

CO2SYS was then used again to compute the pH decline of 0.0155 resulting from temperature 

increasing from 26 to 29 °C. Finally, the atmospheric CO2 increase under the A2 emissions 

scenario is expected to be 167 ppm, which is expected to cause pH to decline. To calculate the 



 

 

 

pH change CO2SYS was used to compute the mean summer partial pressure of CO2 in the water 

(4605 ppm). When this is increased by 167 ppm, holding alkalinity constant, CO2SYS estimates 

a pH decline of 0.0155, the same as the temperature-induced decline. Thus, we expect a total pH 

decline at Ben Franklin Bridge of approximately 0.05 + 0.0155 + 0.0155 = 0.08. 

  

3.3. Impact on bivalves 

 

Bivalves in the tidal freshwater region of the Delaware Estuary include six native species, 

all freshwater mussels, and two non-native species (Table 1). Only one of the native species, E. 

complanata, has a secure status in Pennsylvania. Another native species, L. ochracea, was, until 

recently, thought to be extirpated in the commonwealth. Recent surveys by the PDE and 

collaborators have found much greater mussel biodiversity in the tidal freshwater region than in 

the non-tidal region, which it shares many species with (Kreeger and Kraeuter, 2010). This 

discovery suggests that the tidal freshwater region may serve as the only remaining genetic 

broodstock for many natives in the Delaware River System. 

Several studies have been conducted regarding the impacts of temperature, salinity, and 

dissolved oxygen on freshwater bivalves (McMahon, 1979; Sparks and Strayer, 1998; Chen et 

al., 2001; Verbrugge et al., 2003; Haag and Warren, 2008; Spooner and Vaughn, 2008; Galbraith 

et al., 2012; Gruttersa et al., 2012), which provide a basis for estimating the potential impacts of 

climate change on freshwater bivalves in the tidal Delaware River.  

The low salinity tolerance of native bivalves (Table 1) suggests that increases in salinity 

associated with sea-level rise will have a negative impact on these organisms. Therefore, non-

native species, which have a greater salinity tolerance (Table 1), may have a competitive 

advantage in the future. However, changes in mean salinity are expected to be very small in all 

except the very downstream portion of the tidal freshwater region. Thus, salinity increase does 

not seem like a dramatic threat at this time. We caution, however, that our analysis focuses on 

changes in mean conditions and hence does not consider salinity change associated with 

increases in extreme drought, increases in tidal range, etc. 

Warming is expected to have negative impacts on freshwater mussels, such as E. 

complanata, by, for example, increasing oxygen consumption (Chen et al., 2001). Verbrugge et 

al. (2003), in a study in the Rhine River, found that warming had a negative impact on native 

species but not non-natives, like the Asian clam, which is present in the Delaware Estuary (Table 

1). Galbraith et al. (2012) conducted laboratory experiments with three freshwater mussels, 

including E. complanata and S. undulatas (both native to the Delaware Estuary, Table 1) to look 

at the effect of temperature acclimation on maximum temperature tolerance. They found that 

acclimation increases temperature tolerance. 

Negative impacts of dissolved oxygen declines have been documented in several studies. 

Chen et al. (2001) found increasing oxygen consumption with declining oxygen concentration. 

Sparks and Strayer (1998) found that bivalves exhibited increased stress behavior under low 

dissolved oxygen, including “extending their siphons, gaping, and surfacing more often than 

clams exposed to higher concentrations of oxygen.” Some synergistic effects with temperature 

were found. For example, in the study of Galbraith et al. (2012), temperature tolerance could be 

developed with preconditioning only under relatively high dissolved oxygen concentrations. 

Kahn et al. (2014) argued that, based on the 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. This translates to nearly 190 mmol m
-3

, which is well above current summer levels near 

Ben Franklin Bridge (~150 mmol m
-3

). 

We are unaware of any literature documenting the impact of pH changes on freshwater 

bivalves. However, the projected pH decline is small (0.08), suggesting a modest impact. 

In summary, projected changes in temperature, salinity, and dissolved oxygen resulting 

from climate change are expected to worsen conditions for freshwater bivalves (particularly 

natives) in the tidal Delaware River. Oxygen seems to be of greatest concern because bivalves 

are still stressed there, even after decades of improved water quality. 

 

4. Conclusions 

 

 We have estimated future changes in temperature, salinity, dissolved oxygen, and pH 

resulting from increases in greenhouse gases for the tidal freshwater region of the Delaware 

Estuary and discussed potential impacts of these changes on bivalves in this region. Focusing on 

the summer period, when bivalve growth rates are highest, projections by the middle of the 21
st
 

century are for increases in temperature and salinity and decreases in dissolved oxygen and pH. 

Sea-level rise and streamflow declines are responsible for the salinity increases, which are 

limited to the very downstream portion of the tidal freshwater region. The oxygen decline results 

from warming-induced changes in oxygen solubility and respiration. The pH decline results 

mainly from increases in respiration and to a lesser extent increases in temperature, respiration, 

and atmospheric CO2. 

 The projected changes are expected to have negative impacts on bivalves in the region, 

preferentially natives. There is some evidence for temperature acclimation and the salinity 

increase may be of limited spatial extent. The greatest concern regards the oxygen decline, which 

will increase the hypoxic stress that bivalves are currently experiencing during summer.  

 

5. Additional research indicated 

 

 There are two large areas of uncertainty in projecting future impacts of climate change on 

bivalves in the tidal freshwater region of the Delaware Estuary. First, the projections of 

environmental change (temperature, salinity, oxygen, and pH) are for mean conditions. 

Projections need to include changes in variability, particularly extreme events, which bivalves 

are more likely to be affected by in the future. For example, summer droughts are likely to place 

high stress on bivalves by increasing temperature and salinity and decreasing oxygen and pH to 

extreme levels. In addition, sea-level rise is likely to see an increase in tidal range (Walters, 

1992; Zhong et al., 2008), which could increase salinity extremes and possibly lead to exposure 

of mudflats at low tide, which bivalves are intolerant of. A second area of uncertainty is the 

combined impact of multiple stressors on bivalves. There is very little research on the synergistic 

effects of climate change (e.g., combined effects of temperature and salinity). Furthermore, 

studies that address acidification impacts on freshwater bivalves would be useful. 
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variability in the Delaware River Basin. Delaware Estuary Science & 
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Appendix B: Impact Statement 

 

Title: Climate change likely to place additional stress on bivalve shellfish of the tidal freshwater 

region of the Delaware Estuary 

 

Recap: A study sponsored by Pennsylvania Sea Grant suggests that temperature, salinity, 

oxygen, and pH levels in the tidal freshwater region of the Delaware Estuary will become less 

favorable for bivalve shellfish in the future as a result of climate change. 

 

Relevance: Bivalve shellfish in the tidal freshwater portion of the Delaware Estuary provide 

numerous benefits, such as water filtration and habitat construction. These bivalves have 

substantially declined in numbers and extent as a result of water quality impairments, habitat 

degradation, overfishing, and disease. Climate change is a potential challenge to the successful 

restoration of bivalve shellfish communities because these organisms are sensitive to 

temperature, salinity, dissolved oxygen, and pH, all of which are likely to continue to change as a 

result of increases in greenhouse gases. 

 

Response: Climate and statistical water quality models were used to estimate future changes in 

temperature, salinity, dissolved oxygen, and pH in the tidal freshwater region of the Delaware 

Estuary. Implications for bivalve shellfish communities were discussed. 

 

Results: Increases in greenhouse gases are projected to increase temperature and salinity and 

decrease dissolved oxygen and pH in the tidal freshwater region of the Delaware Estuary. These 

changes are expected to place additional stress on bivalve shellfish communities and pose an 

additional challenge to restoration efforts. 

 

  



 

 

 

Table 1.  Bivalves of the tidal freshwater region of the Delaware Estuary. After Kreeger and 

Krauter (2010). 

Scientific Name Common Name 

Relative 

abundance 

Pennsylvania 

Conservation 

Status 

Salinity 

range 

     
Native     

Elliptio complanata  Eastern Elliptio  locally 

abundant 

Secure  0 

Lampsilis cariosa  Yellow 

lampmussel  

uncommon Vulnerable  0 

Leptodea ochracea Tidewater mucket rare Extirpated? 0 

Ligumia nasuta  Eastern 

pondmussel  

locally common Critically 

imperiled  

0 

Pyganodon 

cataracta 

Eastern floater locally common Vulnerable 0 

Strophitus 

undulatus 

Squawfoot rare Apparently secure 0 

     
Non-native     

Corbicula fluminae Asian clam abundant NA 0-2 

Rangia cuneata Atlantic rangia abundant NA 0-10 

 

  



 

 

 

 
 

Fig. 1. Projected temperature change as of 2041-2070 by the eight NARCCAP models (symbols) 

and probability distribution (line) for winter (December-February) and summer (June-August). 

 

  



 

 

 

 
 

Fig. 2. Projected streamflow change as of 2041-2070 by the eight NARCCAP models (symbols) 

and probability distribution (line) for winter (December-February) and summer (June-August). 

For reference, the annual mean streamflow of the Delaware River at Trenton is 365 m
3
 s

-1
 (1970-

2014). 

 

  



 

 

 

 
 

Fig. 3. (a) Comparison between observed salinity and salinity predicted by the 1D model of 

Savenije (1993). The shapes are the observed salinity and the lines denote the 1D model 

predictions. The distance for the oyster beds is determined by the mean distance weighted by 

number of observations. (b) Projections of salinity change in response to 1 m of sea-level rise 

under current mean streamflow. Solid lines are from the 1D model of Savenije (1993). Shapes 

are from the statistical models. (c) Projections of salinity change in response to a 35% increase or 

decrease in streamflow under current mean sea levels. Solid lines are from the Savenije (1993) 

1D model. Shapes are from the statistical models. Reproduced from Ross et al. (2015). 

 

 



 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Projected streamflow-induced salinity change by 2041-2070 at Ben Franklin Bridge (top) 

and Reedy Island (bottom) during winter (left) and summer (right). 

 

  



 

 

 

  
 

Fig. 5. Projected salinity change by 2041-2070 at Reedy Island during winter (left) and summer 

(right) due to the combined effects of changes in streamflow and sea level. 

 

  



 

 

 

 
 

Fig. 6. Trenton, Ben Franklin Bridge, and Reedy Island monthly means of dissolved oxygen 

excess (the departure from the saturation concentration). Data are from USGS. Reproduced from 

Tomaso and Najjar (2015). 

 

  



 

 

 

 
 

Fig. 7. Map showing the study area of the oxygen budget study of Tomaso and Najjar (2015), 

including locations of the three USGS stations in the upper Delaware Estuary and the two boxes 

(1 = tidal freshwater and 2 = oligohaline) for which oxygen budgets are constructed. 

 

  



 

 

 

 

 
 

Fig. 8. Monthly averages of respiration over two time periods in Boxes 1 and 2 (1 = tidal 

freshwater and 2 = oligohaline) plotted versus climatological water temperature for the 

corresponding months. All linear fits are significant at the 95% confidence level. Reproduced 

from Tomaso and Najjar (2015). 

 

  



 

 

 

 
Fig. 9. Anomalies of the dissolved oxygen concentration at Ben Franklin Bridge (blue) and the 

net oxygen consumption rate averaged over Boxes 1 and 2 (red) from 1995 to 2014. The points 

are monthly values and the smooth lines are fourth-order polynomial fits. Reproduced from 

Tomaso and Najjar (2015). 
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