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Abstract 

River herring populations have declined in abundance by 99% since the 1970s, in part because of 

spawning and nursery habitat loss.  In Eastern North Carolina, river herring spawn in coastal 

streams and adjacent riparian wetlands.  Juveniles remain in natal streams and adjacent estuaries 

until the fall, when they migrate to oceanic environments.  Many of these habitats are low-lying 

and may be subject to increasing water levels as the sea level rises in response to climate change.  

This project evaluates the extent of these effects to currently identified habitat and presents a 

model to describe future impacts to river herring habitat in these regions as water level rises and 

wetlands migrate inland.  Sea level rise was modeled at increments of 0.25, 0.5, 0.75, 1, 1.5 and 

2 meters for the Salmon Creek watershed in the Chowan River Basin.  Resulting sea levels were 

overlaid with a GIS-based model of current river herring habitat.  Future habitat quality was 

predicted through the application of a simple habitat model and the development of an index that 

evaluates the potential for riparian wetland migration.  Results indicate that sea level rise has the 

potential to affect a significant portion of available habitat in the study area.  Increases in water 

level are likely to result in the initial creation of habitat in the lower portion of Salmon Creek 

watershed; however, the suitability of these habitats for river herring spawning and juvenile 

development will decrease as sea level rise proceeds.  Information generated using this model 

identifies the extent of future spawning and nursery habitat for river herring and can be used to 

prioritize areas important for conservation of river herring habitat in the future.        
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Introduction 

River herring have been a commercially important fishery in the United States since 

colonial times (Taylor 1992).  River herring populations remained steady despite relatively high 

level of exploitation until the last forty years, during which populations have declined to less 

than 1% of their historical abundance (NCDMF 2007).  This precipitous decline has been 

attributed, in part to the loss and degradation of spawning habitat (NCDMF 2007).  While habitat 

preservation efforts have focused on restoring water quality and accessibility of these areas, the 

future may present changes for habitat.  Climate change is likely to shift the geographic 

distributions of species and habitat types, and should be considered when undertaking place-

based environmental conservation (Halpin 1997).  In North Carolina, many of the coastal 

streams and estuaries important to anadromous fish spawning and development and may be 

affected by sea level rise (Poulter and Halpin 2008).   

Alewife (Alosa pseudoharengus) and blueback herring (Alosa aestivalis) co-occur in 

coastal regions along much of the eastern seaboard and are collectively referred to as river 

herring. These species are managed together because they have similar morphology, ecology and 

anadromous life history (Loesch 1987).  Fish mature between two and four years of age at which 

point they begin annual spawning migrations from their winter feeding grounds in the northern 

Atlantic to coastal rivers along the Atlantic Coast (Loesch 1987).  Migration is triggered by 

decreasing temperatures and may vary by 3-4 weeks annually (Loesch 1987).  In North Carolina, 

spawning runs start in early March and continue through May (NCDMF 2007).  Migration 

activity usually peaks during the dawn and dusk hours,  when river herring swim in the 

vegetative cover along the edge of river banks (Loesch and Lund 1977).  The length of migration 

varies depending on the location, and can be upwards of 200 kilometers (Davis and Cheek 1966).   
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River herring spawn in areas with abundant vegetation and benthic cover, which likely 

provides the adhesive, demersal eggs a refuge from predation (Klauda et al. 1991).  Where the 

two species are sympatric, blueback and alewife select habitats of different depths and substrates.  

Alewives spawn in slow-flowing sections of streams and blueback herring spawn in areas with 

swifter flow (Loesch and Lund 1977, Loesch 1987).  Alewives have been reported to spawn in 

observed spawning in as little as 30 cm of water (Jones et al. 1978) and typically spawn in less 

than 3 m of water (Klauda et al. 1991).  Blueback herring use deeper, swifter areas with hard 

substrate (Pardue 1983).  Alewives will spawn over gravel, sand, detritus and submerged 

vegetation, while blueback prefer harder substrate (Loesch and Lund 1977, Pardue 1983).  

Alewife is also more likely to utilize ponds and flooded swamp forests for spawning than 

blueback, which are more likely to spawn in channels (Walsh et al. 2005).  Where migration is 

obstructed, alewives select riparian sites or slow-moving deep water and blueback spawn in the 

stream flow (Loesch and Lund 1977).  In the absence of alewife, blueback will spawn over a 

wider variety of habitats, including shallower, softer substrates with lower flow (Klauda et al. 

1991).   

In North Carolina, river herring spawn primarily in slow-moving fresh to brackish water, 

such as canals, ditches, oxbows, tributary channels and along the banks of the main river 

channels (Walsh et al. 2005).  Riverine swamp forests comprise the riparian boundary of many 

of these habitats and serve as important spawning and nursery habitats in the Chowan River 

Basin.  O’Rear (1981) documented the presence of river herring larvae in flooded wetlands in 

Chowan River tributary watersheds.  More recently, Walsh et al. (2005) documented the 

presence of both alewife and blueback herring in a flooded swamp site near the mouth of the 

Roanoke River and inferred spawning activity from the presence of larvae in these areas.  Upon 
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hatching, larvae are carried downstream into the lower ends of the rivers (O'Rear 1981).  

Juveniles remain in low salinity waters throughout the summer, feeding on zooplankton and 

phytoplankton.  Prey abundance is the most important factor to juvenile survival (Pardue 1983) 

and can determine growth rates of juvenile fish (Winslow et al. 1985).  During this time, 

juveniles can be found along the edges of streams and in blackwater areas (ASMFC 2008).          

Declines in the quantity and quality of spawning and juvenile habitat have contributed to 

historical declines in river herring abundance (Klauda et al. 1991).  Water quality declines 

especially are implicated in Eastern North Carolina coastal waters, as poor management practices 

in the 1970s led to increases in nutrient loading and decreases in dissolved oxygen (NCDMF 

2007).  Better management practices have greatly improved the condition of spawning habitat in 

the last 40 years; however, the maintenance of available, suitable spawning and nursery habitat is 

important to the potential recovery of the species.  Habitats change over time should be 

considered in management actions.  As river herring populations rebound from collapse, they 

will need continued access to these areas.    Planning for sea level rise is one measure that should 

be incorporated into future management actions.   

Climactic trends indicate that we are in a period of global warming, which is causing sea 

level rise (Church 2001).  Changes in mean sea level are caused by eustatic increases in sea level 

rise due to thermal expansion and glacial melting, and isostatic processes such as subsidence and 

glacial rebound (Church et al. 2001).  The inevitability of sea level rise is now widely accepted 

and coastal planners have begun efforts to map vulnerable areas (Titus and Richman 2001).  

While climate models can predict the increase in sea level as a result of volume change in the 

ocean, relative sea level rise varies widely as a function of local isostatic elevation change and 

accretion in addition to rising sea level (Church et al. 2001).   
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Eastern North Carolina has 5900 km2 of land below 1 meter of elevation which is 

vulnerable to effects of sea level rise (Poulter et al. 2008a).  Historical tide gauge levels indicates 

that sites in North Carolina have been experiencing a relative sea level rise of between 4 - 4.5 

mm/year which could lead to an increase of up to 1.1 meters by 2100 (Figure 1) (Riggs 2001, 

Poulter and Halpin 2008).  These increases have the potential to inundate a large amount of land 

in Coastal North Carolina (Poulter and Halpin 2008), including riverine wetland areas that are 

essential spawning and nursery habitat for river herring.   

 

 

Figure 1: Rates of relative sea level rise in Virginia, North Carolina and Charleston.  Taken from Poulter and 

Halpin 2008; based on data from PSMSL (2003)
1
. 

  

                                                 
1 Data available at http://www.pol.ac.uk/psmsl/psmsl_individual_stations.html 
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Rising sea levels may force hydrologic change in these ecosystems as seasonally flooded 

areas are subject to longer periods of inundation.  Hydrology is an essential factor to the 

recruitment and survival of plant species in these ecosystems (Conner et al. 1981).  The life 

history of many wetland plant species is dependent on periodic flooding and dry-down events.  

Sea level rise may disrupt the seasonal inundation patterns of these areas, eventually submerging 

them year-round.  Increases in water level can block lenticels depriving flood intolerant 

vegetation of oxygen (Wharton et al. 1982).  Mature bottomland hardwood species will begin to 

die after two years of constant flooding (Wharton et al. 1982).  Among species that can tolerate 

constant flooding, only one species of shrub (buttonbush, Cephalanthus occidentalis) can 

germinate in standing water (Conner and Day 1988).   As recruitment fails to replenish 

populations, vegetation will thin, leaving these areas more susceptible to wind damage during 

storm events.  Thus, a shift to a perennially flooded ecosystem could lead to the establishment of 

shrub as the dominant vegetation or an eventual shift to open water (Conner and Day 1988).  As 

this happens, flooded forests may migrate inland if environmental conditions favor their 

establishment (Poulter 2005).   

Previous studies have demonstrated significant vegetation changes in bottomland 

hardwood forests due to increased flooding.  When exposing a cypress-tupelo-ash swamp forest 

in Louisiana to constant inundation, Conner et al. (1981) observed that the death of flood-

intolerant trees and lack of recruitment for flood-tolerant species led to a decrease in canopy 

cover and increase in shrubs and aquatic vegetation.  Malecki et al. (1983) demonstrated a 

reduction in productivity correlated to increased wetland flooding.  Wharton et al. (1982) 

observed increased seedling mortality as a result of increased flooding, which reduced reducing 

recruitment of forest species and hastens the conversion to open water (Wharton et al. 1982).  
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These transitions affect the amount and location of available riverine wetland habitat for river 

herring.   

Few studies have directly examined the link between climate change and fisheries 

habitat.  Battin et al. (2007) linked salmon population dynamics to forecasted hydrologic change, 

land use change and restoration efforts and concluded that a 20-40% decline in salmon 

population was possible in a single watershed by 2050.  Furthermore, he showed that current 

restoration efforts would effectively be negated by climate change, highlighting the importance 

of considering climate change in conservation planning (Battin et al. 2007).  Coastal wetlands 

research has focused largely on salt marsh response to sea level rise and little research has 

focused on the effects of sea level rise to coastal wetland fisheries habitat (Michener et al. 1997).      

This project examines the impact of rising sea level on river herring spawning and 

nursery habitat, and addresses potential changes in the availability of future habitat areas as 

spawning and nursery habitat.  Sea level rise can affect these areas in two ways: (1) areas 

currently flooded will become deeper as water level rises, causing a transition from forested 

riparian wetland to open water, and (2) as inundation occurs, additional areas will become 

flooded, resulting in a transition from terrestrial vegetation to riparian wetland.  While it is not 

likely that immediate changes in water level will drastically affect the amount and location of 

spawning habitat for river herring, long term changes can impact how river herring use these 

areas.  With this in mind, the following questions are addressed: 

(1) How much habitat will be affected by sea level rise? 

(2) What types of changes can sea level rise cause in these habitats? 

(3) What effects will these changes have on herring populations? 

 

 



 7 

Methods 

 

Study area. 

The Chowan River drains approximately 13,150 km2 of southern Virginia and northern 

North Carolina into the head of Albemarle Sound.  Seventy five percent of its area is in Virginia, 

with the remaining 3,405 km2 in North Carolina (NCDENR 2007).  Below the confluence of the 

Nottoway and Blackwater Rivers, the Chowan River is considered a trunk estuary (Riggs and 

Ames 2003).  Most of the river is freshwater with the exception of some areas near the base of 

the river, which are sometimes brackish (NCDENR 2007).  Salmon Creek was selected as the 

study area for this analysis because of its position within the Chowan River Basin (Figure 2).  

Salmon creek empties into the Chowan River near the mouth of the river, approximately two 

kilometers upstream of the confluence of the Chowan River and Albemarle Sound.  Salmon 

creek drains a watershed of 117 km2 and is located entirely in Bertie County, NC.  The 

predominant land cover in the watershed is managed pine or evergreen plantations (25%) 

followed by agriculture (22%).   
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Figure 2: Overview of the Chowan River Basin, showing the study area. 

 

Sea level rise model.   

Following the devastation of Hurricane Floyd, the state of North Carolina collected high 

resolution light detection and ranging (LIDAR) elevation data to improve floodplain mapping 

projects.  Data are available for the entire coastal plain at 6.096 m and 15.24 m resolutions.  The 

6.096-m dataset was selected for this project to increase the resolution of the product and was 

acquired from the North Carolina floodplain mapping program website.2  LIDAR data points 

were collected in February - April 2003.  Elevation values were collected in feet and are 

referenced to NAVD88.  The vertical accuracy of the dataset for this region is 10 inches (25.4 

                                                 
2 Data available at http://www.ncsparta.net/fmis/Download_LIDAR.aspx  Downloaded February 
2009. 
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cm) and values were reported to 0.001 survey feet (0.03048 cm).  Sea level rise scenarios of 

0.25, 0.5, 0.75 and 1, 1.5 and 2 meters were imposed on the LIDAR-derived digital elevation 

model (DEM) using two different approaches as described below.         

 Sea level rise can be simulated in a number of different ways.  The simplest approach, a 

contour or “bathtub” model, assumes that all areas below a specified elevation will be inundated 

as sea level rises.  While informative and simple, this approach does not account for connectivity 

and can falsely report low lying areas as flooded even though they have no connection to the 

ocean.  Advances in the computational ability of computers have led to the development of more 

complicated methods. 

 Connectivity can be imposed on sea level rise models by allowing only sea level rise to 

flood cells that have a hydrologic connection to the water.  Poulter and Halpin (2008) describe an 

approach which accounts for connectivity in coastal environments.  In this model, a cell becomes 

flooded by additional sea level rise if its elevation falls below the projected future sea level and it 

is adjacent to a cell that already contains water.  This approach was initially used for this study.  

An eight-sided connectivity rule was implemented for this analysis, in which a cell was 

considered adjacent to another cell if it shared an edge or diagonal to the cell in question (Poulter 

and Halpin 2008).          

Exploratory analysis indicated areas with reported elevation less than 0 meters that were 

not connected to the hydrologic network draining into the Chowan River.  Hydrologic 

connectivity affects the degree to which sea level rise influences a region as sea level rise will 

follow pre-existing channels (Poulter et al. 2008b).  Poulter and Halpin (2008) rectified this in 

the aforementioned study by starting the model at negative elevations; however, in this region, 

disconnected cells had similar elevations to those reported in the main channel of the creek.   
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In this simulation, an alternate approach was developed in which initial sea level was 

defined as all cells hydrologically connected to the flow path of Salmon creek.  Stream path was 

derived for the study area using the tools found in ArcGIS 9.3 Spatial Analyst (ESRI 2008).  

Flow direction and flow accumulation were calculated for all cells in the raster.  All cells with a 

flow accumulation greater than 0.446 km2 were defined as streams.  This level of flow 

accumulation was chosen visually to match the level of detail found on the hydrology derived 

from the 1:24,000 USGS digital line graphs.  The use of this approach assumes that low-lying 

coastal areas will be hydrologically connected to a stream to ensure accurate flooding of the 

coastal areas.  This approach may also overestimate the effects of flooding due to sea level rise in 

upstream areas with low elevation (for example, ponds).  The difference between these two 

models is assessed as part of the results of this study.               

 
Effects of sea level rise on river herring habitat.   

 Impact to current habitat.  The amount of current habitat affected by rising sea levels in 

Salmon creek was assessed by overlaying predicted sea level rise with previously modeled 

spawning habitat in the study area.  The habitat model used here was created in partnership with 

Environmental Defense Fund to identify river herring spawning habitat in the Chowan River 

Basin (EDF 2009).  Inputs to the model were derived from the North Carolina coastal region 

evaluation of wetland significance (NC-CREWS) project, which was created in 1999 as a 

standardized method for assessing wetland functionality (Sutter et al. 1999).  The NC-CREWS 

protocol assigns each wetland polygon in coastal North Carolina an ordinal rating of 1-3 for 39 

different characteristics relating to wetland functionality.  A combination of statistical methods 

and expert opinion were used to determine the final habitat model (Table 1) (EDF 2009).   
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Table 1: Criteria used to determine river herring spawning habitat.  

Characteristic Habitat criteria 

Watershed position  Adjacent to a second order stream or higher  

Wetland Type Bottomland hardwood, swamp forest, headwater 
swamp 

Soils Frequently flooded or infrequently flooded with high 
organic matter 

Surrounding habitat >50% of the surrounding habitat composed of natural 
vegetation 

Hydrogeomorphic characteristic Riverine (adjacent to a river) 

 
Wetlands meeting four or more of the five criteria were considered suitable spawning habitat.  

Habitat that was more than 0.5 miles upstream from adjacent patches or not connected to the 

1:24,000 USGS hydrology for the region were excluded from the habitat dataset as they were 

unlikely to be suitable habitat (EDF 2009).  In addition, obstructions to herring migration 

(culverts and dams) were located and habitat patches were labeled as accessible or inaccessible 

to river herring based on their location relative to obstructions.  Bridges were not considered 

obstructions because river herring have been shown to migrate upstream of most bridges (Moser 

and Terra 1999).  The results from this habitat model were overlaid with each predicted sea level 

to quantify the amount of current habitat affected at each level of sea level rise.   

Future habitat availability. River herring are still likely to use areas that experience 

additional inundation due to sea level rise as long as they provide appropriate physical cover, 

flow rates, and substrate.  In consideration of this, a rudimentary habitat model was created to 

predict the quality of newly inundated areas as river herring habitat based on previous habitat 

models.  For spawning adults, eggs, and larvae Pardue (1983) defined optimal habitat as areas 

with a substrate of 75% silt or soft material, vegetative bottom cover, sluggish water flow, and 

water temperature of 15-20 C for alewives and 20-24 C for blueback.  For the purpose of this 

model, temperature and water flow are ignored under the assumption that if the adjacent waters 
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already support spawning runs, suitable areas with these characteristics will be available for river 

herring spawning in the future.     

Bottom cover was modeled using an index created from soils data and vegetative cover.  

Soils composed of greater than 50% silt or muck were extracted from soil series data by querying 

the NRCS SSURGO database for soils with texture described as silty loam, silt or muck.  Areas 

with these soils were given a score of 2.  All other soil types received a score of 1.  All soils data 

used in this study were derived from the NRCS SSURGO database, which maps soil series at a 

relatively large scale (1:24,000 for the study region).  Vegetative cover was included in the index 

under the assumption that areas that currently support forest or herbaceous communities are 

more likely to provide a physically complex vegetative cover when inundated and provide better 

spawning habitat.  Land use was condensed into four categories that are thought to provide 

similar levels of physical vegetative cover to river herring: forested, herbaceous, agriculture and 

urban (Table 2).  The southeast GAP analysis (SEGAP) land cover data was used for this project.  

Land use in this dataset was collected from 1999-2001 imagery and is broken into 214 land cover 

classes reflecting both natural and managed land uses (NatureServe 2007).  The minimum 

mapping unit for this dataset is 0.4 ha (1 acre).   

 

Table 2: Land cover reclassification used to define habitat suitability.   

Land Cover Description Percentage of 
watershed 

Habitat Score 

Open Water (Fresh) 0.51 

Open Water (Brackish/Salt) 0.07 

Developed Open Space 1.48 

Low Intensity Developed 0.63 

Medium Intensity Developed 0.03 

High Intensity Developed 0.00 

Quarry/Strip Mine/Gravel Pit 0.00 

1 
 

Pasture/Hay  3.86 

Row Crop 22.10 

2 
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Successional Shrub/Scrub (Clear Cut) 0.28 

Successional Shrub/Scrub (Other) 12.99 

Other – Herbaceous 1.49 

Atlantic Coastal Plain Northern Tidal Salt Marsh 0.08 

3 
 

Atlantic Coastal Plain Blackwater Stream Floodplain Forest - Forest 
Modifier 

15.83 

Atlantic Coastal Plain Small Blackwater River Floodplain Forest 0.24 

Unconsolidated Shore (Lake/River/Pond) 0.00 

Atlantic Coastal Plain Dry and Dry-Mesic Oak Forest 3.08 

Atlantic Coastal Plain Dry and Dry-Mesic Oak Forest 12.09 

Evergreen Plantations or Managed Pine (can include dense 
successional regrowth) 

25.25 

4 

 

Soil and vegetation scores were added to create an index that expressed the relative 

suitability of each cell as open-water river herring spawning habitat.  This model was run for all 

predicted sea levels.   

Wetland Migration.  Land cover along the non-riverine edge of currently identified 

habitat was described to give a preliminary estimate of the potential of current habitat to migrate 

in response to sea level rise.   

In addition, a model was created to describe the potential for wetlands to migrate within a 

100 meter buffer of both the current habitat and for the area inundated under each sea level rise 

scenario.  Many characteristics are necessary for wetland migration to occur.  This analysis 

considered soil type, slope, parcel value and land use.  The relationship between these values and 

probability of wetland migration is shown in Table 3.  Areas within the buffer zone were scored 

from 1 (low migration probability) to 3 (high migration probability) for all four indicators.   

Table 3: Theoretical relationship between landscape characteristics and wetland migration potential. 

Migration 

probability 
Score Slope Parcel value Soils Land cover 

High 3 Low Low value Hydric Natural vegetation 
Medium 2 Medium Med value Partially hydric Managed lands 
Low 1 High High value Not hydric Developed lands 
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Slope was created for the entire Salmon Creek subwatershed and classified into three 

classes using quantiles to represent low, medium and high slopes relative to values found in the 

subwatershed.  Parcel value was created using a combination of property value and building 

presence.  Parcel data were obtained from the Bertie County website.3  Taxable value was 

standardized by parcel size to create a measure of value per unit area. Parcels above the median 

value per unit area for the Salmon Creek watershed were given a score of 1 and below the 

median a score of 2.  Parcels without buildings received an additional point, so that overall parcel 

value score ranged from 1 to 3.  Soils are rated as hydric, partially hydric and not hydric based 

on their relative components.  Hydric soils formed under conditions of saturation, ponding or 

flooding, indicating that they can support wetland vegetation (NRCS 2009).  The hydric soils 

indicator was created using data from the soil series dataset (SSURGO) by rating soils from 1 

(not hydric) to 3 (all hydric).  Land use was incorporated because the extent to which wetland 

habitat will be able to migrate is dependent on existing land use.  It is assumed that land use in a 

more natural state will be more likely to allow wetland migration.  The SEGAP classification 

was reduced to categories representing natural vegetation, managed land, and developed land 

(Table 4).   

Table 4: Land cover reclassification applied for the relative migration index.   

Migration 
Category 

Land Cover Classification 

Open Water (Fresh) 

Open Water (Brackish/Salt) 

Unconsolidated Shore (Lake/River/Pond) 

Atlantic Coastal Plain Dry and Dry-Mesic Oak Forest 

Atlantic Coastal Plain Dry and Dry-Mesic Oak Forest 

Other – Herbaceous 

Atlantic Coastal Plain Blackwater Stream Floodplain Forest - Forest Modifier 

Atlantic Coastal Plain Small Blackwater River Floodplain Forest 

High 

Atlantic Coastal Plain Northern Tidal Salt Marsh 

                                                 
3 Available at http://www.co.bertie.nc.us/Directory/departments/tax/downloads.html.  
Downloaded November 2008. 
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Evergreen Plantations or Managed Pine (can include dense successional 
regrowth) 
Successional Shrub/Scrub (Clear Cut) 

Successional Shrub/Scrub (Other) 

Pasture/Hay 

Medium 

Row Crop 

Developed Open Space 

Low Intensity Developed 

Medium Intensity Developed 

High Intensity Developed 

Low 

Quarry/Strip Mine/Gravel Pit 

 

For each characteristic, an ordinal score of 1-3 was assigned with increasing value 

indicating the relative migration potential of each cell.  These scores were then added to create a 

relative migration index for the buffer area, in which higher values indicate areas that are more 

likely to allow wetlands to migrate at a given sea level rise.  
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Results 

Sea level rise model comparison.  The coastal flooding model predicted a greater amount of 

flooded area than the riverine model at all projected sea levels except for the 1 meter sea level 

rise (Table 5).  Differences between the inundated areas predicted by the two models were never 

greater than 5 hectares.  At lower levels of sea level rise, the riverine model predicted inundation 

of some upstream areas (Figure 4, circled area A) while the coastal model predicted more 

inundation along the coastal margin (Figure 4, circled area B).  These differences were not 

present at the 1.5 and 2 meter sea level rise increments.  Both models showed that the 

incremental differences in the area affected by sea level rise were not linearly related to the 

vertical increase in sea level (Figure 5). 

 

Table 5: Area of Salmon Creek watershed inundated under each sea level rise scenario. 

 Model 

Level of sea level rise Coastal Flooding Riverine Flooding 

Current 90 n/a 

0.25 m 342 338 

0.5 m 427 423 

0.75 m 479 476 

1 m 514 516 

1.5 m 593 592 

2 m 646 645 
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Figure 3: Comparison of the two models in Salmon Creek.  Areas circled in red indicate where one model 

predicts flooding before the other.   
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Figure 4: Areas flooded within the Salmon Creek watershed at different amounts of sea level rise under two 

different flooding models.  Circles are coastal flooding and squares represent the Riverine flooding model.  

Filled (red) symbols represent the total area flooded at each sea level and open symbols correspond to the 

additional areas inundated at each level of SLR.    

 

Effect on current habitat.  The current habitat model identified 777 hectares of wetland spawning 

and juvenile habitat in the Salmon Creek watershed, 10% of which is blocked to river herring 

access by culverts and dams.  Current habitat affected is restricted to the lower portion of the 

watershed, mostly downstream of US-17 (Figure 5).  All habitat affected by sea level rise is 

currently accessible to river herring.  Even at the lowest level of predicted sea level rise, forty 

percent of the unobstructed habitat was affected by sea level rise (Table 6).  As sea level rise 

exceeded one meter, greater than 60% of the available unobstructed habitat was predicted to be 

under the sea level.  The current habitat edge has 67 km of perimeter (Table 7).  Of this length, 

the majority is classified as blackwater stream forest.  .    
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Figure 5: Relationship between current modeled habitat and sea level rise at all intervals.  Coastal flooding 

scenario pictured.   
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Table 6: Area (ha) of current river herring habitat affected at each level of sea level rise and percentages of 

total accessible habitat these areas represent. 

Level of SLR Coastal flooding Riverine flooding 
Percentage of 

unobstructed habitat 

0.25 cm 281 281 40% 

0.5 cm 347 347 49% 

0.75 cm 385 387 55% 

1 m 413 413 59% 

1.5 m 452 452 64% 

2 m 470 470 67% 
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Figure 6: Current habitat affected by sea level rise.  Circles are coastal flooding and squares represent the 

Riverine flooding model.  Filled (red) symbols represent the total area flooded at each sea level and open 

symbols correspond to the additional areas inundated at each level of SLR.    
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Table 7: Relative land cover of current habitat border affected by sea level rise of up to 2 meters. 

Land Cover km percent 

Atlantic Coastal Plain Blackwater Stream Floodplain Forest - Forest Modifier 49.44 73.61 

Atlantic Coastal Plain Dry and Dry-Mesic Oak Forest 4.48 6.66 

Atlantic Coastal Plain Dry and Dry-Mesic Oak Forest 3.15 4.70 

Successional Shrub/Scrub (Other) 2.68 4.00 

Evergreen Plantations or Managed Pine (can include dense successional 
regrowth) 

2.68 3.99 

Row Crop 1.47 2.18 

Unclassified 1.04 1.55 

Successional Shrub/Scrub (Clear Cut) 0.76 1.13 

Low Intensity Developed 0.61 0.91 

Atlantic Coastal Plain Northern Tidal Salt Marsh 0.28 0.42 

Open Water (Fresh) 0.25 0.37 

Pasture/Hay 0.21 0.31 

Open Water (Brackish/Salt) 0.07 0.10 

Other – Herbaceous 0.03 0.05 

Developed Open Space 0.02 0.03 

 
 
Potential of inundated areas to support spawning.  At all future sea levels, depths reported from 

the LIDAR data are reported within the range of spawning depths for river herring.  Inundated 

area increased with sea level rise, indicating that there may potentially be more habitat.  Scores 

from the future habitat model ranged from two to six, though a negligible percentage of habitat 

area received a rating of two.  At all levels of sea level rise the majority of future habitat 

appeared to be suitable (Table 8).  As sea level rise increased in the model, a higher percentage 

of available habitat is of lower quality.  Additional habitat gained at higher levels of sea level rise 

appears to be less suitable than in the lower increments of sea level rise.  

Table 8: Amount and distribution of future habitat quality predicted by the coastal sea level rise model.  

 Sea level rise (meters) 

Score 0.25 0.5 0.75 1 1.5 2 

2 0% 0% 0% 0% 0% 0% 

3 16% 13% 12% 11% 10% 9% 

4 0% 0% 0% 0% 1% 1% 

5 4% 5% 7% 9% 11% 13% 

6 80% 81% 81% 80% 78% 77% 

Total area inundated (ha) 341 426 478 513 592 645 
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Potential of current habitat to migrate.  Parcel value per hectare ranged from $2.78 to $45,944, 

with the median value $369 per acre.  Slope ranged from 0 to 35 percent and was divided into 

thirds at 0.415 and 1.106.  Relative migration index values ranged from five to twelve and were 

approximately normally distributed (Table 6).  Relative migration index values for the current 

habitat buffer ranged from five to twelve.  Eighty-one percent of this area had a relative 

migration index value (81%) between seven and nine.  Scores were not evenly spatially 

distributed across the study area (Figure 7).   
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Figure 7: Relative migration index applied to current wetland habitats.  White hashed areas represent currently modeled habitat 
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Total buffer area increased with sea level rise but the mean index value decreased, 

indicating a decline in the quality of buffer habitat, and therefore the capacity of wetlands to 

migrate as sea level rises.  This may be partially explained by hydrogeomorphology.  Salmon 

creek has a wide floodplain in some regions that is surrounded by areas with the highest slopes in 

the watershed.  In the initial levels of sea level rise, these floodplains are slowly inundated.  As 

these areas fill up, the area affected by sea level rise becomes proportionally less and doesn’t 

expand inland from currently flooded areas, but upstream.  Slope is greatest in the study regions 

surrounding wetland areas, which is not favorable for migration.  Little sea level rise flooding 

occurs outside of the delineated wetland boundaries once the wetland polygons are fully 

inundated with sea level rise.    

 

Table 9: Distribution of buffer area across the relative migration index for the coastal flooding model. 

 Sea level rise (meters) 

Relative migration index 0.25 0.5 0.75 1 1.5 2 

5 1% 1% 1% 1% 1% 1% 

6 7% 8% 8% 9% 9% 10% 

7 15% 18% 19% 19% 20% 20% 

8 23% 27% 29% 30% 32% 33% 

9 28% 30% 30% 29% 29% 28% 

10 14% 10% 9% 8% 7% 6% 

11 9% 4% 2% 2% 1% 1% 

12 4% 2% 1% 1% 0% 0% 

RMI mean 8.65 8.32 8.20 8.12 8.05 8.00 

Total Buffer Area (ha) 336 372 439 497 632 706 
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Discussion 

 

 As the sea level continues to rise, more wetland areas will be converted to open water 

habitats in Salmon Creek.  Initially, these areas are likely to be suitable habitat for river herring 

spawning and there is ample room for the wetlands that comprise the riparian boundary to 

migrate inland.  This could represent a net gain in spawning habitat for river herring.  Flooded 

wetlands are extremely productive; therefore, increases in habitat may expand survival of larval 

herring and be beneficial for populations (Walsh et al. 2005).  The modeling exercise presented 

here indicates that as sea level rise proceeds, areas inundated and their wetland boundaries will 

increase in area, but decrease in suitability for river herring.   

 A combination of decreasing habitat suitability and increasing salinity may result in 

increasing migration distances in response to sea level rise.  As downstream areas decrease in 

suitability, river herring may have to travel further upstream in search of suitable spawning 

habitat.  In addition, salinity is likely to increase in the lower portion of the Chowan River basin 

as sea level rise proceeds, shifting some of these areas from fresh water to brackish water.  River 

herring are tolerant to changes in salinity throughout all life-history stages; however, juveniles 

prefer to remain in low-salinity waters (Klauda et al. 1991).  Both of these effects could increase 

the energy necessary for migration.  North Carolina populations of river herring have fewer 

repeat spawners than more northern locations (Klauda et al. 1991).  Increases in the energetic 

cost of migration could lower the proportion of repeat spawners even more as fish become 

stressed and more likely to die during migration (Klauda et al. 1991).   

Other aspects of climate change could affect river herring stocks in North Carolina.  

Studies of the effects of climate change on fisheries have centered on changes in distribution in 

relation to ocean temperature.  There is significant evidence that ranges of fishes are shifting 
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towards the poles in response to shifting temperatures (Scavia et al. 2002).  Perry et al. (2005) 

showed that in the last 25 years fish ranges have shifted significantly north in latitude or 

increased in depth within the North Sea and hypothesized that this was a response to increasing 

water temperature.  River herring migration and distribution are linked to temperatures; therefore 

temperature increases could result in a more northerly oceanic distribution and a longer 

migration route.  The southern extent of the alewife’s range is in North Carolina (Jones et al. 

1978).  Northward distributional shifts may cause a gradual decline in alewife abundance 

regardless of conservation efforts.  These may already be occurring.  Historic alewife surveys 

reported South Carolina as being within the range of the alewife; however, more recent surveys 

indicate that spawning populations occur only as far south as North Carolina (NCDMF 2007).   

 Many assumptions were made in the creation of these models.  The use of current land 

use, slope, soils and vegetations assumes that these characteristics are static and will not change 

in the future.  The manner in which they change is evaluated here to assess the utility of the 

future habitat and relative migration models.   

Both property value and land use will change over time.  Salmon creek is beginning to 

come under development pressure which will result in the conversion of silvicultural and 

agricultural lands to private property (NCDENR 2007).  Residential development is more likely 

to occur along the water, causing a concomitant increase in property values in the regions most 

vulnerable to sea level rise.  This can be seen in the development of the Avoca farms property at 

the mouth of Salmon Creek.  Increased development may block restoration efforts as private 

property owners maintain their investment, in which case the relative migration indices 

generated here overpredict the ability of wetland habitats to migrate inland.   
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Slope and soils are also unlikely to remain constant.  Hydrologic changes can cause 

erosion of the soil, either as slopes are decreased from runoff erosion or are steepened as banks 

are undercut dues to rising waters and sea level rise.  It is also likely that as areas are flooded, 

organic matter will begin to accumulate in flooded areas (Conner et al. 1981), increasing the 

suitability of these areas for spawning.   

 Water quality and hydrology are also implicitly held constant throughout the models 

although both are important for river herring.  Changes in the vegetative community can affect 

water quality characteristics such as organic matter, dissolved oxygen and pH.  For example, as 

current vegetation dies, bacteria will use oxygen in the water column to decompose the wood, 

resulting in lower dissolved oxygen concentrations than would occur in a seasonally flooded area 

(Conner et al. 1981).  The magnitude of changes will be dependent on concomitant hydrology 

changes.  Relative sea level rise in a region is the result of many interacting factors.  In this 

paper, only changes in hydrology relating to sea level inputs have been considered.  The actual 

extent and level of sea level rise is the result of many other factors, including the amount of 

freshwater input and accretion in a specific wetland.  Changes in precipitation are expected in 

response to climate change.  The direction and magnitude of these changes varies across the 

globe.  Eastern North Carolina is forecast to become wetter as climate change proceeds, which 

would increase the freshwater input to Salmon Creek, raise the water table and increase the rate 

of inundation (Burkett and Kusler 2000).  Accretion was also not considered in this analysis 

factored into this analysis, but will likely mitigate some of the effects of sea level rise in the 

region (Moorhead and Brinson 1995).   
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Recommendations 

Sea level rise should be accounted for in coastal habitat planning in order to manage 

these habitats more effectively.  Information presented in this study can be incorporated into 

conservation planning by both private companies that acquire land for conservation and the state 

of North Carolina under the Coastal Habitat Protection Plan (CHPP).  Land trust organizations 

interested in preserving wetlands in areas undergoing sea level rise should incorporate this 

information into conservation plans to ensure that conservation targets are adequately 

represented in the future.  The framework used here could be applied to different types of 

riparian boundaries by selecting different parameters for the relative migration index.     

The state of North Carolina may also find this information useful in conservation 

planning activities.  Under the Fisheries Reform Act of 1997, the North Carolina General 

Assembly mandated the development of the coastal habitat protection plan, which identifies 

habitats important for fisheries resources and implement management practices that protect these 

habitats (Street et al. 2005).  While the CHPP acknowledges the link between wetlands and 

fisheries and indicates that these areas should be protected from sea level rise, current planning 

does not explicitly account for sea level rise (NCDMF 2009).  A pre-emptive approach to 

planning for sea level rise could be incorporated into the CHPP by identifying areas that will be 

important habitat in the future and incorporating them into the strategic habitat area designation 

process.   
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