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Abstract (DCERP1 Research Report)
Objectives

Critical military training and testing on lands along the nation’s coastal and estuarine shorelines
are increasingly placed at risk because of development pressures in surrounding areas,
impairments due to other anthropogenic disturbances, and increasing requirements for
compliance with environmental regulations. The U.S. Department of Defense (DoD) intends to
enhance and sustain its training and testing assets and to optimize its stewardship of natural
resources through the development and application of an ecosystem-based management approach
on DoD installations. To accomplish this goal, particularly for installations in estuarine/coastal
environments, the Strategic Environmental Research and Development Program (SERDP)
launched the Defense Coastal/Estuarine Research Program (DCERP) as a minimum 10-year
effort at Marine Corps Base Camp Lejeune (MCBCL) in North Carolina. The results of the first
six years of the program (DCERP1) are presented here.

The overarching objectives of DCERP are to: (1) understand the effects of military training
activities, infrastructure development, and other anthropogenic stressors, as well as natural
disturbances, on the coastal ecosystems at MCBCL and other coastal military installations;

(2) develop models, tools, and indicators to evaluate ecosystem health; and (3) recommend
adaptive management strategies to sustain ecosystem natural resources within the context of an
active military installation.

Technical Approach

DCERP1 was implemented in two phases. Phase | of the program was a planning period that was
conducted between November 2006 and June 2007 and resulted in the development of the
DCERRP Strategic Plan, the DCERP Baseline Monitoring Plan, and the DCERP Research Plan,
which collectively serve as the foundation for DCERP activities at MCBCL. Implementation of
these plans (Phase I1) began in July 2007 and resulted in the establishment of more than 350
monitoring and research sites, completion of 13 research projects, and development of the Data
Information and Management System (DIMS). DIMS currently archives DCERP1 monitoring
and research data and provides a standard data format that optimizes data storage and retrieval
for integrated analysis, allowing for exchange of information among the various DCERP1
partners and other interested researchers and stakeholders.

During Phase I, the DCERP1 Team developed the overall approach that was implemented during
Phase 11 and used to meet the program’s objectives. This approach started with identifying
ecosystem processes and stressors and developing an overarching conceptual model for DCERP1
that included four ecological modules: the Aquatic/Estuarine Module, the Coastal Wetlands
Module, the Coastal Barrier Module, and the Terrestrial Module. Because the atmosphere has an
overarching influence on all four ecosystem modules, it was treated as a fifth ecosystem module
(i.e., the Atmospheric Module). After developing the overall conceptual model (and conceptual
models for individual modules), the DCERP1 Team identified knowledge gaps in the models,
worked with the installation staff to identify the needs of MCBCL management, and then



determined potential research questions to address these basic knowledge gaps and management
needs.

Because DCERP1 was designed to be an adaptive program, the DCERP Baseline Monitoring
Plan was developed to gather environmental data to address MCBCL’s management concerns
and support the 13 research projects. The monitoring activities established important baseline
conditions in each of the modules against which changes in ecosystem processes from both
military training activities, other non-military stressors, and natural phenomena (i.e., extreme
events including hurricanes, droughts) could be measured. The monitoring activities also
provided data at the temporal frequencies and spatial extents needed to assess variability in the
environmental parameters of importance and were used to inform and validate ecosystem
models. Results from the research projects fed back into the adaptive monitoring efforts so that
changes in sampling frequency, spatial scale of sampling locations, or parameters to be sampled
could be adapted as necessary. Results were used to identify ecosystem indicators and develop
associated threshold values, tools, or design models that address MCBCL’s management needs.
This information was communicated to MCBCL personnel to assist them in making decisions
about what type of management actions could be taken to mitigate the effects of military-related
activities on the ecosystems.

Results
Key Scientific Findings

The first objective of DCERP1 was to provide basic scientific information needed to help
understand the physical, chemical, and biological processes associated with the coastal
ecosystems of MCBCL. The main findings associated with these processes included the
hydrodynamics of the New River Estuary (NRE) and the adjacent coastal system, sediment
transport among all four MCBCL ecosystems (i.e., terrestrial lands, streams and estuary, coastal
wetlands, and coastal barrier island), and nutrient cycling (particularly nitrogen) within the
aquatic/estuarine and marsh ecosystems, as well as the role of atmospheric deposition of nitrogen
to the ecosystems.

The NRE is a semi-lagoonal estuary with a long history of water quality degradation resulting
from loadings of nutrients, particularly nitrogen, resulting in phytoplankton blooms, extended
periods of hypoxia or anoxia, and resultant fish kills. Our results indicate that anthropogenic
nutrient-driven eutrophication and resulting algal bloom dynamics are controlled by climatically
driven hydrologic variability in the NRE. When the water residence time within the estuary is too
short to allow for nutrient assimilation by the phytoplankton, then bloom development is
constrained. Freshwater discharge is of critical importance from both ecological function and
ecosystem “health” perspectives because it controls nitrogen inputs and rates of nitrogen cycling.

In contrast to the NRE, which receives inputs of nutrients (particularly nitrogen from the New
River watershed), the marshes of the lower NRE and Intracoastal Waterway (ICW) are, by
comparison, nitrogen starved. Shallow groundwater from the uplands contains almost no nitrates,
and much of the source inputs from the New River watershed to the upper estuary are completely
assimilated by phytoplankton in the upper estuary. The intertidal salt marshes of MCBCL were
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found to be overwhelmingly large sinks for nitrogen, and nitrogen sink strength was dominated
by nitrogen burial during sediment accretion (80 to 90%) and by denitrification (10 to 20%).

Wind- and wave-driven hydrodynamic movement were responsible for both NRE shoreline
erosion and sediment resuspension in this shallow estuary. Transport of sediments from erosion
of sediment banks was found to provide at least half of the sediment required by the lower NRE
and ICW marshes to keep pace with sea level rise (SLR) through accretion. Although wind and
wave energy were most important as erosional forces in the estuary, within the confined channel
of the ICW, boat wake energy became a more important factor affecting shoreline erosion
processes. Wave energy from wind and boat wakes, compounded by the effects of routine
dredging of the ICW, are the main erosional processes responsible for doubling the width of the
ICW channel over the past 70 years. In addition, the very presence of the ICW traps the
landward transport of sand from overwash events and aeolian transport across the barrier island,
depriving marshes to the west of the ICW of this sand subsidy. As a result, salt marshes on the
eastern side of the ICW were found to have a higher elevation above mean sea level than the
marshes on the western (landward) side of the ICW. This finding has implications for the
sustainability of the marshes landward of the ICW at MCBCL and also in other coastal areas
along the ICW’s extent.

A comparison of washover extent across the barrier island suggests that the primary forcing
mechanism generating overwash processes has been tropical storm activity. Transgressive
barriers exemplified by the southwestern portion of Onslow Island may be overwashed more
frequently as sea level rises in the future, producing further erosion of dunes and creating more
washover fans. Studies of the two most substantial washover deposits generated by Hurricane
Irene (in 2011) found that these areas had not been overwashed in the past 70 years, and thus
were not just reoccurrences of overwash of previously breached dunes as occurred at several
other sites towards the middle of Onslow Island. This suggests that overwash occurs along the
barrier both in new areas and those that have previously overwashed.

Longleaf pine (Pinus palustris) forest habitat at many southeastern installations are managed to
promote habitat quality for the endangered red-cockaded woodpeckers (RCWs; Picoides
borealis). A basic question of concern was whether forest management practices to improve
habitat for RCWSs were beneficial or detrimental to other avian species. Research findings from
MCBCL suggest that these practices in general appear to benefit the avian community as a
whole. This is reflected in measures of community composition. Both species richness (the
number of species) and species diversity, which takes into account the relative abundance of the
species present, increased as RCW habitat quality increased. This was especially true for another
open pine habitat species of concern, Bachmann’s sparrow (Peucaea aestivalis).

The relationship between vegetation and avian communities was assessed on 45 pine plots and
was found to be highly correlated. Both vegetative composition and avifaunal communities were
compositionally different among longleaf pine, loblolly pine (Pinus taeda), and high-pocosin
sites. The overlap between the two communities suggests that the composition of avifaunal
communities is correlated with differences in understory vegetative composition that can emerge
in the different mature pine stands. Future efforts aimed at recovering avifaunal species may
depend upon the recovery of the understory plant communities.
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Models, Tools, and Indicators to Assess Ecosystem Health

The second objective of DCERP was the development of ecosystem models, decision-support
tools, and environmental indicators that could be used to evaluate ecosystem health. For
example, the Estuarine Simulation Model (ESM) predicted hydrodynamic exchanges in the NRE
and included components such as eelgrass (Zostera marina), the most abundant species of
submerged aquatic vegetation in the NRE, and total suspended solids (TSS). The ESM was used
to examine the changes in point and non-point source inputs on estuarine water quality variables
and ecosystem processes. The Marsh Equilibrium Model (MEM) was applied to MCBCL to
forecast changes in the relative elevation of the marsh surface and biomass response to different
rates of SLR possible in a climate changed future. Model simulations of different SLR scenarios
showed that the marsh vegetation survived 100 years only when the SLR was less than 60 cm
(24 in); otherwise, the marsh vegetation rapidly declined. This model can be transferred to other
locations, but requires local accretion rates, standing biomass, TSS, and water level data. Finally,
the Run-up and Overwash Model (ROM) was used to predict where overwash would occur on
Onslow Beach. This model correctly identified the four overwash areas resulting from the
passage of Hurricane Irene (in 2011) illustrating its use in forecasting vulnerable areas.

As previously discussed, there was a strong relationship discovered between hydrological flow
of the New River and phytoplankton biomass production. Freshwater flow of 27 cubic meters per
second (590 cubic feet per second) was identified as a tipping point for the estuary. At freshwater
flows above this threshold, which occurs approximately 22 days a year, the water residence time
in the NRE was too short for nutrient assimilation by phytoplankton in the water column; thereby
restricting algal bloom development. Benthic chlorophyll a concentration was also found to be
an excellent indicator of the effectiveness of the benthic microalgae to act as a nutrient filter.
When chlorophyll a ranged from 70 to 83 mg m™ or above, benthic microalgal biomass
increased, and nitrogen was sequestered from the water column. When conditions restricted
photosynthesis (chlorophyll a ranged from less than 70 to 83 mg m™), the microalgae released
nitrogen into the water column. In shallow estuaries such as the NRE, hydrologic changes can
modify both phytoplankton primary production and affect benthic microalgal production, which
modulates internal nutrient cycling.

Recommended Adaptive Management Strategies to Sustain Ecosystems

DCERP’s third objective was to recommend adaptive management strategies to sustain
ecosystem natural resources within the context of an active military installation. These strategies
are most applicable to the coastal wetlands, coastal barrier, and terrestrial ecosystems. More than
80% of the NRE shoreline is contained within the boundary of MCBCL. Only 19% of this
shoreline has been hardened with revetments, sills, and seawalls. This constrained shoreline
development has water quality benefits with respect to reduced nutrients and sediment runoff and
allows ecosystem services (e.g., storm surge protection, fish and shellfish nursery areas) of the
unhardened shorelines to be preserved. Although historic MCBCL practices of hardening NRE
shoreline in high-energy areas are appropriate, marshes and sediment banks, which supply
sediment vital for marsh accretion, will be needed in the future to help mitigate for rising sea
level. MCBCL managers should consider whether additional shoreline hardening is needed, and
if so, new shoreline hardening should be offset with marsh restoration in hardened areas where
wave energy is low and marsh restoration efforts would be successful. These restoration efforts
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will promote sustainability by allowing the marshes to migrate landward as sea level rises and
continue to provide shoreline ecosystem services not provided by hardened structures.

Marshes along the lower NRE and ICW are an integral part of amphibious training and are a
conduit for moving amphibious vessels between mainland training areas and the barrier island.
Reinforced splash points within the ICW have a lower shoreline change compared to unmodified
splash points. MCBCL managers should consider strategies to reduce erosion rates and enhance
sustainability of splash points for future training, including reinforcing splash points with
concrete ramps, implementing marsh restoration, or diverting some military training activities
from overused splash points to underused ones.

Similar to the ICW and coastal marshes, the barrier island provides essential beach for the
Marines to conduct amphibious assault training. At current training levels (frequency and
intensity), military training did not have a measurable impact on the landscape (e.g., sediment
texture, topography, habitat) or biology of Onslow Beach. For example, the installation’s
constraint of training to existing egress and ingress areas along the barrier island and restricting
vehicular and pedestrian traffic on the dunes and backbarrier marshes also prevents impacts to
the barrier. Our studies overall found that natural processes (wind and wave actions) overshadow
anthropogenic effects.

Forest management at MCBCL and other installations along the coastal, southeastern United
States is directed toward returning hardwood-pine lands to open canopy longleaf pine-wiregrass
communities. Installation restoration goals were better achieved by the combined use of
understory/midstory thinning in pine-hardwood plots followed by prescribed burning. Used in
combination, these practices removed more woody material and consumed more than three times
the fuel of prescribed burning alone. Thinning during the growing season was more effective in
reducing the understory/midstory woody plants than dormant season thinning or prescribed
burning alone. If these differences persist, they would indicate a possible benefit of growing
season thinning that could be implemented at other installations with longleaf pine restoration
goals. In either case with or without thinning, continued suppression of woody growth requires
regular prescribed burns. Additionally, the use of understory/midstory thinning appears to have a
secondary benefit in reducing PM, s emissions, thus providing improved smoke management for
installations.

The recovery of RCWs at installations in the southeastern United States drives forestry
management strategies. Forest management that specifically targets improving habitat conditions
for the RCWs was found to result in habitat changes that benefit the biodiversity of terrestrial
ecosystems in general and the total avian community specifically; therefore, this management
practice should be encouraged. Installation managers also should maintain the availability of
nesting substrate (e.g., live pines, pine snags, hardwood snags) for the wide variety of cavity-
nesting avian species because that determines the strength of interactions among these species.
Specifically, a shortage of dead or dying pine snags would likely result in negative impacts on
RCWs due to the takeover of their cavities in live pines by other cavity nesting species.



Benefits

The research conducted as part of DCERP1 has resulted in a greater understanding of MCBCL’s
biologically diverse ecosystems and their interactions with military training activities. In
addition, the research results provide an understanding of what on- and off-installation activities
affect these ecosystems and what management actions could be implemented to best sustain
MCBCL military training and testing resources. Through the research projects, the DCERP1
Team developed a series of indicators, models, and tools designed to benefit installation
managers by providing support for environmental decision making. Knowledge gained from
DCERP1 research will provide benefits to other military installations in coastal settings and to
the scientific community and general public at large.



DCERP1 Final Research Report

Executive Summary

Critical military training and testing on lands along the nation’s coastal and estuarine shorelines
are increasingly placed at risk because of development pressures in surrounding areas,
impairments due to other man-made disturbances, and increasing requirements for compliance
with environmental regulations. The U.S. Department of Defense (DoD) intends to enhance and
sustain its training assets and to optimize its stewardship of natural resources through the
development and application of an ecosystem-based management approach on DoD installations.
To accomplish this goal, the Strategic Environmental Research and Development Program
(SERDP) launched the Defense Coastal/Estuarine Research Program (DCERP) in 2006
(originally planned as a 10-year program) at Marine Corps Base Camp Lejeune (MCBCL) in
North Carolina. The DCERPL1 Final Research Report covers research conducted from November
2007 through September 2012. MCBCL provides an ideal research platform for DCERP because
it integrates a wide variety of coastal ecosystems—aquatic/estuarine, coastal wetlands, coastal
barrier, and terrestrial—all within the boundaries of DoD properties (Figure ES-1).

Cravi.n County
[

Onslow County
‘6&

b
7
o

Jones County

. Carteret County
=

Marine Corps
Base Camp Lejeune

Greater Sandy
Run Area

%
*

4
2
6.*

Location of Onslow County within
North Caralina

Pender County

#Rsleigh

AChariotte
L

Onslow Bay

Figure ES-1. DCERRP is located at MCBCL in the Lower Coastal Plain of North Carolina.

The overarching objectives of DCERP are to understand the effects of military training activities
and infrastructure development, as well as other natural and anthropogenic stressors on these
coastal ecosystems; to develop models, tools, and indicators to evaluate ecosystem health; and to
recommend adaptive management strategies to sustain ecosystem natural resources within
MCBCL’s operational goals. The DCERP Team consisted of researchers from seven academic
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institutions, three governmental agencies, and three private companies. Final results from 13
research projects conducted by the DCERP Team and reported here provide an understanding of
the composition, structure, and function of the aquatic/estuarine, coastal wetlands, coastal
barrier, and terrestrial ecosystems as they relate to MCBCL’s military training mission, but these
projects also have broader applicability for other DoD installations in similar coastal settings.
Because the baseline monitoring program and research projects were closely integrated, the
results presented here reflect input from the monitoring effort; however, the DCERP Team will
produce a separate DCERP1 Final Monitoring Report by January 2013. An important part of
DCERP’s goal is to develop tools that MCBCL natural resource managers can use to implement
ecosystem-based management strategies and to prepare this information for dissemination to
diverse stakeholder groups.

As part of our Strategic Plan, the overarching conceptual model for DCERP at MCBCL (Figure
ES-2) was subdivided into four ecosystem modules (i.e., the Aquatic/Estuarine, Coastal
Wetlands, Coastal Barrier, and Terrestrial Modules). Because the atmosphere and its physical—
chemical processes influence all four ecosystem modules, it is treated as a fifth module. In
addition, a sophisticated Data and Information Management System was developed as part of the
Data Management Module. This system, known as the Monitoring and Research Data and
Information Management System (MARDIS), was designed to facilitate communication and
collaboration among the team researchers, to archive all DCERP research and monitoring data,
final DCERP reports, reports to MCBCL, geographic information systems (GI1S) data files, and
various models and tools developed under DCERP.

Figure ES-2. Overarching conceptual model for the DCERP at MCBCL.

For each of the five ecosystem modules, this Executive Summary delineates the context in which
the research was conducted, briefly discusses the environmental processes studied and the
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methods applied or developed, and the major findings of the research. In addition,
recommendations are provided for MCBCL managers to use to sustain ecosystem health and at
the same time enhance sustainability of the military training mission.

Programmatic Overview

DCERP was established as a highly integrated temporal and spatial monitoring and research
program in which monitoring data provided information that validated models and research data
provided feedback on whether the monitoring was adequate to support research hypotheses. The
DCERP Team selected several major cross-module integrative processes to study. These
processes included the hydrodynamics of the New River Estuary (NRE) and adjacent coastal
system; sediment transport among MCBCL ecosystems (i.e., terrestrial lands, streams and
estuary, coastal wetlands, and coastal barrier island); and nutrient cycling (particularly nitrogen)
within the aquatic/estuarine and marsh ecosystems, and the role of atmospheric deposition of
nitrogen to the ecosystems. In addition to understanding these ecosystem processes, one of the
main goals of DCERP was to evaluate the impact of military training and associated land
management activities on these ecological systems. Specifically, the DCERP Team evaluated
water quality in watersheds with a wide range of land uses; assessed the impacts of amphibious
vehicles and vessels on the coastal wetlands and the barrier island; studied differences among the
various use zones (i.e., recreational, training, and off-road vehicle) of the barrier island; and
quantified the effects of forestry management practices on forest recovery goals, the avian
community, and smoke emissions during prescribed burning. The results from these studies are
summarized at a program level in Chapter 2 and within each module section of this report.

Aquatic/Estuarine Module

The Aquatic/Estuarine Module examined the tidal reaches of the NRE, from the freshwater head
of the estuary near Jacksonville, NC, to the tidal inlet at Onslow Bay, including 10 tributary
creeks within MCBCL lands. Research efforts were directed at ecosystem scale effects of
MCBCL and regional man-made activities and climatic stressors on microalgal production and
community structure in the NRE. These projects focused on identifying the physical and
chemical conditions affecting the development of phytoplankton communities and harmful algal
blooms (HABS), evaluating how water quality and nutrient cycling within the NRE are regulated
by benthic microalgae (BMA), and identifying and quantifying the contribution of MCBCL
tributary creeks to loadings of nutrients, sediment, and bacteria to the estuary from watersheds
with representative levels of military activities (e.g., training maneuvers, associated
infrastructure development).

Numerical models were developed and used to
e Integrate historical, monitoring, and research data to characterize the NRE
e Scale project-level results to the entire estuarine system

e Understand the effects of natural and anthropogenic stressors on watershed inputs to the
NRE

e Understand the NRE’s structure, function, and response to natural and anthropogenic
stressors
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e Provide decision-support tools that can be used by MCBCL for making complex
management decisions.

The modeling effort focused on the application of a range of Watershed Simulation Models
(WSMs) to predict loads of freshwater, nutrients, and sediments from the MCBCL watersheds.
The modeling effort also focused on the development of an Estuarine Simulation Model (ESM)
to understand and predict responses to natural (e.g., inter-annual hydrologic variability) and man-
made (e.g., nutrient and sediment loading) stressors within the NRE.

The NRE, surrounded by MCBCL and the City of Jacksonville at its head, is a shallow, semi-
lagoonal system with more than half of the estuary less than 2-m deep. Shallow estuaries such as
the NRE are vulnerable to man-made disturbances, including inputs of nutrients (e.g., nitrogen,
phosphorus) and sediments, and natural disturbances due to episodic storms. To assist MCBCL
in understanding how to sustain the water quality of the estuary, the DCERP Team determined
the relative importance of off-Base versus on-

Base sources of nutrients and sediment to the External N Sources to the NRE
NRE and calculated loads produced within the Pecent Annual Contribution
NRE. DCERP demonstrated that nitrogen was the Direct Atm Dep

6%

primary nutrient driving eutrophication in the
estuary. On an annual basis, off-Base watersheds
(i.e., New River and Southwest Creek)
contributed 64% of the total external nitrogen
load to the NRE, whereas MCBCL watersheds \
and the MCBCL wastewater treatment facility °f;f;‘e
(WWTF) contributed a combined 15% of the load

(Figure ES-3). Onslow Bay (i.e., the Atlantic
Ocean) and atmospheric deposition accounted for
15% and 6% of the external N load, respectively.
Although this current picture of nutrient sources
points heavily toward management of nutrients in
the New River watershed upstream of MCBCL, Figure ES-3. The annual contribution of
increasing infrastructure development and external nitrogen (N) sources to the NRE.
training needs are rapidly modifying land uses on

MCBCL that could impact the future delivery of

nutrients to the NRE.

Coastal streams are both the receiving waters and transport conduits for land-derived materials
(e.g., nutrients, sediment, bacteria). This high level of connectivity to the surrounding watershed
makes headwater streams sentinels of impacts that may occur due to changing land uses.
Determining the impacts of land use and rainfall patterns on material delivery by streams is
necessary for quantifying and reducing degradation resulting from watershed development.
Headwater streams on MCBCL were investigated for 5 years during baseflow and storm events.
Flow was measured continuously and samples were analyzed for nutrient and total suspended
solids (TSS) concentrations and bacterial contamination. Research results show that in more
developed watersheds with a higher percentage of impervious surfaces (e.g., paved roads,
parking lots), loading of most constituents increased when compared to less developed
watersheds with lower percentages of impervious surfaces. Regression modeling found a linear
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Additionally, comparison of Figure ES-4. Tributary creek loading of nitrate
the loading from a drier year versus percent watershed imperviousness.

(2008-2009) to two wetter

years (i.e., 2009-2010 and 2010-2011) revealed increased loads of most constituents in wetter
years. Somewhat surprisingly, this comparison showed that developed watersheds had similar
proportional increases in loading compared with less developed watersheds.

Loading patterns of fecal indicator bacteria (FIB) in coastal streams have not received significant
attention in the past. FIB, which are used as proxies for pathogens of fecal origin, were
frequently found at elevated concentrations above regulatory standards for fecal contamination in
headwater portions of 10 study streams. Total loads of 10 million to 10 trillion bacteria cells per
storm event were released into the creeks, and storm loadings were 30-37 times greater than
baseflow loadings. To determine whether the elevated FIB concentrations detected were from
human or other mammalian sources, several indicators of human fecal contamination were
assessed in a subset of four of the 10 creeks. Within those four creeks, human fecal
contamination was detected in only two creeks, with the highest frequency of positive results
(50%) for human contamination detected in a tributary to Southwest Creek near the New River
Air Station. Although the high FIB concentrations detected in tributary creeks were significantly
diluted when creek effluents enter the estuary, this dilution is likely not enough in all cases for
the waterbody to meet regulations for certain uses such as shellfish harvesting.

The vast majority of the primary production in the NRE, which forms the base of the estuarine
food chain for shellfish, fish, and other organisms, is contributed by the pelagic (water column
dwelling) phytoplankton and BMA. Other photosynthesizing components of the system (e.g., salt
marshes, sea grasses, macroalgae) contribute very little to total system production due to their
limited areal extent in the NRE. Phytoplankton and BMA production appear to be of comparable
magnitude on an estuary-wide basis. Phytoplankton production dominates at the head of the
estuary, whereas BMA production dominates in the lower estuary nearer to the New River Inlet.
These trends relate to the underlying controls on productivity of each microalgal component. For
example, BMA production is limited by the amount of light reaching the estuarine bottom, which
is determined by water depth and clarity. Phytoplankton biomass, suspended sediments, and
chromophoric (colored) dissolved organic matter reduce water clarity and inhibit light from
reaching the bottom of the estuary and the BMA particularly in upper estuary areas.
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Phytoplankton biomass and production are strongly controlled by river flow. As freshwater and
its nutrient load enter the head of the estuary, phytoplankton assimilate the load and accumulate
biomass. It takes 1-2 weeks for the phytoplankton to completely assimilate the riverine nutrient
load and develop maximum bloom biomass. Where this time point is reached along the riverine-
marine continuum is determined by how fast the freshwater is moving down the estuary, which is
a function of river flow. Under low river flow conditions, riverine nutrient loads are completely

assimilated by
phytoplankton within the
upper estuary fueling
phytoplankton growth and
bloom formation. Both
bioassay and productivity
data suggest that intense
nutrient limitation,
particularly nitrogen
limitation, occurs as
riverine loads are depleted
by phytoplankton growth
within the upper estuary.
During intermediate flow
conditions, increased
flushing rates preclude
bloom development within
the upper estuary, but
blooms are observed within
mid-estuarine reaches.
High flows can prevent
bloom formation along the
entire extent of the estuary.
Specifically, a threshold
river flow or tipping point
of approximately 27 cubic
meters per second (590
cubic feet per second)
results in freshwater
flowing down the entire
estuary at a rate too fast for
bloom development
(Figure ES-5). Periods
when this hydrologic flow
tipping point are achieved
are rare (on average 22
days a year) and are usually
associated with intense
rainfall events associated
with storms or hurricanes.
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Figure ES-5. Linkage between bloom events
in the NRE and riverine discharge.
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Because phytoplankton have too little time to assimilate nutrients during these high flow
conditions, a large fraction of the nutrient inputs are flushed directly into the ocean without
producing any algal blooms. In effect, this phenomenon represents a “purge valve” for the
estuary and prevents the accumulation of nutrients during periods when nutrient inputs are at
their highest level. The results indicate that the NRE is highly sensitive to nutrient inputs and that
any increases in riverine nutrient loads (i.e., increased riverine nutrient concentration or point
source inputs directly to the estuary) that are not accompanied by flows in excess of 27 cubic
meters per second are likely to lead to higher phytoplankton production and blooms in the
estuary.

In addition to those phytoplankton that provide food for estuarine organisms, there are several
groups that contain harmful algae species, including cyanobacteria, dinoflagellates, and
raphidophytes. HABs dominated by raphidophytes (a group of flagellated phytoplankton) found
in the NRE, displayed a distinct seasonality and were much more common during the warm
period from late spring through early fall. In addition, although most phytoplankton blooms
occurred during moderate river flow periods, raphidophyte blooms often occurred during
droughts when riverine inputs were greatly reduced. The source of nutrients fueling these
drought period blooms was not immediately apparent, although internal nutrient loading from the
sediments may have played a critical role in bloom development of raphidophytes that can move
vertically in the water column each day and may have migrated into the bottom sediment layer to
obtain nutrients during the night. Although raphidophytes are known to produce toxins that can
kill fish, the toxin production potential of these HABs and other harmful algal groups remains to
be determined in the NRE. However, these HABs may have important consequences for the
ecological health of the NRE if warming temperatures and intermittent drought and wet periods
occur as projected with future climate change.

Although the productivity of the estuary is determined by both the pelagic phytoplankton and the
BMA, it is the BMA that play the more important role in controlling the amount of nutrients
available within the estuary. BMA acts as a “nutrient filter,” which plays an important role in
regulating nutrient exchanges between the sediment and water column. When the BMA are
photosynthesizing, they remove nutrients from the water column and sequester them in their
biomass and in the sediments. In contrast, when the BMA are not receiving adequate light for
photosynthesis, they release nutrients back into the water column and that, in turn, fuels
additional phytoplankton blooms (Figure ES-6). BMA stabilize bottom sediments and provide
some protection against nutrient enrichment and accompanying eutrophication of the overlying
estuarine water column.
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Figure ES-6. A conceptual model showing the impacts of freshwater discharge
on estuarine processes, including the BMA and phytoplankton communities.
(Left) Panel shows low freshwater discharge; (right) panel illustrates high freshwater discharge.

To determine the effectiveness of the BMA as a nutrient filter, we measured seasonal variation
along the estuarine gradient of sediment characteristics, benthic chlorophyll a biomass,
metabolic rates, N cycling rates, and sediment—water nutrient fluxes. The results demonstrated
that the NRE is moderately eutrophic (fairly rich in nutrients) with benthic production
responsible for approximately 41% of total estuarine productivity. The benthos served as a
source of internal nutrients supporting phytoplankton production and as a benthic nutrient filter,
sequestering and removing nutrients from the water column. Effectiveness of the BMA was
dependent upon light availability and that area of the estuary bottom receiving light otherwise
referred to as the photic area. Both light availability and photic area varied as a function of
freshwater discharge. Over the study period, the photic area in the NRE varied from 46-97% of
the total estuarine bottom area being greatest during drought periods when water clarity was the
highest. When light availability was low, the benthos switched from photosynthesizing their food
to using organic compounds for food, and from being a net sink for N to being a net source of N
to the water column.

Overall, benthic chlorophyll a is an excellent indicator of the effectiveness of the BMA as a
nutrient filter. During the summer, the threshold for benthic chlorophyll a ranged from

70-83 mg m, below which the BMA was a source of nutrients supporting phytoplankton
production and above which the BMA was a sink, sequestering nutrients from the water column.
During periods of high river discharge with high nutrient inputs, high pelagic phytoplankton
production, and a small photic area, the BMA nutrient filter was less effective due to light
limitation and low BMA biomass. In the upper estuary near Jacksonville, tannins or
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chromophoric (colored) dissolved organic matter and sediment loads were dominant factors
controlling light attenuation, benthic metabolism, and nutrient exchange. In contrast, in the lower
estuary, resuspension of sediments and phytoplankton abundance were more important drivers
controlling the benthic nutrient filter. Due to the positive effects of the BMA nutrient filter on
limiting sediment fluxes of N to the water column (thereby reducing phytoplankton blooms) and
on providing food for valuable fisheries resources, regional watershed management actions
should aim to maintain or shift the balance toward BMA production and away from
phytoplankton production. To accomplish this, both nutrient loads (which stimulate
phytoplankton blooms) and riverine sediment loads (which can reduce water clarity, thus
impairing photosynthesis of the BMA) should be targeted for reduction.

Recommendations to Installation Managers for Aquatic/Estuarine Ecosystems

1.

Decreasing tributary nutrient concentrations and/or reducing point source loadings (e.g.,
wastewater treatment plant discharge) to the estuary should be a major priority of
MCBCL managers to reduce phytoplankton biomass. Reductions in phytoplankton
biomass resulted from upgrades made to the WWTF in 1989. This offers proof of the
sensitivity of the NRE phytoplankton assemblage to flow-independent changes in nutrient
loading.

The Estuarine Simulation Model (ESM) was validated during DCERP1 and can be used
by MCBCL water quality management staff for scenario testing. For example, the ESM
can predict responses of the estuary (e.g., changes in chlorophyll a) resulting from
changes in nutrient inputs (or other parameters such as water clarity, riverine flow, or
temperature) to predict changes in water quality condition of the NRE.

Future facilities planning strategies on MCBCL should include careful selection of the
location of new infrastructure development. Proactive site selection to minimize runoff
potential will be more cost effective than having to retrofit a site after construction to
remedy stormwater runoff.

The percent imperviousness of a watershed should be a consideration in siting additional
facilities, especially if the percent of impervious surface area is already approaching or
exceeding 15%.

Maintaining significant riparian buffers along tributary creeks and the NRE shoreline
should be encouraged to help reduce runoff of nutrients and sediment. Vegetated buffers
are valuable for maintaining water quality, increasing resilience to climate change by
decreasing damage from flooding and providing space for the marshes to migrate as sea
level rises (see Recommendations to Installation Managers for Coastal Wetland
Ecosystems #6).

Coastal Wetlands Module

The Coastal Wetlands Module investigated factors affecting the sustainability of coastal marshes
relative to military training impacts, projected SLR, and shoreline erosion by wind waves and
boat wakes, as well as the role of salt marshes in cycling nutrients within the MCBCL coastal
ecosystem. Coastal wetlands are defined as the vegetated and non-vegetated intertidal habitats in
salt and brackish waters and include marshes and adjacent mudflats, sandflats, and tidal creeks.
Salt marshes within the MCBCL region occur in the lower NRE and along both shores of the
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Intracoastal Waterway (ICW). These marshes are typically dominated by smooth cordgrass
(Spartina alterniflora) and black needle rush (Juncus roemerianus). They are also the only
wetlands on MCBCL that adjoin and occasionally intercept amphibious military training
exercises and that play a role in barrier island stabilization. Given the importance of the estuarine
shoreline for military training activities and the role of the marshes in protecting MCBCL
infrastructure, our research addressed shoreline erosion within the NRE and the ICW. The
increase in the number and size of vessels and their resultant wakes has complicated our ability
to predict and mitigate estuarine shoreline erosion.

Several models were used to understand processes affecting these coastal marshes. The Marsh
Equilibrium Model (MEM) was used to determine marsh response to projected SLR and to
predict when the marshes at MCBCL might be inundated and collapse in the future. A
customized version of the National Oceanic and Atmospheric Administration’s (NOAA’s) Wave
Energy Model (WEMo) was used to classify estuarine shorelines exposed to wave energy, to
identify shorelines where boat wake energy significantly increased total wave energy, and to
determine shoreline erosional hotspots. A new component also was added to WEMo to
determine estuarine areas prone to resuspension of sediments along the estuary bottom. Lastly,
water budgets (including shallow groundwater inflows to the marshes) derived from a Salt
Balance Model, and drainage fluxes derived from the Darcy Model were used for analyzing three
sites at the French Creek (mid-estuary), Traps Bay (lower estuary), and Freeman Creek (ICW)
marshes.

Marsh Response to Projected SLR

Some of the most sensitive ecosystems to global climate change are coastal marshes, but the
future of these marsh ecosystems and their responses to accelerating SLR are uncertain. Coastal
marshes maintain equilibrium with sea level by adding elevation by accretion. Marsh accretion
can occur as a result of two processes: accumulation of sediments trapped from the water column
and production of organic matter by marsh plants. Marsh accretion rates were measured at three
salt marshes located in the lower NRE and ICW and were determined to be keeping pace with or
exceeding the current rate of SLR. The accretion rate was greatest at salt marsh sites on the west
side of the ICW (9 mm/y) and exceeds the current mean rate of SLR in North Carolina (2.7
mm/y; NOAA, 2004) by at least 6 mml/y.

Experimental fertilization of marsh plots with nitrogen and phosphorus increased aboveground
biomass of marsh vegetation and sediment accretion rates. Treatment with these nutrients raised
the rate of elevation gain 4 mm/y and 5.1 mm/y on the western and eastern sides of the ICW,
respectively. These increases were sustained over the course of the 4-year study and showed no
evidence of abating.

Both empirical results and the MEM predictions indicate that the Freeman Creek marsh (west of
the ICW) is not in equilibrium with SLR; although the Freeman Creek marsh had the highest rate
of sediment accretion, it has the lowest elevation. We can explain the apparent contradiction
between the high accretion rate and low elevation by considering the effects of dredging the
ICW. The ICW has been repeatedly dredged to a box cut-shaped channel on a 5-year cycle. We
have developed a conceptual model for this process, which we refer to as the “dredge and slump
model” (Figure ES-7). This conceptual model describes a cycle consisting of
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the episodic lowering of marsh
elevation, coincident with
dredging, followed by a rapid
recovery. We hypothesize that
when this occurs, the vertical
walls of the channel begin to
collapse, and the adjacent marsh
slumps into the channel. In
addition, the proximity of
Freeman Creek to Browns Inlet
likely increases both the frequency

Figure ES-7. The conceptual “dredge and slump” and magnitude of dredging
model, which explains how marshes west of the ICW  impacts, as well as the sediment

could be currently far below the equilibrium elevation.  supply for recovery. The ICW
adjacent to Browns Inlet is

dredged more frequently than other portions of the ICW, which may increase the slumping of the
marsh adjacent to the ICW channel in this vicinity relative to other areas. However, the increased
sediment supply, which results in the more frequent dredging, also results in a higher sediment
accretion rate to maintain marsh surface elevation. At present, the balance of these processes has
resulted in a lower marsh surface at Freeman Creek, despite the high sediment accretion rates.
Similar processes likely occur on both sides of the ICW, but over time, the sediment supply to
the marshes on the eastern shore of the ICW will be replenished, from overwash and aeolian
transport from the dunes on Onslow Island, in addition to tidal transport of suspended sediment.
The ICW acts as a trap for sand and sediment eroded from the barrier island, and this dune-
derived sand and sediment never reach the western shore marshes. This suggests that marshes
west of the ICW (Freeman Creek) are more vulnerable to a future rise in sea level than marshes
east of the ICW.

MEM simulations of marsh elevation and standing biomass were made for different SLR
scenarios ranging from an assumption of a constant rate of SLR equivalent to 2.7 mm/y (0.1 in/y)
to an assumption of a rapidly accelerating rate of SLR that raised mean sea level to 200 cm (7 in)
by the end of the century (Figure ES-8). Model simulations of control sites showed that marsh
vegetation survived 100 years only when sea level was assumed to rise either 24 cm (9 in) or 60
cm (24 in). Fertilized marshes fared better than controls because they were predicted to survive a
100-cm (39 in) rise in sea level, although biomass was beginning to decline rapidly by the end of
the century.
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Figure ES-8. MEM forecasts of marsh elevation and standing biomass for different SLRs.

The survival times for the various MEM simulations ranged from less than 60 years for ambient
marshes that experience a 200 cm (7 ft) rate of SLR to greater than 100 years, depending on the
SLR scenario and nutrient treatment selected. We predicted that control sites would survive no
more than a century if the sea level was to rise 80 cm (32 in) in the next century. Fertilized
marshes tolerate a higher rate of SLR; only at the highest rates of SLR (i.e., 150 and 200 cm [59
and 79 in, respectively]) did the marshes succumb before the end of the century.

NRE Shoreline

The Coastal Wetlands Module utilized WEMo to evaluate the wind wave and sediment erosion
potential of the NRE shoreline. Several creek mouths were found to be points of high wave
energy, suggesting that any discharge from these tributary creeks would pass into an area of high
resuspension capacity, which could enhance distribution of sediments and/or nutrients into the
remainder of the estuary. Sediment and nutrient loading into these creeks should receive special
attention from MCBCL natural resource managers. In addition to the creek mouths, other
shoreline zones or “hotspots” of potential sediment resuspension were identified (Figure ES-9).
The locations of these hotspots should be given consideration as sites where military training
activities, such as splash points, should be limited.
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Before we could determine the impact
of wind and wave energy on shorelines,
we conducted a detailed field survey in
2009 and found that 53% of the NRE
shoreline could be characterized as
Sediment Banks, 21% was Marsh, 6%
was Swamp Forest, and 19% had been
Modified or hardened with
construction material, bulkheads, and
stone sills. Shoreline change rates
(SCRs) were determined from analysis
of historical aerial imagery and divided
into Early (1956-1989) and Recent
(1989-2004) periods. Over the entire
time period from 1956 to 2004, the
NRE sediment bank SCR averaged
—0.45 m y™*. Erosion rates from the
Recent period were found to be higher
than for the Early period, which may
be related to the increase in hurricane
frequency and SLR, but may also be
influenced by increased boating
activity. With the exception of the
Sediment Bank shoreline with marsh
fringe, all shorelines demonstrated
increased erosion with increased wave
energy. In contrast to other shoreline
types, SCR for most of the Modified
shorelines decreased during the Recent
period. We suspect that this was due to
modifications that occurred post-1989,

so the Early period erosion rates include what were then unmodified shorelines.

To understand the potential influence of waves impacting the shoreline, shoreline-type specific
SCRs were compared with Representative Wave Energy (RWE; j m™ wave crest) values
determined using WEMo. For this exercise, we used WEMo to calculate wave energy at the
shoreline considering both local bathymetry and wind data along the entire NRE shoreline. Salt
Marsh shorelines exhibited net erosion and Sediment Banks without a salt marsh fringe had more
erosion in every wave class as compared to Sediment Banks with fringing marsh. Swamp Forest
shorelines were few, did not exist in the highest wave classes, and in some cases, showed
accretion. The existence of salt marshes across all wave classes and their mitigative effect on
sediment bank erosion suggests that salt marshes are providing important stabilization services
and should receive high priority for shoreline erosion protection. We have identified several
erosion hotspots where salt marsh restoration may provide erosion protection.

Through SCR analysis, we also determined that the average annual volume of sediment eroded
from NRE shorelines was approximately 35,300 m® y (1,236 ft® y%), assuming a vertical shore
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face. A more conservative estimate, assuming a 45-degree angle shore face, would be nearly half
of that amount, or approximately 17,500 m*®y™ (600 ft° y™). Given that the current average rate
of SLR along the North Carolina coast is 2.7 mm y™* (NOAA, 2004), and this rate is expected to
accelerate, for the approximately 11 million m? of salt marsh on MCBCL to keep pace with SLR,
approximately 32,100 m® (1,130 ft* y™) of sediment must be accreted annually. This amount is
close to the higher estimates of annual sediment volume released by vertical shore face bank
erosion, but almost twice the conservative estimate, assuming a 45-degree angle shore face.
These estimates demonstrate the potential importance of NRE bank erosion as one of the
sediment sources important to sustain the coastal wetlands on MCBCL.

We also identified many hardened shoreline segments in areas of low forecast wind wave energy.
These locations are strong candidates for marsh restoration by removal of the modified structures
and transplanting marsh grasses. Shorelines with wave regimes up to approximately 340 j m™ are
good candidates for restoration, while shorelines with wave regimes above 340 j m™ represent
areas where installation of living shoreline would be more experimental. We documented a
number of shoreline locations where high wave energy can be expected and special attention
should be given to maintaining the status of existing shoreline structures.

ICW Shoreline

Our analysis of historical aerial imagery showed that the ICW has doubled in width since its
construction (i.e., from 70 m in 1938 to more than 145 m in 2009). The SCR needed to provide
this rate of channel widening is —0.5 m y™* (-=19.7 in y™*). Analysis of SCR in the ICW from 1989
to 1999 revealed a reduction in SCR of —0.21 m y™* (—8.27 in y'). Together, these data suggest
that although the channel has widened substantially since its construction, shoreline erosion rates
have been reduced in more recent years.

Wave energy from wind and boat wakes are the main erosional forces in the ICW. Our research
in the portion of the ICW that passes through MCBCL is, to our knowledge, the first quantitative
assessment of boat wakes in the ICW that evaluates historical shoreline erosion. Our research
also conducted a comparative analysis among wind waves and boat wakes to define the potential
tipping point where boat wake impacts would be eclipsed by the natural, wind wave environment
for effects on shoreline stability. An automated video surveillance system and wave sensor were
used to capture the passage of several hundred vessels on videotape. From this sampling, we
detected 528 V-hull vessels. Because these V-hull vessels are responsible for most of the boat
wakes that cause shoreline erosion, we focused analysis solely on this hull type. During the peak
season (April and May), we detected an average of 14 V-hull vessels per day. Overall, during the
16-month period of this study, we detected 4,824 boat wakes. Although both the median and 95"
percentile of wind waves were larger than those wakes caused by the V-hull vessels (i.e., boat
wakes), the top few percentages of boat wake wave events exceeded the top few percentages of
wind waves (Figure ES-10). Given that the natural shorelines in the NRE exposed to wind wave
heights of approximately 0.35 m (1.15 ft) are eroding from year to year, it is not surprising that
larger waves from vessels would be responsible for similar levels of shoreline erosion that we
documented along the ICW.
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To understand where the tipping point
between wind and boat wake wave ICW boat wakes — ——
effects may occur in the estuary, we
computed the relative contribution of
wind wave versus potential boat wake
wave energies in a test section of the
lower NRE near the ICW. We found that
43% of the test bed locations would not
experience boat wakes greater than that
of the background (95" percentile) wind
wave conditions. Based on this approach,
it appears that boat wake effects will
diminish rapidly with distance away from
the ICW in situations where the NRE is
widening. In contrast, small bays that
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Military Training Impacts on Coastal
Wetlands

Our research focused on the potential impacts associated with military access to the ICW and
lower NRE. There are a variety of amphibious crafts that enter and exit the ICW at many
designated splash points. Observations and discussions with MCBCL personnel suggest that
many of these splash points are particularly active. None of these splash points are hardened with
concrete ramps, and three of them exhibited higher erosion rates between 1989 and 2009 than the
average ICW SCR. We recommend that these three splash points be considered for modification,
reinforcement, or marsh habitat restoration or that training activities be relocated to other
underused splash points.

Finally, based on the analysis of marsh-to-water area ratio over time and the aerial record of
Landing Craft Air Cushion (LCAC) tracks showing visible disturbances in the marshes adjacent
to Mile Hammock Bay, we concluded that the historic rate of LCAC training events does not
have a lasting impact (greater than 3 years) on salt marsh production, elevation, or marsh
fragmentation (Figure ES-11). However, experimental passages of a LCAC vehicle over the
marshes in the lower NRE area would be required to directly test the hypothesis that LCAC
utilization lowers marsh elevation.
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Figure ES-11. Maps of the coastal wetlands near Mile Hammock Bay.

The 1956 shoreline (mapped in yellow) on the (A) 1956 imagery and (B) 2004 imagery. Note that in the 2004 image
(B), LCAC tracks are visible across the salt marsh. In the 2007 imagery (C), digitized LCAC tracks are mapped
from the 2002 and 2004 imagery. In the 2007 imagery (D), the digitized tracks are not shown,
illustrating the tracks are no longer visible.

Nutrient Cycling in Coastal Wetlands

Studies were conducted to determine the magnitude of N exchanges among intertidal marshes
and adjacent watersheds and marine and estuarine waters within MCBCL. The work was
conducted in three marshes (i.e., French Creek [mid-NRE], Traps Bay [lower NRE], and
Freeman Creek [ICW]) that represent a gradient in tidal amplitude and marsh ecotypes common
to MCBCL. Routes of nitrogen exchange focused on groundwater discharge to marshes, marsh
drainage to the NRE and ICW, and denitrification (conversion of nitrates and nitrites to nitrogen
gas [N2]) and burial. The net nitrogen source or sink capacity of the marshes was quantified.

Groundwater inputs to MCBCL were found to be an important source of freshwater to the root
zone of marsh plants, but not an important source of nitrogen to the marshes principally because
groundwater dissolved inorganic nitrogen (DIN) concentrations are very low. We estimated a
factor of a 5 to 10 buffer for rising groundwater DIN concentrations before the groundwater
nitrogen flux to the marshes could be deemed significant.
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The nitrogen inputs from marsh drainage to open waters of the NRE are trivial, relative to other
sources. However, nitrogen inputs are not trivial from the marshes to the waters of the ICW.
Dissolved N inputs from marsh drainage was estimated for different tidal amplitudes because
higher tidal amplitudes were found in marshes along the ICW and translated into a factor of 10 to
50 higher rates of nitrogen delivery to adjacent surface waters through marsh porewater drainage.
The higher tidal amplitude and greater marsh perimeter-to-area ratio in these ICW marshes
resulted in these systems being a local source of nitrogen to the waters of the lower NRE and
ICW.

Ambient denitrification rates in the MCBCL marshes are also low and dominated by coupled
denitrification (nitrates converted to N) because tidal nitrate concentrations are low and there is
no groundwater source of nitrates. MCBCL marshes have a huge denitrification capacity and
show linear increases in rates up to nitrate concentrations two orders of magnitude higher than
current concentrations. With respect to the nitrogen source/sink budget of the marsh,
denitrification is one to two orders of magnitude larger than marsh nitrogen export through
marsh drainage and inputs of groundwater nitrogen via groundwater.

When all exchange routes for nitrogen were considered, the intertidal marshes of MCBCL should
be considered overwhelmingly large sinks for nitrogen. The nitrogen sink strength is dominated
by sediment nitrogen burial during sediment accretion (80-90%) and denitrification (10-20%).
Scaling-up these measured rates of sediment nitrogen burial to the respective total marsh area,
we estimated that 9,660 kg N y™ (20 Ib N y) is buried in the marshes bordering the NRE, and
23,460 kg N y™* (51 Ib N y™) is buried in the marshes bordering the ICW. These estimates show
that NRE and ICW marshes function as a net sink for nitrogen (Figure ES-12). The magnitude
of the nitrogen sinks within the marshes would have to decrease on the order of 20-fold before
the marshes would switch from being a net sink to a net source of N. Barring any extreme
changes in marsh geomorphology or severe increases in tidal amplitude, if the existing marshes
continue to accrete at rates keeping pace with SLR, then they will remain as a net nitrogen sink.
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Figure ES-12. Nitrogen source/sink summary for NRE marshes (A) and ICW marshes
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(B) with respect to adjacent surface waters.
All fluxes are in kg N y™.

mendations to Installation Managers for Coastal Wetland Ecosystems

In the NRE, several tributary creek mouths were found to be points of high wave energy,
suggesting that any discharge of materials from these creeks would enter an area of high
resuspension capacity, which could enhance the release of any water column sediments
or nutrients emerging from these creeks into the estuary. This release of sediments into
the water column could inhibit the photosynthesis and subsequent nutrient retention by
the BMA, thus spurring phytoplankton production. Thus, we recommend that sediment
and nutrient loading into these creeks in particular be constrained by using BMPs (i.e.,
riparian buffers or stormwater detention ponds) as much as possible in the respective
watersheds.

In the ICW, several (unreinforced) splash points have exhibited higher shoreline erosion
rates than the average for the ICW. We recommend that these areas be considered for
modification, reinforcement, marsh habitat restoration, or that military training activities
be relocated to other underused splash points to reduce erosion rates and enhance
sustainability of these splash points for future training maneuvers.

For any given vessel, its speed determines the size of its wake. If the speed, particularly
of large V-hulled vessels, were reduced to pre-plowing levels (approximately 20 knots
down to 7 knots) vessel wakes will be sufficiently small so as to not create sediment-
eroding waves as they encounter shallow water at the margins of the waterway. We
recommend that MCBCL consider requesting the establishment of no-wake zones in the
ICW to reduce boat wake erosion of the marshes. If properly constructed, a 2-mile no-
wake zone in the ICW study area would increase transit time by only 10 minutes. These
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longer transit times (and smaller wakes) would substantially reduce the creation of
erosion-generating boat wakes in both the ICW and small bays adjacent to the ICW.

The MEM forecasts a 95-year survival time for MCBCL area marshes should sea level
rise 100 cm (39 in) by the end of the century. There are two management strategies that
could mitigate the effect of the ICW on the surrounding marshes and enhance their
sustainability: (1) nutrient enrichment to enhance biomass production and sediment
accretion of the marshes, and (2) thin-layer disposal of dredge spoils on the marsh
surface. Each option is described as follows:

e Considering the option for nutrient sources for nutrient enrichment as a management
strategy, the effluent from a WWTF is typically enriched with both macronutrients,
N and P. Having a wetland treatment site with vegetation that is co-limited by both
nutrients is desirable from the standpoint of nutrient removal. However, the
possibility of unintended adverse effects needs to be investigated before nutrient
enrichment for marsh survival is put into practice because there could be negative
consequences for estuarine water quality.

e Thin-layer disposal of dredge material is another alternative to the current practice of
removing the dredged sediment from the system. This practice has been tested
experimentally by the U.S. Army Corps of Engineers (USACE) and has been shown
to promote growth of healthy marshes. S. alterniflora appears to be adapted to burial
with sediment and thrives; however, there likely would be negative consequences for
the benthic organisms that live in the marsh sediment, but these negative effects
would likely only be temporary.

There are a large number of shoreline segments currently modified (hardened) that have
potential to be converted into living shorelines based on their location in areas of low
wave energy. Based on our surveys, salt marshes can readily persist on shorelines where
WEMo forecasts wave energy values of 300 j m™ or less. We recommend these shoreline
segments as strong candidates for ecological restoration by removing the modified
structures and transplanting marsh grasses. If there is any remaining vegetation after
removal of the modified structures, this may be used to supplement the revegetation
process and jump-start the re-establishment of the ecosystem services provided by the
marshes.

For long-term Base planning, besides that for storm surge and wave runup, the rise in sea
level should also be considered. Future placement of MCBCL facilities should consider
plausible future SLR scenarios and allow for the ability of marshes to grow shoreward to
keep pace with this SLR. This planning would affect the construction of MCBCL
facilities and would require planning space for the landward migration of existing
marshes to sustain ecosystem services such as shoreline stabilization and wildlife habitat.
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Coastal Barrier Module

The Coastal Barrier Module examined the coastal barrier island ecosystem that lies at the
interface between the continental shelf and the protected NRE. This barrier island ecosystem
encompasses the shallow subtidal and intertidal shore face, tidal inlet, backshore beach, aeolian
dune, shrub zone, maritime
forest, and washover sand
flat habitats. These habitats VA
are defined by intrinsic = Jacksonville
ecological processes, but

are linked by sediment
transport, nutrient
exchange, and biological RN
uses, each of which
undergoes substantial
changes over multiple time
scales. All habitat areas of
the barrier, Onslow Island, A
were studied during et
DCERP from the New JO‘:-Z'O A
River Inlet to Browns Inlet,
which encompasses
approximately 12 km

(8 mi) of island coastline
(Figure ES-13). Research
efforts were designed to

5C _Jonsiow Bay
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Figure ES-13. Onslow Island.

support the long-term This barrier island exp_eriences frequent overwash events in the

- L . southwestern half of the island. (A) Numerous washover fans on the
SUSta'_nab'“ty of the island southwestern portion of the island (aerial view); (B) a high primary dune
as an important coastal field on the northeastern end of the island with no evidence of overwash.
resource necessary for

amphibious military training, recreation for MCBCL staff, and maintaining critical habitats for
protected species.

Onslow Beach is a critical asset to MCBCL as the primary Atlantic Coast location where
amphibious military training maneuvers occur. Future sustainability and effective management
of this resource depend on a better understanding of the evolution of the island in terms of
shoreline movement and landscape changes. Coastal Barrier Module research focused both on an
improved understanding of the long-term barrier evolution related to variations in underlying
geology and inlet dynamics that have shaped the island over geologic time and short-term
hydrodynamic evolution related to land use and impacts of storm events. Studies examined the
evolution of Onslow Beach over millennial to yearly time scales to help better manage future
landscape changes that may occur in response to changes in future storminess and SLR.
Modeling focused on the development of a hydrodynamic wave runup and overwash model to
predict future overwash locations from storm events.
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Geologic Evolution of the Coastal Barrier Island

Shoreline movement (eroding landward or accreting seaward) at decadal and yearly time scales
was measured from examining historic aerial photography and laser scanning, and the evolution
of the barrier at millennial to centennial time scales was reconstructed from sediment cores and
radiocarbon dating. These data show that Onslow Beach is a transgressive barrier island that
moved from approximately 300-m (1,000-ft) seaward of its current location around 200 Anno
Domini (A.D.) to its current position principally through overwash processes and washover fan
formation. Overwash processes occur during storms when sediment-laden water is carried over
the dune crest, which typically results in the deposition of a fan-shaped feature (a washover fan)
behind the dunes (Figure ES-14). The oldest washover fan deposits preserved in the sediment
layers of the island are from approximately 200 A.D. and at that time an open-water lagoon
separated Onslow Beach from the mainland, in contrast to the marshes and tidal channels that
have characterized the backbarrier landscape since at least 1850 A.D. The number and landward
extent of washover fans increased sharply along the entire island at approximately 1850 A.D.,
which corresponds to an increase in the rate of relative SLR to 3.2 mm/y based on foraminifera
sampled in two North Carolina salt-marsh cores (Kemp et al., 2009) and a low number of
tropical hurricanes in the Atlantic Ocean region. The increase in number and landward extent of
washover fans at that time also implies that the rate of island movement landward increased. The
increase in the rate of SLR likely lowered the elevation of the island through erosion of the dunes
and made the island more vulnerable to overwash. These data suggest that Onslow Beach is
extremely sensitive to increases in the rate of SLR, which causes an immediate decrease in the
elevation of the island and its resistance to overwash processes. This sensitivity is likely the
result of the island being sediment starved, a product of its framework geology (limestone
outcropping near the shoreface release little sediment) and its location at the center of a coastal
embayment (Figure ES-14).
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Figure ES-14. The process of overwash creates washover fans on the barrier island.

Amphibious military training activities have had little impact on island evolution because both
the geological and decadal records of shoreline movement of island evolution show that the
military training zone has been vulnerable to overwash and has experienced high rates of
shoreline erosion since at least 1850 A.D., long before MCBCL was established. High rates of
shoreline erosion in the military training zone are due to the low sediment supply as compared to
the northeastern end of the island where nearshore sand thicknesses are greater. The short-term
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evolution of Onslow Island has also been driven by overwash processes particularly along the
southwestern half of the island. Our research focused on: (1) assessing whether current military
training activities on Onslow Beach have measurably changed the occurrence of overwash, and
(2) developing an analytical model that can accurately predict the location of overwash areas
associated with storm events. Changes in the spatial extent of washover deposits since 1938,
prior to development of MCBCL as a military installation, were measured for each decade from
1930 to 2010 from aerial photographs and field mapping. During this 80-year period, results
suggest that a linkage exists between the amount of overwash and the number of tropical
hurricanes that impacted the region in a given decade. Neither an increase nor a decrease in
washover deposits were discernible as a linear trend, suggesting that MCBCL training activities
did not measurably influence overwash processes.

Hydrodynamic Evolution of the Barrier Island

A wave runup and overwash model was
developed to predict future overwash

. O B
locations on Onslow Island. The et ay
boundary conditions required for this R / AR
model included high-resolution beach Surge Level 7 \

dC
and dune topography, nearshore Sdll/ » \ Bay Level
bathymetry, and surf-zone waves and \ean Wﬁ Barrier |

water level data. A new observational
technique (i.e., CLARIS [Coastal LIDAR
and Radar Imaging System]) was
developed to measure beach and dune

Level

topography and wave runup during
storms (Figure ES-15). Modeled wave
runup, which is defined as the elevation
reached by the upper 2% of wave
movement on the beach foreshore, and
projected locations of overwash, which is defined as where runup exceeded the elevation of the
primary dune crest, demonstrated strong predictive ability of the model during Hurricane Irene
(August 2011). The wave runup and overwash model correctly predicted all four overwash
locations along Onslow Beach (Figure ES-16). Results of model simulations imply that runup
elevations vary along Onslow Beach as a function of beach slope and nearshore bathymetry such
that overwash and inundation predictions based solely on regional tide and surge data would
likely be poor at predicting overwash except for the most extreme storm events. Therefore this
tool could be used to identify areas vulnerable to wave runup and overwash, so that MCBCL
managers better understand the vulnerability of existing and planned infrastructure development
on Onslow Beach.

Figure ES-15. Diagram of the wave crest
breaching the primary dune (dc), which is
driven by runup (R) well above the regional
surge water level (S).
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Figure ES-16. Modeled water level and overwash prediction.

Dune crest elevation (purple line; top panel) and predicted water level (runup+surge+tide) along Onslow Beach
during Hurricane Irene. The bottom two panels show washover deposits before and after Hurricane Irene.

Avian Species and the Barrier Island as an Important Habitat

In addition to the geological and hydrodynamics research, the Coastal Barrier Module Team also
studied the utilization of the island by an important shorebird indicator species (i.e., Wilson’s
plover [Charadrius wilsonia]), selected as a surrogate for the endangered piping plover

(C. melodus). The team selected Wilson’s plover as the focal species for this study because it is a
species of concern in this region, and Onslow Beach appeared to be an important breeding
location for the species in North Carolina. Research on the breeding ecology of Wilson’s plovers
at Onslow Beach was conducted from March through August of 2008 and 2009. Researchers
resighted Wilson’s plovers banded in those first two seasons in 2010 to calculate adult survival.
Researchers also surveyed all shorebirds, terns, and predators at Onslow Beach during 2008—
2009 concurrently with the breeding studies to understand predator-prey linkages associated with
the ecology of the island.

Despite its conservation status, Wilson’s plover population trends are poorly understood, and
little research has been conducted on the habitat factors affecting the bird’s breeding and
foraging ecology. We collected Wilson’s plover demographic data and explored which habitat
characteristics influenced breeding success and foraging site selection among three coastal
habitat types (i.e., fiddler crab [Uca spp.] mud flats, beach front, and interdune sand flats). We
observed little difference between years in nest success (>1 egg hatched), failure, and overall
nest survival. The majority of nest failures were caused by mammalian predators (primarily
opossums and raccoons). For those nests that hatched successfully, greater proportions of nests
were located in clumped vegetation than on bare ground or sparsely vegetated areas. In-season
chick survival for both years was higher for nests that hatched earlier in the season and for nests
farthest from the broods’ final foraging territory. Productivity estimates (chicks fledged per
breeding pair) were not significantly different between years (0.88 £0.26 fledged per pair in
2008, 1.00 £0.25 fledged per pair in 2009). This was despite a shift in foraging behavior,
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possibly related to habitat alterations caused by a sea level anomaly in 2009 that produced
exceptionally high tides and resulted in flooding of some of the intertidal areas such that they
could not be used for foraging by chicks.

Apparent survival of Wilson’s plovers banded as adults was high (i.e., 82%), whereas apparent
survival of plovers banded as chicks was low (13%). These survival rates calculated for both
adults and first-year birds were very similar to other studies of piping plovers on the Atlantic
Coast from populations that were shown to be stable over time. Our findings indicate that
Wilson’s plover adults and broods were flexible in establishing final foraging territories. In 2008,
all final brood foraging territories were on fiddler crab flats, whereas in 2009, final foraging
territories were split between fiddler crab flats, beach front, and interdune sand flats because
many of the fiddler crab flats remained flooded. For those Wilson’s plovers establishing
territories on fiddler crab flats, spatial extent of the flat (flats >1,250 m* were the preferred size)
was the most important feature explaining use versus non-use of a particular flat. Close
proximity to water and vegetative cover were also important habitat features in foraging site
selection on fiddler crab mud flats and in all habitat types combined.

Recommendations to Installation Managers for Coastal Barrier Ecosystems

1. Geological structure of the surf-zone near the military training zone will likely continue
to induce higher elevations of wave runup in that area than in surrounding areas. BMPs
designed to minimize erosion of the primary dune crest should be considered, and
anticipating likely inundation of sea turtle nests in this region should be countered with
relocating nests to less overwash prone areas of the beach.

2. Given that the rate of SLR is predicted to increase over the next 100 years, one could use
our data showing island response to the increase in the rate of relative SLR that occurred
around 1850 A.D. to help forecast future morphologic changes. Based on these
geological data, MCBCL managers should plan for an increase in the frequency and
magnitude of overwash events, (regardless of future changes in frequency and magnitude
of storm events), which will occur as higher sea levels cause waves to increase dune
erosion and lower the elevation of the island, making it more vulnerable to overwash
processes. Currently, the southwestern end of the island is most vulnerable to overwash
because the elevation is lowest, annual erosion rates are high, and the offshore sediment
supply is low.

3. The distance between the Atlantic Ocean and the ICW is smallest in the southwestern
portion of the barrier island, indicating that the ICW may be impacted by overwash in the
near future. Given the high rates of landward shoreline movement at the center of the
island and the narrow dunes, the island will likely overwash in this area again within the
next 20 years. We recommend that if MCBCL has plans to build additional permanent
structures or to modify existing structures located on the dunes, MCBCL managers
recognize that the vulnerability of these sites to inundation will increase in the near future
(the next 10 to 20 years). Depending on the nature of specific construction projects, it
may be prudent for MCBCL managers to plan additional infrastructure development
further landward of where the existing bathhouses and cottages are located today.
Looking to the future, MCBCL managers also should anticipate and plan for increased
costs for post-storm infrastructure repair and clean up on the barrier island.
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4. MCBCL managers have the results from the wave runup and overwash model, which
projects locations of overwash areas under various storm and sea level scenarios.
Overwash predictions during Hurricane Irene from this model correctly predicted all four
overwash locations.

5. MCBCL managers have been proactive in posting symbolic signs and fencing to protect
shorebird nesting areas of Onslow Beach. If possible, MCBCL staff should continue to
identify and protect newly formed and ephemeral habitats (e.g., overwash areas, sand
accretion areas, ephemeral tidal pools) that help support Wilson’s plover nesting pairs
and broods, as well as other breeding shorebirds with similar habitat requirements (e.qg.,
piping plovers, American oystercatchers [Haematopus palliates], least terns [Sterna
antillarum], willets [Catoptrophorus semipalmatus]).

6. Although MCBCL has met with public objections about restricting access to the
southwestern end of Onslow Island during shorebird breeding season, alternative
measures to signs and fencing could be implemented. For example, posting interns or
volunteers during high-use periods (on weekends and especially during holiday
weekends) for educational outreach and to monitor critical foraging areas might be a less
confrontational and more effective approach to habitat management and improving
conservation knowledge of shorebirds.

Terrestrial Module

The Terrestrial Module’s ecosystem-based research was conducted along the gradient of
vegetation from the salt marsh at the estuary margin, through brackish/freshwater marsh, to the
longleaf pine (Pinus palustris) savannas and pocosins (i.e., shrub bogs) that dominate the upland
terrestrial environments on MCBCL. Variation in the biota and ecosystem processes along this
gradient is driven by variation in hydrology, soils, and fire behavior. Most of the rare plant
species characteristic of coastal terrestrial ecosystems, including species of concern on MCBCL,
are found in the transitional zones of these gradients. The Terrestrial Module’s research focused
on the critical knowledge gaps related to efforts to restore longleaf pine ecosystems on sites
across MCBCL that have been modified by past management practices. The research examined
the effects of alternative midstory restoration strategies (e.g., mechanical thinning, prescribed
burning [PB]) on understory plant, arthropod, and avian communities, particularly the federally
protected red-cockaded woodpecker (RCW:; Picoides borealis). In addition, the research
provided information regarding whether management for a single species (i.e., the RCW) is
beneficial or detrimental to other avian species.

Changing patterns of land use and forest management have greatly altered forest ecosystems
across much of the mid-Atlantic Lower Coastal Plain. In particular, vast areas that were once
dominated by open longleaf pine savanna now support closed canopy stands of loblolly pine
(Pinus taeda) with a dense understory and midstory of broadleaved shrubs and trees. The
absence of fire on these landscapes has exacerbated this trend, and this situation is typical of
large parts of MCBCL lands. In recent years, longleaf pine restoration at MCBCL has focused on
the use of understory and midstory thinning to produce savanna-like conditions and allow
restoration of historical fire regimes using PB (Figure ES-17). The Terrestrial Module’s research
has also focused on providing data on fuel characteristics to complement research conducted by
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the Atmospheric Module comparing the effects of PB on emissions of gases and aerosols in
unthinned control and dormant season midstory-thinned loblolly pine stands.

(A) Wi - = = _— : o 3 (C)
Figure ES-17. A typical loblolly pine site prior to understory and midstory thinning (A),
thinning of the site (B), and a typical site following understory and midstory
thinning treatment (C).

Experimental vegetation plots were established using a randomized block design consisting of
eight blocks with three treatments in each block. Individual blocks were located on MCBCL so
as to represent a range of soil site conditions. Treatments included an unthinned control, dormant
season thinning, and growing season thinning. All experimental plots (including controls)
received dormant season PB between 6 and 18 months following treatment. As expected, the
density of understory woody stems was decreased in all treatments following thinning and PB,
and the density was significantly lower in the plots thinned during the growing season as
compared to the plots thinned during the dormant season (Figure ES-18). In just 1 year
following thinning and PB, understory plant species richness was significantly higher in both
thinned plots compared to control plots, but no treatment effect was evident for arthropods or
birds. These treatment effects may take longer to appear; therefore, additional future sampling
will be required to confirm or detect any trends.
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Figure ES-18. Post-treatment stem density by block and treatment.

Blocks are ordered left to right as high pocosin (FGE, FGW, and IES), wet mesic (IEN, HA, and

MF), and mesic (RBE and RBW). There are no significant differences among blocks. Treatments,

however, are significantly different from one another (P<0.05, Duncan’s Multiple Range Test) as
indicated by the lowercase yellow letters in the Av (average) bars.

Thinning also significantly increased amounts of fine (1-hour) fuel and decreased amounts of
coarse (1,000-hour) fuel. This treatment also diminished canopy cover and increased exposure of
understory fuels, resulting in dryer fuels in thinned plots as compared to control plots. As a
consequence, greater amounts of forest floor fuel were consumed in thinned than in unthinned
plots. Thus, consumption of accumulated litter and forest floor organic matter may be a very
important effect of thinning treatments. Taken together, these results indicate that, after a single
growing season, thinning treatments are producing changes consistent with restoration
objectives. Furthermore, because growing season thinning produces a greater reduction in the
growth of the woody understory, it may accelerate the restoration process compared to thinning
during the dormant season.

The Terrestrial Module also wanted to determine whether improving the quality of upland pine
savanna and pine flatwood habitats for RCWs also benefited the remainder of the avian
community characteristic of these MCBCL habitats (Figure ES-19). Our analysis involved a
two-stage approach for determining the linkage between RCW habitat quality and the presence
and abundance of other avian species. We divided RCW habitat quality scores derived from the
RCW foraging habitat matrix tool developed by the U.S. Fish and Wildlife Service into four
categories, from a low-quality (2) to a high-quality (5) habitat. We first looked at the probability
that each species occurs at a point across these four habitat quality categories. In the analysis, we
used formal occupancy models to produce these estimates. Second, we used Distance 6.0 (a
computer package to estimate abundance of wildlife species) to estimate the density of each
species at points within each habitat quality category in which that species occurred. Thus, our
two-stage analysis indicates first how likely a species is to occur, and second how abundant it is
where it occurs, as a function of RCW habitat quality.
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Figure ES-19. Common avian species in pine forests at MCBCL.
Red-cockaded woodpecker (A), Bachman’s sparrow (B), Carolina wren (C), and brown-headed nuthatch (D).

The Bachman’s sparrow (Peucaea aestivalis) is an at-risk species of special concern to MCBCL
that is associated with open pine habitat, similar to the RCW. It is particularly important that
management for the RCW should also benefit Bachman’s sparrow. Our analysis indicated that

this is the case: the occurrence of Bachman’s
sparrows increased markedly as RCW habitat
quality improved, and density at points of
occurrence also increased across RCW habitat
quality (Figure ES-20). Similar trends were also
found with other species associated with open
pine stands. Both the red-headed woodpecker
(Melanerpes erythrocephalus) and the Eastern
bluebird (Sialia sialis) tended to occur more often
in a high-quality RCW habitat. Thus, the open
pine habitat species appear to be benefitting from
habitat management for RCWs.

It is less obvious if canopy species associated
with pine habitat would benefit from management
for RCWs because this management affects the
ground cover and midstory in more dramatic
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ways than it affects the canopy, but RCW management does favor larger and older pines, and
this could impact canopy species. The two pine canopy species we examined during our analysis
(i.e., the brown-headed nuthatch [Sitta pusilla] and the pine warbler [Dendroica pinus]) occurred
at a high proportion of points and in high densities, but both were still more likely to be present
in a higher quality RCW habitat and exhibited a slight tendency to occur at higher densities in a
higher quality habitat. Thus, pine canopy species appear to also respond positively to
management for RCWSs. Species associated with hardwood habitats or shrubby understory might
be expected to be adversely affected by management of habitat for RCWs because such
management greatly reduces hardwood midstory and the woody understory component. We
censused birds in two other habitat types (i.e., bottomland hardwood and pocosin) to provide a
context for interpreting results from upland pine habitat. Species associated with shrubby
understory (e.g., the Carolina wren [Thryothorus ludovicianus]) in pine habitat were also
common in pocosins. The density and abundance of these species tended to be negatively related
to RCW habitat quality score. This appears to reflect their preference for wetter conditions (i.e.,
pocosin) of the dry—wet soil moisture gradient in pine habitats. However, RCW management
does not necessarily negatively affect these species overall: it may push them farther toward the
wetter end of the gradient, but these species are known to respond positively to fire, so burning
habitat for RCWs likely benefits them when the fire penetrates into these wetter habitats. We
determined that two groups of hardwood-associated species occur in bottomland hardwood
habitat: those that are restricted to such habitat (e.g., Acadian flycatcher [Empidonax virescens]
and those that are common both in this habitat and pine uplands. The Acadian flycatcher
contributes to avian diversity on MCBCL, but is unaffected by RCW habitat management
because this species rarely uses even a poor RCW habitat. The presence and/or abundance of
those that are common both in this habitat and pine uplands (e.g., blue-gray gnatcatcher
[Polioptila caerulea]) are actually positively associated with RCW habitat quality with only a
couple of exceptions. Thus, even hardwood-associated species appear to benefit from the
management of pine habitat for RCWs.

Overall, the results of our avian research showed that avian diversity increased with RCW
habitat quality. That is, the average number of species detected at a point increased as RCW

habitat quality improved (Figure ES-21). This
was especially true for species associated with
upland pine habitat. Those few species exhibiting 2% -
negative relationships with RCW habitat quality
in their abundance were mostly species associated
with shrubby understories that are common in
wetter pine habitats (i.e., pocosin) on MCBCL.

Average Species Richness 2009 & 2010
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We also conducted research on the cavity-nesting
bird community on MCBCL because it is quite 20 -
similar in structure and function to that previously *

studied on Eglin Air Force Base in Florida.

However, the MCBCL species densities are ® 5 3 s s
approximately twice as high as those found on RCWO Habitat Matrix Score

Eglin. Our results indicate that the relative Figure ES-21. Species diversity as a

availability of nesting substrates (e.qg., live pines, function of RCW habitat quality
pine snags, hardwood snags) is similar between '
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the two sites, suggesting that cavity nesters are not limited by cavity availability. Cavity-nesting
species tend to partition themselves among nesting substrates, and a shortage of pine or
hardwood snags intensifies competition among species.

Recommendations to Installation Managers for Terrestrial Ecosystems

These research results have a number of implications for MCBCL and for other installations in
the Southeast and Gulf Coast areas with similar forest restoration and RCW restoration
programs.

1.

Understory and midstory thinning followed by PB produces significant changes in plant
species richness and composition after a single growing season. These changes are
consistent with MCBCL’s restoration objectives.

Midstory thinning of pine stands on sites with moderately organic soils (10-50% organic
matter) may provide benefits for enhancing MCBCL training usage, but such stands
appear to have low potential for restoration of plant and animal composition associated
with longleaf pine savannas.

Although PB without thinning reduces the density of understory shrubs and trees,
understory and midstory thinning during the growing season is significantly more
effective. In either case with or without thinning, continued suppression of woody growth
will require the application of regular prescribed burns.

In the short term, there appears to be no significant differences between applying thinning
treatments during the growing season or dormant season with regard to impacts on fuels
and on the composition and diversity of plants, arthropods, and birds. Growing season
thinning did, however, reduce the number of live woody stems in the understory in the
first post-treatment year compared to dormant season thinning. This provides MCBCL
managers with greater flexibility by expanding the time frame for application of thinning
treatments. However, additional research is needed to determine the longer term effects.

Forest management that specifically targets habitat conditions for the RCW results in
habitat changes that benefit the biodiversity of terrestrial ecosystems in general and the
total avian community and should be continued. This is especially true when prescribed
fires penetrate into wet pocosin habitat. That is, the primary tool used to improve the
quality of pine habitat for RCWs appears to produce benefits for the bird community
along the ecotone between pine habitat with the other habitat type (pocosin) with which it
is most commonly juxtaposed on MCBCL.

MCBCL should maintain, whenever possible, the availability of nesting substrate (e.g.,
live pines, pine snags, hardwood snags) for the wide variety of cavity-nesting avian
species because that determines the strength of interactions among species. Specifically, a
shortage of these dead or dying pine snags would likely result in negative impacts on
RCWs due to the takeover of their cavities in live pines by other species.

Atmospheric Module

The Atmospheric Module’s research focused on quantifying emissions from forest management
practices, including mechanical thinning and PB, and estimating the net N deposition to MCBCL
lands. In conjunction with the research conducted by Terrestrial Module researchers, the PB
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research informs MCBCL’s smoke management planning by quantifying emissions from
different pine restoration treatments. In addition, this module collected data to estimate the total
atmospheric N loading, which is information needed for developing an N budget for the NRE.
This second research effort assessed and quantified the degree of atmospheric loading of N and
other nutrients from wet and dry deposition to terrestrial ecosystems at MCBCL.

Mechanical thinning of the pine forest midstory prior to PB is believed to be effective in
reducing wildfire risk and restoring longleaf pine savannas in the fire-dependent forest
ecosystems of the Southeast (Figure ES-22). In situ measurements of PB emissions from the
combustion of pine-dominated forest understory were conducted in conjunction with detailed
before and after fuel inventory surveys. Fuel consumption was characterized in experimental
research plots that underwent a understory and midstory thinning treatment (dormant season)
followed by PB along a moisture gradient from semi-mesic loblolly and longleaf pine forest to
wet-mesic loblolly pine forests to loblolly and pond pine pocosins. In general, the understory and
midstory thinning yielded greater availability and consumption of fuels, especially woody
material, regardless of fuel moisture.

i ot -

Figure ES-22. Emissions were measured from control plots (left) and thinned plots (right).

Innovative mobile aerosol composition monitors were deployed to quantify emissions from plots
that were mechanically thinned with those from control plots. Measured compounds included
reactive gases (i.e., ammonia, nitrous acid, nitric acid, hydrogen chloride, sulfur dioxide, and
light organic acids) and particulate organic compounds (POC), water-soluble ionic species,
organic carbon (OC) and elemental carbon (EC), and total mass of PM, s (particulate matter with
a diameter of less than or equal to 2.5 microns). More than 100 POC species, including key
molecular markers, were quantified, and more than 40 volatile organic compounds, including
certain compounds that are important PM, s precursors, were measured. Applying the carbon
mass balance, emission factors were calculated for the suite of aerosol species measured.

Results indicate that the variation in site vegetation is not driving the observed emission factor
differences, which are not confounded by either soil characteristics or vegetation differences on
the treatment plots, thus allowing direct comparison of treatment effects on the emission factors.
Gaseous emission factor averages from the control fuel and thinned fuel types are similar, and
emission factor variability is highest for acidic gases and isoprene. However, PM; s mass and
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most PM. 5 species emission factors from 5% -
mechanically thinned plots are significantly lower
than those from control plots. Understory and
midstory thinning achieves an almost 20%
reduction in primary PM, s emissions per kilogram
of fuel removed. Organic carbon is the dominant
PM. 5 constituent in emissions from both fuel
types, followed by EC, nitrate, potassium, and
chloride (Figure ES-23). Employing PM, s mass
closure to average control and mechanically
thinned plot emissions yields total organic mass
contribution of 97.2% and 95.7%, respectively.
Figure ES-23 shows the lower 5% of PM; s mass
fraction of species other than organics to allow for
a better visual comparison of the minor species’
contributions. More volatile organic carbon
compounds are being emitted from both fuel types -
under less efficient smoldering conditions as e
opposed to more efficient flaming conditions. 0% T
Smoldering also promotes higher emissions of AVG AVG
inorganic constituents such as major ions CTRL I HYAX
(especially chloride and nitrate sulfate), major
metal oxides, and non-sulfate sulfur. Removing a
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Figure ES-23. Mass fraction of major
organic and inorganic compound groups

certain targeted amount of fuel by understory and emitted with PM,s from PB of both
midstory thinning prior to PB results in significant treatment types (Cbntrol [CTRL] and
air quality benefits due to lower total PM; s thinned by HydroAx machine [HYAX]).

emissions, although carbon monoxide, methane,
and non-methane hydrocarbons emissions would
be slightly enhanced.

To minimize air quality impacts of PB, MCBCL natural resource managers routinely consult the
fire weather forecast released twice daily by NOAA’s National Weather Service. Although the
early morning version provides a 24-hour forecast, the late afternoon version looks 48 hours
ahead. To determine the sensitivity of ambient PM, s to MCBCL PB activities relative to these
different forecasts, we analyzed a data set from 1999 to 2007. As expected, the analysis showed
that PB had the greatest impact on PM; 5 concentrations; however, there was also a correlation
with the forecasted inversion burn-off temperature (i.e., the temperature required to dissolve
remnants of the nocturnal inversion layer), suggesting that the stronger the nocturnal inversion,
the more PM; s accumulates. This analysis also showed that the greater the mixing height and
ventilation rate, the lower the PM, 5 concentrations, which points to the diluting effect of these
parameters on ambient PM, s concentration. Therefore, these parameters should be used by
managers to minimize air quality impacts. The analysis also determined that there was no
significant difference on the projected concentrations of PM, s from PB activities using either the
morning and afternoon weather forecasts, suggesting that MCBCL natural resource managers
can plan their PB activities the evening before without having to wait for the morning forecast
and still meet the objective to conduct PB with minimal impact on local air quality.
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To inform the Aquatic/Estuarine Module’s research efforts of estimating the magnitude of
nitrogen inputs to the NRE, the Atmospheric Module researchers focused on determining
whether atmospheric deposition represents a significant source of new nitrogen to the MCBCL
ecosystems. Wet deposition (rainfall) was measured from July 2009-June 2011 using solar-
powered Mercury Deposition Network wet deposition collectors at four locations across
MCBCL. In 2010, the average wet deposition from the four locations was 4.3 +0.7 kg N ha™ y*
for total nitrogen and 3.2 +0.4 kg N ha™ y™* for DIN. Wet deposition of DIN at MCBCL was
comparable to the 9-year average of 3.7 kg N ha™* y™* calculated for the National Trends Network
(NTN) collector NC29 located at the nearby Hofmann Forest northeast of Jacksonville, NC. The
highest deposition of DIN wet deposition occurred in the summer during June, July, and August.
Dissolved organic nitrogen (DON, measured as the difference between total nitrogen and DIN)
in wet deposition was substantial (approximately 1 kg N ha™ y™), with the highest percentage
(approximately 40%) of nitrogen inputs observed in the fall.

A network of 28 tipping bucket rain gauges found no apparent latitudinal gradient in rainfall
amounts across MCBCL due to the proximity of the ocean. There was, however, a measureable
gradient in wet and dry deposition of chloride, sodium, and sulfate moving inland. Throughfall
collectors were used to measure inputs of nltrogen and other nutrlents |nto the forest floor under
the dominant forested canopies (e.g., | N ¢ -

longleaf pine savanna [Pinus palustris],
mixed pines and hardwoods [loblolly pine,
Pinus taeda, and predominantly oak,
Quercus spp.], and hardwoods
[predominantly oak, Quercus spp]; Figure
ES-24). Inputs of total nitrogen under
these forested canopies were
approximately two times greater than
those found in wet deposition alone, a
substantial fraction of which appeared to
be in the form of DON. Calculation of net
throughfall (throughfall minus wet
deposition) indicated the presence of dry o
deposition of nitrate-nitrogen and to a Figure ES-24. An example of deployed

lesser extent ammonium-nitrogen, but also throughfall collectors under longleaf pine
loss of nitrogen from wet deposition canopy.

during the summer and fall months due to

interaction with the overhead canopy. Therefore, nitrogen loading estimates to the NRE were
likely lower than actual loadings due to the absence of direct measures of dry deposition of
nitrogen. Agreement between our measured amounts of the wet deposition of nitrogen at
MCBCL to the nearby NTN collector NC29 at Hofmann Forest indicate that atmospheric loading
of nitrogen to MCBCL has been relatively constant for at least the past 10 years.

To compare potential nutrient loss via PB emissions with redeposition from the forest canopy’s
retaining effect and washout of nutrients in subsequent rain events, throughfall samples were
collected during post-PB rain events at two different times and at two different locations. One
site was a mesic loblolly—longleaf pine stand close to the estuary, and the other was a semi-mesic
loblolly pine stand farther inland with soil moisture levels about half those of the mesic stand.
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Due to proximity to the estuary, more salt was deposited to the mesic stand close to the estuary,
and the semi-mesic stand received more potassium, sulfate, and nitrogen. Relative to deposition,
emissions of cations from PB on both stands were insignificant except for potassium and
ammonium. For both tests, nutrient export via PB emissions was significantly smaller than
subsequent nutrient input from throughfall deposition, except for reduced nitrogen under wetter
stand conditions in which nutrient export approximately equaled input. These results suggest that
long-term soil nutrient levels remain unaffected by PB, causing only a short-term disturbance.
However, additional observations are needed to develop statistically robust conclusions.

Recommendations to Installation Managers for Atmospheric Systems

1. PM_, 5 mass and most PM; s species emission factors from mechanically thinned plots are
significantly lower than from untreated control plots. Employing mechanical thinning
practices to a targeted amount of fuel prior to PB leads to significant air quality benefits
due to lower total PM; s emissions.

2. Understory and midstory thinning in stands targeted for longleaf pine restoration make
two times more fuel available for combustion and help consume almost three times more
fuel, especially woody material, regardless of fuel moisture, relative to unthinned, control
plots. MCBCL natural resource managers should consider using understory and midstory
thinning prior to PB to reduce smoke emissions as part of their Smoke Management Plan.

3. MCBCL natural resource managers can plan their PB activities using the NWS evening
meteorological forecast before a PB without having to wait for the A.M. forecast. This
will continue to meet the objective of conducting the PB with minimal impact on local
PM s air quality.

4. MCBCL natural resource managers routinely consult the fire weather forecast released by
NOAA'’s National Weather Service. Our analysis of MCBCL data revealed that the
greater the mixing height and ventilation rate, the lower the resulting PM; s
concentrations, which points to the diluting effects of these parameters on ambient PM; 5
concentration. Natural resource managers should use these parameters in their smoke
management planning to help minimize air quality impacts of PB on both installation
lands and on adjacent properties.

5. The NTN collector NC29 located at the nearby Hofmann Forest northeast of Jacksonville
can serve as a surrogate monitoring site for MCBCL and wet deposition of N data
collected as part of the National Atmospheric Deposition Program—NTN.

Next Steps

DCERP1 concluded in January 2013. The next 5 years of the program (referred to as DCERP2)
began in November 2012 and will continue until November 2017. During a 3-month planning
period, the DCERP Team prepared a new Research Plan that focused on several new themes:
evaluation of the carbon cycle of the estuary, coastal marshes, and the barrier island;
identification the impacts of climate change on physical, chemical, and biological processes in
select ecosystems of MCBCL; and translation of research findings as tools and products that can
be easily transferred or used by a variety of stakeholders. Many of the DCERP1 researchers are
building on the knowledge gained from DCERPL1 research results to develop monitoring and
research programs for DCERP2. To turn science into practice, the DCERP Team will use models
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developed during DCERP1 and DCERP2 to project current ecosystem processes through climate
change scenarios to future conditions. These future climate change conditions are likely to
include warming temperatures, wide variability in the hydrological cycle (drought/wet periods),
increased magnitude of storms, and SLR.

The Data and Information Management System developed during DCERP1 will continue to
support the program by storing structured monitoring and research data in the Monitoring and
Research Data and Information System (MARDIS) and by archiving final products in the
Document Database. A new Web-based Decision-Support System (DSS) framework (based on a
prototype system developed during DCERP1) will be implemented during DCERP2 using data
from MARDIS, MCBCL, and other publicly available sources to develop decision-support tools
to better inform installation management decisions. This DSS framework will allow models and
other decision-support tools to be easily accessible for wide distribution to interested installation
managers and to the scientific community and other stakeholders.
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Introduction

The overall intent of the Defense Coastal/Estuarine Research Program (DCERP) “is to develop
the knowledge required to assess the interaction between military activities and ecological
resources in a coastal/estuarine setting, monitor those interactions, and identify adaptive,
ecosystem management approaches for sustainment of military lands and adjacent waters,” as
stated in the initial DCERP Strategy Report (SERDP, 2005). This purpose of this DCERP1 Final
Research Report is to summarize the DCERP research activities and results from July 2007 to
September 2012.

Chapter 1 of this DCERP1 Final Research Report provides a general introduction to DCERP
conducted at Marine Corps Base Camp Lejeune (MCBCL) in North Carolina, briefly highlights
the overall program objectives, and describes the activities conducted during Phases | and 11 of
the program. Chapter 1 also describes how the DCERP Team engaged with other team members
and MCBCL staff during DCERP1’s initial planning period (i.e., Phase I) from November 2006
to June 2007 to develop three key documents to guide implementation of DCERP. These
documents are the overarching research strategy (the DCERP Strategic Plan [RTI, 2007a]), the
design of an ecosystem-based monitoring program (the DCERP Baseline Monitoring Plan [RTI,
2007b]), and the identification of detailed research projects (the DCERP Research Plan [RTI,
2007c]). This chapter also discusses another Phase | activity, the development of the Data and
Information Management System (DIMS) design for the program.

Chapter 1 also highlights the activities slated during the program’s subsequent implementation
period (i.e., referred to as DCERP1 Phase Il from July 2007 to January 2013. For instance,
during Phase Il, the team members carried out the DCERP Research Plan through field research
and the operation of the long-term baseline monitoring program. The Research Plan was also
implemented through the collection, management, analyses, and archiving of data from both the
research and monitoring activities into the DCERP DIMS. Most of the field work for the
research projects concluded in November 2011; although some of the baseline monitoring
activities continued through 2012. Therefore, the last year of the DCERP1 was dedicated
primarily to synthesizing and reporting the results and to disseminating the important
information and data to MCBCL, local stakeholders, the scientific community, and the general
public. In addition, DCERP1 research and monitoring activities laid the foundation for the
follow-on contract activities proposed for DCERP2 (planned for implementation from February
1, 2013, through October 31, 2017).

Background

Site Selection for DCERP

Critical military training and testing on lands along the nation’s coastal and estuarine shorelines
are increasingly placed at risk because of development pressures in surrounding areas,
impairments due to other anthropogenic disturbances, and increasing requirements for
compliance with environmental regulations. The U.S. Department of Defense (DoD) intends to
enhance and sustain its training and testing assets and to optimize its stewardship of natural
resources through the development and application of an ecosystem-based management approach
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on DoD facilities. DoD’s policy has established ecosystem-based management as the preferred
approach for military lands (Goodman, 1996). This approach will focus on sustaining and
enhancing military training and testing activities by monitoring and managing the interdependent
natural resource assets on which the future of these activities depend. To expand its commitment
to improving military readiness while demonstrating the science behind this approach, the
Strategic Environmental Research and Development Program (SERDP) has made a commitment
of at least 10 years to fund research and monitoring projects that support the sustainability of
military training and testing in ecologically and economically important ecosystems. To
accomplish this goal, SERDP launched DCERP at MCBCL in North Carolina (Figure 1-1).
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Figure 1-1. Site map of MCBCL.

As a U.S. Marine Corps installation, MCBCL has a single and exclusive mission: military
preparedness. MCBCL provides an ideal platform for DCERP because it integrates
aquatic/estuarine, coastal wetlands, coastal barrier, and terrestrial ecosystems, all within the
boundaries of DoD properties.

MCBCL was chosen as the DCERP site for a variety of reasons, including the following:

e The New River Estuary (NRE) watershed, which borders the site, is relatively small and,
therefore, a manageable study site.

e MCBCL occupies a substantial portion (approximately 80%) of the NRE shoreline.

e A barrier island and coastal dune system occurs within MCBCL’s boundary that provides
a unique amphibious assault training environment.
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e The variety of ongoing military operations at MCBCL enables researchers to examine
training impacts on a broad range of ecosystems, from upland pine savannas to aquatic
and estuarine waters to coastal barriers.

Integration of DCERP with MCBCL’s Natural Resources Management

MCBCL’s mission is to provide military training that promotes the combat readiness of
operating forces, and all MCBCL natural resources management activities on the Base must
support this mission. As a military installation, MCBCL has needs, or drivers, that must be
satisfied to meet its readiness mission to continue without significant disruption. MCBCL must
also comply with related environmental laws and regulations, such as the federal Endangered
Species Act (ESA) and the Clean Water Act (CWA), to ensure continuance of its mission. To
ensure such compliance, MCBCL developed and adopted an Integrated Natural Resources
Management Plan (INRMP; MCBCL, 2006a), which outlines the Base’s conservation efforts
and establishes procedures for fiscal years 2007 through 2011. One goal of the INRMP is to
minimize future training restrictions (i.e., no net loss in the ability to train) by increasing the
integration between natural resources management planning, training, and operations. One of
DCERP’s objectives is to assist MCBCL in achieving this goal. As such, Base natural resource
and environmental management personnel were involved throughout the DCERP planning
process by participating in all planning workshops and reviewing the DCERP Strategic,
Research, and Baseline Monitoring Plans that were the final products from Phase I.

Unique to MCBCL are installation-specific drivers that are defined by the Base’s mission and
geographic location, land uses to support the mission, and natural resources affected by the
mission. Identifying the primary military drivers at the MCBCL provided the basis for
establishing seven natural resources management objectives for the Base. The objectives are
presented in Table 1-1.

Table 1-1. MCBCL-Specific Military Drivers

Driver 1 Preserving the integrity of the amphibious maneuver areas, including Onslow Bay, the
NRE, and the adjoining training areas and airspace of the MCBCL

Driver 2 Preserving the integrity of MCBCL as a combined-arms training Base by ensuring the
continued viability of its impact areas and associated training ranges
Driver 3 Enhancing future training uses of MCBCL ranges, training areas, and airspace by fully

integrating the Land Use Master Plan (MCBCL, 2005) and Range Transformation Plan
(MCBCL, 2006b)

Driver 4 Ensuring that MCBCL supports all required military training activities, while
complying with the ESA and other wildlife requirements

Driver 5 Ensuring that MCBCL supports continued military training use of the NRE and Onslow
Bay, while complying with the CWA

Driver 6 Ensuring the viability of the New River Air Station as an aviation facility through the

elimination of bird and wildlife strike hazards to aircraft, while complying with the ESA
and other wildlife regulatory requirements

Driver 7 Ensuring the viability of MCBCL military training activities, while supporting mission-
critical infrastructure development




In addition to these military drivers, MCBCL natural resources management staff identified a
prioritized list of conservation and water quality needs that will support implementation of the
INRMP (Appendix 1-A). Throughout DCERP, every effort was made to include the Base’s
areas of concern that were not currently being investigated under existing programs and to
inform Base staff of DCERP activities and results.

Program Organization

DCERP is a collaborative effort between SERDP, the Naval Facilities Engineering
Command/Engineering Service Center (NAVFAC ESC), MCBCL, and RTI International, which
is headquartered in Research Triangle Park, NC. RTI led the DCERP research and monitoring
effort at MCBCL and assembled a diverse team of experts from several federal agencies,
academia, and the private sector (henceforth referred to as the DCERP Team). The Management
Team and the Research Team are discussed in the following two subsections.

DCERP Management

SERDRP is an environmental research and development program that is planned and carried out
by DoD in full partnership with the U.S. Department of Energy and the U.S. Environmental
Protection Agency. The SERDP Resource Conservation and Climate Change (RCCC) Program
Manager, Dr. John Hall, ensured that DCERP activities provide for the enhanced knowledge of
ecosystem and military interactions within approved scopes of work and budgets. The
overarching federal management for DCERP was assigned to the NAVFAC ESC. Dr. Hall
served as the Contracting Officer’s Representative. In that capacity, he ensured that tasks
identified in the Statement of Work were properly performed by the DCERP Principal
Investigator (P1), Dr. Patricia Cunningham of RTI. The DCERP PI was responsible for the
overall scientific quality, cohesiveness, and relevance of DCERP monitoring and research
activities. The DCERP PI was also the primary point of contact for SERDP and MCBCL and
coordinated all DCERP activities conducted at MCBCL through the DCERP On-site Coordinator
(OSC), Dr. Susan Cohen.

At MCBCL, the DCERP OSC, the Director of the Environmental Management Division (EMD;
Mr. John Townson), and the Head of the Environmental Conservation Branch (Mr. Bill Rogers)
assisted the DCERP P1 with coordinating the environmental monitoring and research activities
on the Base. The DCERP OSC was the primary point of contact between MCBCL and the
DCERP Team..

Two committees provided guidance and input to the DCERP. The first, the Technical Advisory
Committee (TAC), was a group of discipline experts from academia, industry, government, and
the military that was assembled by the SERDP RCCC Program Manager to provide scientific
and technical review and guidance to ensure the quality and relevance of DCERP. The second
committee, the Regional Coordinating Committee (RCC), was a group of local and regional
stakeholders that served as one of the recipients of outreach from MCBCL, the DCERP PI, the
DCERP OSC, and the SERDP RCCC Program Manager, thereby fostering relationships among
the representative organizations and DCERP.

Figure 1-2 illustrates the program’s overall organization and lines of communication.
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Figure 1-2. Organization of DCERP.

DCERP Team

RTI selected members of the DCERP Team because of their expertise in relevant environmental
science disciplines and substantial experience in working together on interdisciplinary

aquatic/estuarine, coastal, and terrestrial
ecosystem projects. The DCERP Team
included the DCERP PI, other environmental
scientists from RTI, and researchers from
seven academic institutions, three
governmental agencies, and two private
companies.

The DCERP Team was organized into six
Module Teams based on the ecosystem-based
management objective for the program. Each
Module Team was directed by a Module Team
Leader and Co-Leader. The DCERP PI and the
Module Team Leaders and Co-Leaders
composed an Executive Board, which
provided input on technical decisions and
helped prioritize program needs such as
identifying areas of knowledge needing

DCERP Team

RTI has assembled a diverse team of researchers from
the following organizations, collectively referred to as
the DCERP Team:

Atmospheric Research and Analysis, Inc.
Duke University

National Oceanic and Atmospheric Administration
North Carolina State University

Porter Scientific, Inc.

RTI International

University of Connecticut

University of North Carolina at Chapel Hill
University of South Carolina

U.S. Army Corps of Engineers

U.S. Geological Survey

Virginia Institute of Marine Science
Virginia Tech

supplemental research and funding support. These Module Teams conducted monitoring and

1-5



research activities for DCERP’s five ecosystem modules (i.e., Aquatic/Estuarine, Coastal
Wetlands, Coastal Barrier, Terrestrial, and Atmospheric) and a Data Management Module.

The DCERP Team addressed the initial DCERP objectives of developing monitoring approaches
and identifying key ecological processes through research and modeling studies, all with the goal
of supporting the practice of ecosystem-based management for all coastal DoD installations in
similar ecological settings.

Overarching DCERP Strategy

DCERP’s primary overarching objective was to enhance and sustain MCBCL’s military training
mission by developing an understanding of estuarine, coastal wetlands, coastal barrier, and
terrestrial ecosystem composition, structure, and function within the context of a military training
environment. Specific DCERP objectives were to

e Develop the DCERP Strategic Plan (overarching strategy) that includes appropriate
conceptual and mechanistic ecosystem models to guide monitoring, research, and
adaptive management (Phase I)

e ldentify significant ecosystem stressors* (i.e., military, non-military, legacy, and natural),
their sources (on and off Base), and their level of impact on MCBCL’s ecological
systems through space—time coordinated monitoring and research (Phase 1)

e Incorporate information about stressors and other environmental factors into ecosystem
models to develop effective indicators of potential changes to ecosystem condition and
state, which may require more effective management guidelines to achieve sustainability
(Phase 11).

During the planning period (Phase 1), the DCERP Team designed an integrative monitoring,
modeling, and research strategy for MCBCL that is consistent with guidance on ecosystem-based
management from the Ecological Society of America (Christensen et al., 1996) and
recommendations of the U.S. Commission on Ocean Policy (2004), including principles of
adaptive management (Walters, 2001). This strategy transcended air—-land—water boundaries to
better understand the causes and nature of ecological and environmental changes across the
region and locally at MCBCL. Based on interconnectivity, this strategy helped separate the
underlying natural (e.g., climatic, biogenic) and anthropogenic—regional processes from locally
driven processes, identify stressor-specific indicators of ecosystem status that provide early
warnings of ecosystem degradation, and specify the critical thresholds for indicators of potential
state shifts that could threaten sustainability. DCERP adapted the following elements of
ecosystem-based management described by Christensen et al. (1996):

! For DCERRP, stressors are defined as activities or events that alter natural ecological processes. Natural ecosystem
stressors include natural forces (e.g., hurricanes, sea level rise) whose effects are enhanced by anthropogenic activity
(e.g., global warming). The increased frequency and intensity of natural events, in combination with anthropogenic
contributions, could cause ecosystem perturbations outside the range of natural variation.
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e Sustainability—The underlying premise is that military usability will persist indefinitely
under a well-conceived ecosystem-based management plan.

e Explicit goals—Ecosystem-based management identifies specific measurable goals for
which management is conducted and which can serve as indicators of success.

e Sound science and ecological models—The success of ecosystem-based management
depends upon the quality and completeness of the scientific understanding of the system
and models that are required to synthesize information to make sound judgments.

e Complexity and connectedness—Ecosystem-based management recognizes explicitly
that important interconnections exist among elements of an ecosystem and that these need
to be understood to model the system properly and thereby provide tools to gauge the
attainment of sustainability.

e Dynamic nature of ecosystems—Because of both extrinsic drivers and intrinsic
interactions, components of ecosystems are not static, and this natural variability must be
understood to detect signals from other stressors and to set realistic management goals.

e Context and scale—Ecosystems are driven by processes at multiple spatiotemporal
scales, and recognizing the regional setting of these processes is critical for modeling
locally driven impacts.

e Humans as ecosystem components—Rather than ignoring humans, ecosystem-based
management explicitly places humans in the system as one important element that can
play an active role in achieving sustainable management goals.

e Adaptability and accountability—Ecosystem-based management realizes that existing
models are always incomplete and predictions are uncertain; therefore, management
actions must be treated as hypotheses and tested as a practical means of ensuring success
and providing feedback to improve the models.

To successfully meet the objectives previously listed, the DCERP Team

e Ensured relevance of the program to MCBCL’s operations

e Ensured that outcomes reflect an adaptive management approach to ecosystem
sustainability

e Developed and applied models that incorporate regional and local military drivers to
support the sustainability or enhancement of military operations

e Used ecosystem-based models, including mission drivers, to identify methods and tools
to support the sustainability or enhancement of ecosystem function and health

e Ensured implementation of essential monitoring, high-quality research, and data
management procedures

e Conducted effective outreach and communication of information to the scientific
community, MCBCL, other military facilities, other stakeholders, and the general public.

Details about the specific activities performed by the DCERP Team are presented in the
following section.
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DCERP Research Strategy

During the earliest stages of DCERP, the DCERP Team developed the overall process (Figure
1-3) that was used to meet the program’s objectives. This process started with identifying
ecosystem processes and stressors, developing these into an overarching conceptual model of
DCERP, and then creating individual ecological models.

An important part of the DCERP process was to ensure that the ecological models developed for
each individual module were designed to integrate the ecological processes and stressors with the
Base’s military drivers and conservation and water quality needs, as determined by MCBCL for
the management of natural resources. The following subsections (Ecosystem Stressors,
Overarching Conceptual Model, and Individual Ecological Models) describe each of these
activities performed by the DCERP Team.

i lect
i i det o se
develop management develop implements
conceptual —»|  needs > tools »| Management
model identify gaps Tign changes
identi in conceptual
procesges model research models

Figure 1-3. Overall DCERP process.

Ecosystem Stressors

Although the main processes are generally understood, the biological, chemical, and physical
ecosystem processes at MCBCL had not been researched extensively, especially within the
context of outside stressors. The DCERP Team defined stressors as activities or events that alter
ecological processes. The DCERP Team grouped stressors into four major categories: military,
non-military, legacy, and natural. Table 1-2 provides a definition for each category and specific
examples relevant to DCERP.



Table 1-2. Examples of Military, Non-Military, Legacy, and Natural Stressors
to an Ecosystem

Stressors Examples

Military Military stressors are unique activities or events that are associated with military
training and testing at MCBCL. Some examples of military stressors include the use of
military tracked vehicles and amphibious watercraft troop movements on the Base and
the use of firing ranges and impact areas.

Non-military | Non-military stressors are any anthropogenic activities that can occur on or off Base.
Some examples of non-military stressors include runoff of nutrients from confined
animal feeding operations, agricultural practices, or urban lands; industrial and
municipal discharges; atmospheric deposition of nutrients and contaminants; local
residential or commercial development; groundwater withdrawals; and prescribed
burning activities.

Legacy Legacy stressors are anthropogenic activities that have occurred in the past, but whose
effects are continuing today. Some examples of legacy stressors include construction
of the Intracoastal Waterway, early ditching activities to drain land, historic use of fire,
agricultural activities, and timber harvesting.

Natural Natural ecosystem stressors include natural forces (e.g., hurricanes, sea level rise)
whose effects are enhanced by anthropogenic activity (e.g., global warming). The
increased frequency and intensity of natural events, in combination with anthropogenic
contributions, could cause ecosystem perturbations outside the range of natural
variation.

Overarching Conceptual Model

Once the DCERP Team members defined and grouped the stressors into the four major
categories, they developed the overarching conceptual model of DCERP for the MCBCL region.
This region includes the terrestrial lands of MCBCL, the NRE, associated coastal wetlands, and
the coastal barriers along Onslow Bay, as well as the overarching influence of local and regional
atmospheric conditions. Figure 1-4 presents the overarching conceptual model for DCERP.
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Figure 1-4. Overarching conceptual model for DCERP at MCBCL.

Individual Ecosystem Modules

To facilitate an understanding of the state of the ecosystems and dynamics of the MCBCL
region, during the strategic planning process, each of the ecosystem Module Teams then divided
the overarching conceptual model of DCERP into four ecosystem modules for monitoring,
modeling, and research. These four modules are as follows: Aquatic/Estuarine, Coastal Wetlands
(land—estuary margin), Coastal Barrier, and Terrestrial. These modules were linked to each other
and to local and regional disturbances and pollutant sources of anthropogenic origin via
atmospheric and aquatic transport mechanisms. Because the atmosphere has an overarching
influence on all four ecosystem modules, it was treated as a fifth ecosystem module (i.e., the
Atmospheric Module). All of the modules developed conceptual models for their respective
ecosystems. After developing the overarching conceptual model and the individual ecosystem
conceptual models, the DCERP Module Teams identified knowledge gaps in the conceptual
models, worked with the Base staff to identify the needs of MCBCL management, and then
determined potential research questions to fill these basic knowledge gaps and address these
needs. Individual ecological models are presented in Chapter 2 of this DCERP1 Final Research
Report.

A sixth module, the Data Management Module, involved a diverse group of data management
and analysis specialists who have expertise in the development of data management procedures
for the DCERP DIMS, including coordination of geospatial data, statistical analysis, and model
integration. The Data Management Module involved the following two components: (1) a
database and information management system and (2) model and tool development component.

SERDP envisioned the database and information management system component to be a
dynamic system to facilitate the collection, integration, and exchange of environmental data
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among the DCERP Team and serve as the permanent repository for research and monitoring data
and for associated information (e.g., documents, reports, maps, photographs) collected during
DCERP’s implementation. The model and tool development component provides the ultimate
cross-cutting function of incorporating the simple models, which were developed by the
individual research projects, into integrated management tools and models. All data and products
produced by DCERP were archived in the DCERP DIMS. A summary of this system will be
provided in a separate report.

Overall, DCERP has provided basic scientific information needed to develop management plans
to modulate the impacts of military training activities and to sustain both the natural resources
and use of the Base for military training now and in the future.

Research and Monitoring

The main purpose of DCERP was to gain a better understanding of ecosystem, processes, and
impacts of stressors on these processes, which is critical for implementing ecosystem-based
management strategies. DCERP was designed to be an adaptive program; therefore, the DCERP
Team developed the DCERP Baseline Monitoring Plan to gather environmental data to address
MCBCL’s management concerns and support the research projects identified in the DCERP
Research Plan. The research projects and baseline monitoring activities of DCERP are described
in the following subsections.

Research Projects

To support MCBCL’s objectives, the DCERP Team conducted 13 research projects (Table 1-3),
which focused on understanding knowledge gaps identified through the development of each
ecosystem module’s conceptual model, including innovative techniques for addressing these
knowledge gaps. Specifically, the DCERP Team tested ecosystem response to the previously
mentioned four stressors (i.e., military, non-military, legacy, and natural), examined potential
indicators of ecosystem change, and evaluated various management practices to help sustain
MCBCL ecosystems and their natural resource assets.

Table 1-3. Summary of the 13 Research Projects of DCERP

Senior Researcher; Project
Research Project Title Duration

AE-1: Develop and Deploy Microalgal Indicators as Measures | Hans Paerl; 7/2007-9/2012
of Water Quality, Harmful Algal Bloom Dynamics, and
Ecosystem Condition

AE-2: Quantifying and Predicting Watershed Inputs of Mike Piehler; 7/2007-9/2012
Nutrients, Sediments, and Pathogens to Tributary Creeks on
Marine Corps Base Camp Lejeune

AE-3: Developing Indicators of Ecosystem Function for Iris Anderson; 7/2007-9/2012
Shallow Estuaries: Benthic Functional Responses in the New
River Estuary

(continued)
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Table 1-3. Summary of the 13 Research Projects of DCERP (continued)

Research Project Title

Senior Researcher; Project
Duration

CW-1: Drivers and Forecasts of the Responses of Tidal Salt
Marshes to Sea Level Rise

Jim Morris; 7/2007-9/2012

CW-2: Forecasting Influence of Natural and Anthropogenic
Factors on Estuarine Shoreline Erosion Rates

Mark Fonseca; 9/2007-9/2012

CW-3: Hydraulic Exchange and Nutrient Reactivity in the New
River Estuary Wetlands

Craig Tobias; 7/2008-9/2012

CB-1: Short-Term Barrier Evolution: Overwash at Onslow
Beach Through Assessment of Training Activities and Model
Predictions

Jesse McNinch; 7/2009-9/2012

CB-2: Long-Term Barrier Evolution Related to Variations in
Underlying Geology and Land Use

Tony Rodriguez; 7/2009-9/2012

CB-3: Understanding the Top-Down and Bottom-Up Drivers of
Shorebird Nest Success and Habitat Use in Relation to Beach
Management Practices on MCBCL

Sarah Karpanty and Jim Fraser;
7/2007-12/2011

T-1: Effects of Different Understory Restoration Management
Options on Terrestrial Ecosystem Structure and Function

Norman Christensen; 1/2008—-
9/2012

T-2: Effects of Habitat Management for Red-Cockaded
Woodpeckers on Bird Communities

Jeffrey Walters; 1/2008-9/2012

Air-1: Optimization of Prescribed Burning by Considering
Mechanical Thinning as a Viable Land Management Option

Karsten Baumann; 7/2008-9/2012

Air-2: Nitrogen Deposition to Terrestrial and Aquatic
Ecosystems

Wayne Robarge; 7/2007-9/2012

Results from research projects feed back into the adaptive DCERP Baseline Monitoring Plan so
that changes in sampling frequency, spatial extent of sampling locations, or parameters to be
sampled could be adapted as necessary. The DCERP Team used results from the research and
monitoring efforts to identify ecosystem indicators and develop associated threshold values,
tools, or design models that address MCBCL’s management needs. Team members then
communicated this information to MCBCL personnel to assist them in making decisions about
what management actions should be taken. After implementing these changes, the DCERP Team
monitored the effects of these management changes (via feedback loops) to ensure that the
desired outcomes were achieved and revised the conceptual models as appropriate. The adaptive
nature of DCERP, therefore, was not fueled solely by the monitoring and research programs, but

by researchers working in concert with the Base staff.

Baseline Monitoring Program

For the purposes of DCERPL1, baseline monitoring was defined to include the monitoring of
basic (fundamental) parameters that support the broader research agenda, that provide data that
are useful to more than one ecosystem module, that must be monitored for a minimum of

1-12




5-10 years, and that will likely be transitioned in a scaled-down form to MCBCL to monitor
directly at the end of DCERP efforts. The DCERP1 baseline monitoring program included the
activities presented in Table 1-4. Final results of all DCERP baseline monitoring activities are
summarized in the DCERP1 Final Monitoring Report.

Table 1-4. Summary of Module-Specific DCERP Baseline Monitoring Program Activities

Modules Activities
Aquatic/ Hydrodynamics: Stream flow and discharge (New River, tributary creeks)
Estuarine® Chemistry: Nutrients, salinity, pH, oxygen, temperature (New River, NRE, tributary
creeks)

Sedimentology: Total suspended solids (New River, tributary creeks), turbidity (NRE)
Biology: Primary productivity, phytoplankton, fluorescence (NRE)

Coastal Land cover and shoreline erosion: Location, elevation

Wetlands Hydrodynamics: Tide gauges (hydroperiod)

Chemistry: Nutrients, salinity, hydraulic conductivity (shallow groundwater)
Sedimentology: Accretion rates, organic content, particle size

Coastal Hydrodynamics: Wave velocity, wave heights/period, currents, shoreline position,
Barrier morphology

Meteorology (ocean): Air temperature, wind velocity, barometric pressure, humidity,
solar radiation

Sedimentology: Texture, compaction, composition, sediment volume

Biology: Benthic invertebrates, fish, shorebirds/seabirds, dune/shrub/marsh vegetation,
sea turtles

Terrestrial Land cover/land use: Determine changes in land cover/land use (vegetation types,
buildings, roads)

Biology: Vegetative community assessment, fuel load

Soil: Soil bulk density, pH, organic matter content

Atmospheric | Meteorology (air): Wind speed, wind direction, relative humidity, temperature,
photosynthetically active radiation, precipitation

U.S. Environmental Protection Agency criteria pollutants: Ozone, fine and coarse
particulate matter (mass)

& Sedimentology, chemistry, and biology of the NRE benthic zone were characterized in Research Project AE-3.

Integration of DCERP Research and Monitoring

DCERP’s approach closely integrated the DCERP Baseline Monitoring Plan and the DCERP
Research Plan so that the outcomes of research projects were used to modify the adaptive
DCERP Baseline Monitoring Plan. In turn, the monitoring data were used to develop, refine, and
verify the models, tools, and indicators created as part of the research effort; therefore, the
models, tools, and indicators were modified and refined as additional research and monitoring
data became available.

The research projects also incorporated data from MCBCL’s environmental monitoring
activities, and other local, state, federal, and private monitoring activities to provide an integrated
approach to ecosystem-based management and alleviate redundancy in data collection activities.
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All research projects did not start simultaneously during DCERP; they were phased in to
integrate research linkages among the various modules.

To achieve integration and synthesis of DCERP results within and among the six Module Teams,
the DCERP Team initiated a variety of program activities, including monthly reporting of
activities, Webinars, and in-person meetings. Team members also worked closely with their
respective module researchers, with researchers from other modules, and with Base staff to
prepare various publications and presentations for the scientific community, MCBCL, local
stakeholders, and the general public.

Figure 1-5 shows how the models, tools, and indicators that are designed, developed, tested, and
verified can be transitioned to MCBCL to assist in monitoring and forecasting ecosystem
changes. The models, tools, and indicators developed from the research projects should also help
to streamline the baseline monitoring to a limited set of key parameters that will easily be
transitioned to MCBCL at the end of DCERP. A goal of DCERP is to disseminate monitoring
and research results and information from associated models, decision-support tools, and
indicators to MCBCL and to other users groups, including other DoD installations in similar
ecological settings, the scientific community, other stakeholders (e.g., the New River Roundtable
or the Onslow Bight Conservation Forum), and the general public.

h?;nsi?g:: basic adaptive monitoring transition \)
g monitoring program to MCBCL 7
T 7

o ® O
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Research

Plan
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Tools, and design and develop/test and verify/transition to MCBCL

Indicators

MCBCL/other DoD installations/stakeholders/scientific community/general public

Models,

\ 4

Information
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Figure 1-5. Generic roadmap of the integrated DCERP Baseline Monitoring Plan
and DCERP Research Plan and the development of model tools and indicators.

Note: AE = Aquatic/Estuarine Module; CB = Coastal Barrier Module; CW = Coastal Wetlands Module;
T = Terrestrial Module; AIR = Atmospheric Module
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In 2009, 2010, and 2011, SERDP provided additional funding for activities not anticipated in the
original DCERP Baseline Monitoring Plan and the DCERP Research Plan if the activity met
specified criteria. The request for additional funding could be made if the activity: (1) needed
immediate funding to prevent a negative effect on DCERP, (2) was supported by a TAC
recommendation, or (3) supported a new requirement based upon new monitoring or research
results or enhanced work that was already funded. This further enabled the program to adapt to
new findings and management needs.

Report Organization

This DCERP1 Final Research Report summarizes the DCERP research activities and results
during the Phase Il implementation period (July 2007 to January 2013). Chapter 2 of this
DCERP Research Report summarizes the major research finding results and conclusions of the
13 research projects of DCERP and provides a brief assessment of monitoring results and a
description of each ecosystem. Chapters 3 through 16 provide detailed research project reports
for each of the 13 research projects listed in Table 1-3 of this chapter. As part of each final
research project report, the researchers restated their initial hypotheses to be tested, provided
background to their research project to set it within the context of the previous state of science,
described the methods and materials used, and provided results, discussions, and conclusions,
including whether they accept or reject their original hypotheses.

In addition, an Executive Summary is provided that will serve as a stand-alone summary
document prepared as an outreach tool for MCBCL. The Executive Summary covers the same
time period described here and specifically highlights significant results and trends applicable to
MCBCL’s natural resources management staff, the Base’s environmental mission drivers, and
direct benefits to MCBCL that were derived from DCERP.
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Appendix 1-A

Prioritized List of MCBCL’s Conservation
and Water Quality Needs
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MCBCL Conservation and Water Quality Needs

High-Priority Needs

Primary Nursery Area (PNA) mitigation/delineation

Onslow Beach erosion

Air quality/smoke management

Measuring good quality habitat for red cockaded woodpeckers (RCW)

N1/BT3 monitoring for whales and marine mammals

RCW flexibility for Range Development—Regional RCW credit

Stormwater runoff reduction and water quality studies

Near field water quality studies

Distinguish and quantify effects of point and non-point inputs nutrient, sediment and pathogen inputs

Water quality/primary nursery areas

Physical-chemical-biological interactions and their control on water quality/habitat

Medium-Priority Needs

Wetland (marsh) restoration opportunities in the New River Estuary

Species at risk—Dbeach amaranth

Species at risk—sea turtles

Species at risk—shorebirds

Species at risk—RCW

Fire effects on vegetation and quantifying/qualifying prescribed burns

Species at risk—rough-leaved loosestrife

Habitat restoration and tactical vehicle off-road impacts

Northern pocosin in the Great Sandy Run Area (GSRA)

RCW monitoring

Additional military effects/RCW study

Longleaf /loblolly decline

Benthic organism Index of Biological Integrity

Benthic-water column exchange and hypoxia research

Blue crab studies

Determine nutrient, sediment and pathogens loadings from the watershed; determine transformations of
nutrients within the estuary; and the determine interactive role of climatic/hydrologic roles

Identify and quantify nutrients controlling primary production and excess production and algal blooms
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MCBCL Conservation and Water Quality Needs

Determine causes and effects of harmful algal blooms; link nutrient-productivity to hypoxia potentials

Low-Priority Needs

Coliform counts—Freeman Creek (and other 303[d] Total Maximum Daily Load—identified tributaries)

Invasive species: alligator weed and Phragmites

Habitat restoration and tactical vehicle off-road impacts—maritime forest
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Chapter 2

Significant Findings and Management Implications
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This report was prepared under contract to the U.S. Department of Defense (DoD) Strategic
Environmental Research and Development Program (SERDP). The publication of this report
does not indicate endorsement by DoD, nor should the contents be construed as reflecting the
official policy or position of DoD. References herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise, do not necessarily
constitute or imply its endorsement, recommendation, or favoring by DoD.
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Introduction

This chapter of the DCERP1 Final Research Report provides a brief summary of the significant
findings and management implications of the Defense Coastal/Estuarine Research Program
(DCERP) conducted at Marine Corps Base Camp Lejeune (MCBCL), at both the programmatic
and individual module levels. At the programmatic level, our overarching objective was to
enhance and sustain MCBCL’s military training mission by conducting installation-relevant and
basic and applied research in support of an ecosystem-based management approach. The DCERP
team focused on developing an understanding of ecosystem composition, structure, and function
within the context of a military training environment. DCERP was established as a unique,
highly integrated temporal/spatial monitoring and research program whereby monitoring data
provided information that validated models and research data provided feedback on whether the
monitoring was adequate to support research hypotheses. The RTI DCERP Team selected
several major cross-module integrative processes to study, including the hydrodynamics of the
New River Estuary (NRE) system, sediment transport, and nitrogen cycling and primary
production, as well as military land management effects on the landscape. Although other
processes were also studied, these are the major processes that are important in this
estuarine/coastal system across all ecosystems.

The remainder of Chapter 2 is organized according to the five ecosystem modules:
Aquatic/Estuarine, Coastal Wetlands, Coastal Barrier, Terrestrial, and Atmospheric Modules.
Each module section contains short descriptions of the key biological, chemical, and physical
processes and stressors that impact each ecosystem as presented in the conceptual models; the
overall findings of the research program; and brief discussions of the monitoring program and
assessments of data generated to support the module research and modeling efforts. Finally, the
major findings and implications of the DCERP1 research within each module are discussed in
the context of three categories: Key Scientific Findings, Findings with Implications for MCBCL
Management Practices, and Findings with Implications for DCERP2. It should be noted that
some findings may fit into more than one of these categories; however, we have tried to
minimize duplication and therefore have put the findings in the most appropriate category.

Programmatic Overview
Hydrodynamics of the NRE and Coastal Area

Hydrodynamics of the NRE and adjacent coastal area include those of the estuary proper and the
various inputs from the New River, tributary creeks, and exchange with the coastal ocean; the
Intracoastal Waterway (ICW) and its adjacent marshes that span the southern boundary of
MCBCL between the New River Inlet and Browns Inlet; and the 12-km (8-m) coastal barrier
island, Onslow Island, that is separated from the mainland by the ICW. The New River is located
within the Coastal Plain in southeastern North Carolina and flows 70 km (43 mi) through mostly
forested and agricultural land before entering the NRE near the City of Jacksonville. The NRE is
a shallow, semi-lagoonal estuary that flows southward and empties directly into the Atlantic
Ocean through the narrow New River Inlet.

The hydrodynamics of the estuarine section of the New River watershed are highly complex.
Freshwater can enter the NRE system through direct deposition as rain; fresh water runoff at
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diffuse land and water (marsh) boundaries; groundwater; and riverine input from the New River,
Southwest and Northeast Creeks, and numerous small tributary creeks. The predominant riverine
input creates gravitational flow towards the ocean. The heavier saltwater, introduced into the
system at the inlet, moves saline water up-estuary along the bottom towards the head of the
estuary. The two water layers of different densities cause vertical stratification of differing
strengths along the length of the estuary. Atmospheric events, including major storms and daily
wind patterns, as well as the semi-diurnal tidal cycle are the major mechanisms producing
vertical mixing of the estuarine water column. Residence time in the upper estuary is typically
longer than in the lower estuary near the inlet and is influenced primarily by the flow of the New
River in the upper estuary and by semi-diurnal tides in the lower estuary. The upper estuary is
oligohaline, with salinity ranging from 0.5 ppt to 5 ppt, whereas the salinity in the middle and
lower estuary typically ranging from 5 ppt to 30 ppt. Since the start of DCERP, hydrologic flow
extremes driven by both drought conditions and storm events have led to large fluctuations in
freshwater flow. Under drought conditions with low freshwater flow, high salinity tidal waters
penetrated further up-estuary increasing salinity at the estuary head near Jacksonville. On the
other extreme, Tropical Storm Nicole brought 57 cm (22.5 inches) of rain over 4 days and the
salinity at the head of the NRE near Jacksonville declined from 25 ppt to O ppt as a result of this
storm event. Water circulation in the lower estuary near the NRE Inlet is complicated further by
exchanges with both the Atlantic Ocean and the ICW. The existence of the ICW, a man-made
navigation channel, has resulted in differences in the tidal amplitude occurring in the marshes
bordering the ICW.

The hydrodynamics of the offshore, coastal ocean and its influence on Onslow Beach are
typically determined by semi-diurnal tides, low-frequency wind-induced flow, higher frequency
wind waves, and storm surge. Seasonal variability in the offshore wind and wave climate
influences the nearshore area adjacent to Onslow Beach, but the influence is constrained by the
geomorphology and bathymetry of the area. Seasonal analysis indicates that the wind and wave
climate of Onslow Island during the autumn and winter are driven more towards beach erosion,
and the summer wind and wave climates enhance beach accretion. Overall, winds are variable
from the northeast and southwest, and waves are primarily from the southeast and are strongest
in the winter and autumn. Wind-induced waves can result in overwash events on the coastal
barrier. In addition to the hydrodynamics of the wind and wave environment, there is also a
strong bilateral component to the long-shore current flow that parallels the shoreline of Onslow
Beach. On an annual basis, approximately 30-40% of the total long-shore current flow is
northeast towards Browns Inlet, 20% is southwest towards the NRE Inlet, and 10% is offshore,
leaving the remaining 30—40% of flow onshore. These complex hydrodynamic flows of the New
River, NRE, ICW, and the coastal ocean mediate transport of sediment and nutrients among the
various coastal ecosystems of MCBCL.

Sediment Transport

Hydrodynamic processes associated with both wind and water are responsible for sediment
transport among the various MCBCL component ecosystems and for resuspension of sediments.
A combination of hydrodynamic processes and sediment supply determine whether an area will
experience erosion or accretion. Sediment can be transported into the estuary via runoff from
upland agricultural lands or from MCBCL lands into tributary creeks. Areas of the New River
watershed in agricultural use are vulnerable to sediment runoff, especially during high rainfall
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events. In contrast, the largely undeveloped training and forest lands of MCBCL help limit
surface runoff to the tributary creeks and reduce stream sediment loads. These creek loads are
much lower than other southeast Coastal Plain systems. In addition to sediment input from the
New River watershed, waves cause erosion of the NRE shoreline, especially sediment banks, and
this sediment source provides approximately half of the sediment required for the salt marshes in
the lower estuary to keep pace with sea level rise (SLR) through accretion. Wind-driven shear-
stress forces on the bottom of this shallow estuary result in the resuspension of bottom
sediments, which can be carried down-estuary to marshes in the lower NRE and ICW,
transported to the New River Inlet and Atlantic Ocean, or redeposited to the bottom of the
estuary. Within the estuary, resuspended bottom sediments can reduce light availability reaching
the benthic microalgae, restricting the benthic microalgae from photosynthesizing and
sequestering nutrients from the water column.

The ICW was constructed in the mid-1930s and substantially changed the hydrodynamics of
sediment movement. The construction and routine maintenance of the ICW is a legacy stressor to
the salt marsh ecosystems adjacent to the ICW. Marshes on the eastern side of the ICW are
higher in elevation because they receive sediment replenishment from both overwash events and
wind-driven aeolian sand transported across Onslow Island. In contrast, marshes on the western
side of the ICW are sediment starved because they are deprived of these sediment sources by the
physical presence of the ICW, which also intercepts and traps sediment carried by tidal flow
through the inlets. Additionally, the number and speed of commercial, recreational, and military
vessels using the ICW have also resulted in increased boat wake erosion of the ICW shoreline.
This erosion leads to slumping of sediments into the ICW, which further necessitates dredging to
maintain the channel. However, the dredged sediment is often lost from the marsh ecosystem as
it is removed or deposited on Onslow Beach.

Sediment transport along Onslow Beach is driven by daily wind, wave, current, and semi-diurnal
tidal patterns and by more severe, seasonal, episodic storm events, particularly during autumn
and winter, that are responsible for overwash and the formation of substantial washover fans
composed of beach and dune sand. Large storm events such as hurricanes and tropical storms
have caused significant overwash and sediment re-working on the barrier island; however, sub-
tropical storms and nor’easters have had similar effects. At the northeastern, regressive end of
the island, the combination of high dunes (7-9 m in height) and well-developed plant
communities constrain overwash and almost completely block aeolian sediment transport from
the beach to the backbarrier marshes. At the southwestern, transgressive end of the island,
overwash is a more dominant process due to the lower dune height (less than 2 m in height).
However, even at this end of the island, the plant communities limit across-island aeolian
sediment transport. After storms, when vegetation density is reduced by overwash events, the
efficiency of aeolian sediment transport between the beach, dunes, and backbarrier marsh
increases.

Nitrogen Cycling and Primary Productivity

A main focus of DCERP was to identify the sources, transport mechanisms, processes, and fate
of nitrogen across the MCBCL landscape because it is often this nutrient that limits primary
production and determines rates of other material (carbon, nutrients, and oxygen) cycling. Like
sediments, nitrogen is transported by hydrodynamic processes among various components of the
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New River watershed and MCBCL estuarine/coastal systems. The largest source of nitrogen
enters the NRE system from the upper New River watershed, with lesser contributions from the
Atlantic Ocean, MCBCL tributary creeks, the MCBCL wastewater treatment plant, and
atmospheric deposition. Because the NRE is a shallow, microtidal system with a relatively long
residence time (greater than 69 days [median]), the estuary responds very differently to nutrient
enrichment than deeper, tidally dominated estuaries with shorter residence times.

In the coastal marshes, terrestrial forest, and barrier island systems, higher plants (macrophytes,
woody plants) dominate primary production, whereas in the NRE, the bulk of the primary
production is mediated by planktonic and benthic microalgae. Nutrient inputs (nitrogen and
phosphorus), light availability (mediated by turbidity and chromophoric [colored] dissolved
organic matter [CDOM]) and advective processes (freshwater flow, tides, and flushing)
interactively control the rate of primary production and the community composition of primary
producers in the NRE. Although nutrient inputs are essential for supporting primary producers,
excessive nutrients can lead to eutrophication, which adversely affects both water quality and
habitat conditions. Examples of adverse effects include production of harmful (toxic) algal
blooms that can alter food webs, the development of hypoxia and anoxia resulting from decaying
algal material that can result in fish kills, decreased light availability resulting from a reduction
in water clarity (essential to support benthic primary production and nutrient uptake and
sequestration), loss of habitat for finfish and shellfishing, and reduction in recreational,
commercial, and military training uses of the estuary.

Although nitrogen supplies from external (i.e., atmospheric deposition, riverine loading, and
ocean water) and internal sources play key regulatory roles, physical factors such as freshwater
discharge, flushing (water residence time), and transparency (water clarity) modulate primary
production. In the NRE, freshwater discharge and resulting flushing rates play fundamentally
important roles in controlling the amount and composition of planktonic primary producers.
Freshwater discharge is of critical importance from both ecological function and ecosystem
“health” perspectives because it controls nitrogen inputs and rates of nitrogen cycling. Clearly,
there is a strong interaction between nitrogen delivery and flushing characteristics of the estuary
in terms of the types (species composition) and amounts (biomass) of microalgal production. The
primary responses to nitrogen enrichment in deep estuaries are phytoplankton blooms and
resulting eutrophication; however, the shallow NRE is more resilient because of the other major
primary producers—the benthic microalgae. Benthic microalgal production, accompanied by
denitrification and annomox, modulates the effects of nutrient enrichment by constraining the
release of nitrogen back into the water column; however, these processes are regulated by light
availability, residence time, and salinity, all of which vary during episodic storm events. Light
availability, in particular, is affected by erosion and resuspension of sediment and CDOM in
response to both natural (storm) and anthropogenic perturbations such as MCBCL training
activities and infrastructure development. Light availability is also vital to allow the benthic
microalgae to undergo photosynthesis, thereby sequestering nutrients such as nitrogen from the
water column into benthic microalgal biomass and the sediments.

In contrast to the NRE, which receives inputs of nutrients (particularly nitrogen from the New
River watershed), the marshes of the lower NRE and ICW are, by comparison, nitrogen starved.
Groundwater from the upland pine forests that flows through these marshes is nitrogen poor.
Therefore, the marshes of MCBCL do not function to remove large groundwater-derived
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nitrogen fluxes from the watershed because there is little to remove. Nitrogen is also produced by
decomposition of organic matter in intertidal marshes. However, 10-20% of the nitrogen is
converted to nitrogen gas via denitrification and is lost from the coastal landscape to the
atmosphere. The more dominant fate (80-90%) of nitrogen in the MCBCL marshes is burial in
sediment during marsh accretion, which provides nitrogen storage over varying time scales (from
decades to centuries). This further illustrates that intertidal marshes of MCBCL are
overwhelmingly sinks for nitrogen in the coastal landscape.

A fertilization study that artificially added nitrogen and/or phosphorus revealed that the salt
marsh vegetation (Spartina alterniflora) at MCBCL is co-limited by both nitrogen and
phosphorus. This increase in biomass production on plots fertilized with both nitrogen and
phosphorus significantly raised the marsh elevation. Singular additions of nitrogen or phosphorus
did not elicit a statistically significant increase in biomass production, but the combined effects
of the two nutrients raised the standing biomass by a factor of 2.8 above the controls and raised
the average rate of sediment accretion by 4.6 mm/y. Therefore, nutrient additions of both
nitrogen and phosphorus may have potential for use in marsh restoration efforts to increase
accretion rates of the marshes to help them keep pace with SLR and continued provisioning of
ecosystem services.

Military Training and Land Management

Based on the landscape of MCBCL, the type of training maneuvers and equipment in use, and
the current intensity of the training, the RTI DCERP Team was able to design its research and
monitoring programs and select appropriate research sites that allowed for comparison of results
from both training and non-training locations. This also allowed the team to develop an
understanding of the ecosystem composition, structure, and function within the context of a
military training environment. MCBCL managers are proactive about the sustainability of the
ecosystems at MCBCL (Table 2-1). At the current level (types and intensity) of military training
employed at MCBCL from 2007 through 2012, the impacts of this training were not significant
ecosystem stressors in comparison to the magnitude of natural disturbances from storms,
hurricanes, droughts, and flooding.

Table 2-1. MCBCL management strategies for reducing impacts of military
training activities on MCBCL ecosystems.

MCBCL Management Strategies

Tanks and tracked vehicles are not permitted to maneuver except on designated tank trails or tank
training ranges, and this practice constrains soil erosion and minimizes impacts of sediment and
nutrient runoff to receiving waters.

Intersections or other areas of high training use are maintained routinely by grading these areas and
placing signage and guard rails to keep vehicles out of areas where restoration is ongoing.

Amphibious vehicle impacts are constrained by restricting their entry and exit from the water via
specified splash points (often, these are hardened with concrete pads) on the NRE or ICW and via
designated ingress/egress points on Onslow Beach.

(continued)



Table 2-1. MCBCL management strategies for reducing impacts of military
training activities on MCBCL ecosystems (continued).

MCBCL Management Strategies

Landing Craft Air Cushions (LCACS) train over marshes in the lower estuary and barrier island;
however, various paths through the marshes are used, and thus the marshes appear to be able to
withstand and recover within 3 years, assuming the current intensity and types of training continues.

Tactical landing zones used in helicopter and fixed-wing aircraft training exercises become rutted with
use, and these are routinely graded and reseeded with native grasses, and then closed for 1-2 years to
allow vegetation to recover before use is reinitiated.

With more than 35,000 ha (86,500 acres) of forest land at MCBCL, forest managers strive to
achieve sustainability for continued provisioning of ecosystem services and support of the
military training mission. A key component of that management is the restoration of longleaf
pine (Pinus palustris) ecosystems. Areas once dominated by open, longleaf pine now support
closed canopy stands of loblolly pine (Pinus taeda) with a dense understory and midstory of
broad-leaved shrubs and trees. These mixed hardwood-pine forests are not readily useable for
training because of the dense understory, and they are of poor habitat quality to support the
endangered red-cockaded woodpecker (RCW; Picoides borealis). The suppression of fire on
these landscapes has also exacerbated these conditions. Although land management prescriptions
are frequently motivated by single-species management for threatened and endangered species,
the land management approach at MCBCL (perhaps initiated by RCW management) ultimately
addresses multiple issues by taking a holistic, ecosystem recovery approach. Forestry
management practices (i.e., midstory thinning followed by prescribed burning [PB]) used at
MCBCL to create more open pine savanna-like communities were found to be addressing long-
term forestry restoration goals, created more useable land for military training activities,
supported the recovery goals for the RCWs and other species of concern, and offered the benefit
of lower PM, s emissions during PB events.

Amphibious capabilities are key to MCBCL’s mission and Onslow Island, adjacent marshes, and
water crossings provide critical training environments. Amphibious assault training takes place
on a relatively small portion of Onslow Island and marshes, and uses splash points to launch
amphibious assault vehicles (AAVs) and light armored vehicles (LAVS) across the ICW to and
from the main side of the installation. Additionally, the lower NRE is used to launch landing
craft air cushion (LCAC) vehicles across the marshes to transport personnel and materials to
offshore vessels, and then to ferry them to the assault beaches on the central training area of
Onslow Island. With respect to the barrier island, military training did not produce a significant
impact at current training levels in comparison to natural forces associated with overwash from
storm surge and wind and wave processes. Similarly, LCAC trails in marshes were visible in
aerial photographs, but within 3 years, these tracks were no longer distinguishable. In
comparative analyses, LCACs did not have a lasting impact on the marsh, either in terms of
marsh surface elevation, vegetation biomass, or marsh fragmentation.

Shoreline erosion of the ICW was measurable over the period from 1956 through 2009 from
analysis of historic aerial photographs. Waves created by boat wakes in the ICW that erode the
marsh shoreline are primarily a result of commercial and recreational vessel traffic rather than
military training vessels. Minimal erosion was detected at splash points along the ICW, and those
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isolated incidences where erosion was occurring might be reduced at some currently used splash
points by shifting some of the training pressure to the underutilized splash points, by reinforcing
existing splash points with concrete ramps, or implementing marsh restoration around the more
impacted sites.

Development and Application of Models

To understand ecosystem processes and identify indicators of potential changes to ecosystem
state that would require more effective management to achieve sustainability, the RTI DCERP
Team developed and/or applied a variety of models. These models were validated using
extensive monitoring and research data and were used to test different scenarios representing
natural and anthropogenic stressors. For example, the Estuarine Simulation Model (ESM) was
used to predict the effect of changing loads of nitrogen on chlorophyll a concentrations in the
NRE and the Marsh Equilibrium Model (MEM) was used to predict the response of coastal
marshes to changes in sea level. More information on each model is contained within the
individual research project chapter (see Table 2-2).

Table 2-2. Models developed and/or applied by the RTI DCERP Team.

Model Name Chapter/Research Project Objective

Bayesian Belief Chapter 3, Research Project To examine the variables critical to

Network (BBN) AE-1 eutrophication and guide monitoring and
assessment procedures

Watershed Chapter 6, Research Project To understand the effect of natural and

Simulation AE-2 anthropogenic stressors on watershed loads to

Models (WSMs) the NRE

Estuarine Chapter 6, Research Project To scale up results to the entire NRE system and

Simulation AE-3 understand the effect of natural and

Model (ESM) anthropogenic stressors on the NRE

Bio-optical model | Chapter 5, Research Project To guide monitoring and assessment procedures

(for the NRE) AE-3 and understand the effects of water quality
parameters on light attenuation in the NRE

Marsh Chapter 7, Research Project To forecast changes in marsh elevation and

Equilibrium Cw-1 inform efforts to stabilize NRE shoreline

Model (MEM)

Wave Exposure Chapter 8, Research Project To classify shorelines by wind wave energy;

Model (WEMOo) Cw-2 identify areas where boat wake energy

significantly increases total wave energy; predict
distribution of storm waves on top of surge under
different storm scenarios; determine seafloor
shear stress to predict areas of high sediment
resuspension in the NRE; and identify vulnerable
Installation assets

Boat Wake Chapter 8, Research Project To perform boat wake impact forecasting and
Model (BOMO) CWw-2 geographic assessments

(continued)

2-7



Table 2-2. Models developed and/or applied by the RTI DCERP Team (continued).

Model Name Chapter/Research Project Objective

New River Chapter 8, Research Project To illustrate dominant shoreline erosion

Estuary Cw-2 processes in different NRE locations

Shoreline

Erosion

(NRESE)

Runup and Chapter 10, Research Project | To predict changes in the beach in response to

Overwash Model | CB-1 short-term storms and/or changes in the physical

(ROM) parameters (e.g., beach slope, removal of dunes)
and forecast locations of wave runup and
overwash

Advanced Coastal Barrier Module To simulate the velocity flow field and pathways

Circulation Monitoring Program of sediment transport

(ADCIRC)

Model

Simulating

Waves Nearshore

(SWAN) Model

Aquatic/Estuarine Module
Summary of the Ecosystem

Estuaries integrate inputs from terrestrial habitats, freshwater rivers and streams, the coastal
ocean, and atmospheric systems. Accurate assessment and management of estuarine water
quality necessitates consideration of the interconnections to, and interactions with, these other
systems. Many estuaries also exist in regions of rapid population growth and diversifying human
activity that can impact natural ecosystem processes. In the context of the MCBCL region, the
Aquatic/Estuarine Module studied the tidal reach of the NRE from the head of the estuary near
Jacksonville, NC, to the tidal inlet at Onslow Bay, including 10 tributary creeks within MCBCL
lands that flow into the NRE or the ICW.

The NRE is a relatively small (88 km? [34 mi?]), shallow (approximately 3 m [9.8 ft] mean depth)
Coastal Plain estuary. Most of the estuary resides within MCBCL. The NRE is comprised of a
series of lagoons and is confined by barrier islands restricting water exchange with the Atlantic
Ocean. Flushing time in the NRE varies seasonally with storm and runoff events, ranging from 8 to
187 days, with an average of 70 days (Ensign et al., 2004). The semi-lagoonal nature of the NRE
plays a significant role in its sensitivity to nutrient inputs because long flushing times allow more
time for algal nutrient assimilations, growth, and internal nutrient recycling. Principal tributaries
discharging into the NRE include the blackwater New River and Southwest and Northeast
Creeks. In addition, numerous small creeks, whose catchment areas lie within MCBCL
boundaries, also discharge into the NRE. Land use in both the New River and Southwest Creek
watersheds is dominated by agriculture and includes numerous swine confined animal feeding
operations (CAFOs). Prior to 1998, discharges from CAFOs, a wastewater treatment facility
(WWTF) in the City of Jacksonville, and seven WWTFs on MCBCL resulted in massive
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phytoplankton blooms, widespread hypoxia, and fish kills, such that the estuary was named one
of the most eutrophic in the Southeastern United States (Bricker et al., 1999; Mallin et al., 2005).
In 1998, the Jacksonville WWTF was upgraded to secondary treatment and the MCBCL
facilities were consolidated, which markedly improved water quality (Mallin et al., 2005).
However, the NRE continues to receive high nutrient loads from the New River watershed and
episodic WWTF spills. In addition, development on MCBCL, with attendant increases in
imperviousness, buildings, and forest clearing also has the potential to impact the small
tributaries discharging into the NRE.

The Aquatic/Estuarine Module investigated how anthropogenic loadings (nutrient and sediment
inputs) from the New River watershed and MCBCL tributaries affected the benthic microalgae
and pelagic phytoplankton. Phytoplankton production and community structure are controlled by
nutrient inputs, residence time, and the degree of stratification in the estuary. In contrast, benthic
microalgae production is controlled by water clarity that allows the benthic microalgae to
sequester nutrients under autotrophic conditions, but causes a release of nutrients back into the
water column under heterotrophic conditions. Water clarity that controls benthic microalgae
production is reduced by the presence of suspended sediments, CDOM, and pelagic
phytoplankton biomass—all parameters regulated by climate-driven hydrologic flows from the
New River and from forcings from tidal activity and wave energy. Furthermore, the effects of
climatic variability, including acute or episodic events (e.g., tropical hurricanes, floods,
droughts) and longer term trends (e.g., warming, precipitation patterns), on estuarine structure
and function were characterized and quantified to better understand the interactive and
potentially confounding impacts of climate (change) on water quality and habitat condition
(Figure 2-1).
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Figure 2-1. Conceptual model for the Aquatic/Estuarine Module.

The Aquatic/Estuarine Module conducted three research projects listed in Table 2-3 to address the
stressors associated with both on- and off-Base anthropogenic activities and from natural stressors
associated with extreme episodic events. Research Projects AE-1 and AE-3 identified the
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important processes and interactions ongoing within the NRE between the pelagic and benthic
communities, respectively. Research Project AE-2 tracked the relationship between land use and
precipitation events to quantify loadings of nutrients, sediments, and bacteria under baseflow and
stormflow conditions to MCBCL tributary creeks. A variety of watershed simulation models were
applied to predict current watershed loads to the NRE and potential changes in those loads due to
installation development. The ESM was developed and implemented to integrate stressors and
ecosystem processes ongoing in the estuary to inform development of a water quality management

tool.

Table 2-3. Aquatic/Estuarine Module Research Project Titles,
Senior Researchers, and Summaries of Findings

Research
Project

Research Project Title Senior Researcher

AE-1

Develop and Deploy Microalgal Indicators as Measures of Water | Senior Researcher:
Quality, Harmful Algal Bloom Dynamics, and Ecosystem Condition | Hans Paerl

Findings: Research Project AE-1 determined that phytoplankton biomass was strongly
impacted by river flow variations due to its dual influence on nutrient delivery and
residence time. Nutrient addition bioassays showed that nitrogen was the primary limiting
nutrient controlling phytoplankton production. Hydrologic forcing plays an important role
in determining phytoplankton biomass and community structure. System-wide primary
productivity is nearly evenly split between phytoplankton and benthic microalgae.
Management actions should maintain this ecologically healthy balance by limiting
excessive nitrogen and suspended sediment loads that tend to favor phytoplankton over
benthic microalgal production. Currently, most of the nutrient and sediment loading to the
estuary occurs upstream of MCBCL, and thus upstream sources should be the focus of load
reduction efforts. However, future growth and development within MCBCL watersheds
may increase the importance of MCBCL tributaries as sources of nutrients and suspended
solids to the NRE.

AE-2

Quantifying and Predicting Watershed Inputs of Nutrients, Senior Researcher:
Sediments, and Pathogens to Tributary Creeks on Marine Corps Base | Mike Piehler
Camp Lejeune

Findings: Overall loadings from MCBCL tributary creeks were very low compared to other
East Coast Coastal Plain streams. Loads of nutrients and total suspended solids were
positively correlated with increasing impervious cover in the watershed. The pattern in
nutrient loading suggested a threshold in impervious cover of 15% as a tipping point, above
which considerably higher nutrient loading occurred. Comparison of the loadings from a
drier year (2008-2009) to two wetter years (2009-2010 and 2010-2011) revealed increased
loads of most constituents in wetter years and that developed watersheds had similar
proportional increases in loading, as did less developed watersheds. Loading patterns of
fecal indicator bacteria (Enterococcus spp. [ENT] and Escherichia coli [E. coli (EC)])
frequently exceeded regulatory standards for fecal contamination in headwater portions of
the study streams. EC and ENT in storm loading was as much as 30 to 37 times greater than
baseflow loading.

(continued)
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Table 2-3. Aquatic/Estuarine Module Research Project Titles,
Senior Researchers, and Summaries of Findings (continued)

Research
Project Research Project Title Senior Researcher

AE-3 Developing Indicators of Ecosystem Function for Shallow Senior Researcher:
Estuaries: Benthic Functional Responses in the New River Iris Anderson
Estuary

Findings: Benthic microorganisms (e.g., the benthic nutrient filter) play an important role
in retention and removal of remineralized nutrients, regulation of benthic—pelagic nutrient
exchanges, and stabilization of bottom sediments. Benthic microorganisms also provide
some protection against nutrient enrichment and accompanying eutrophication of the
estuary. The NRE is moderately eutrophic with benthic gross primary production
responsible for 41% of total estuarine productivity. Effectiveness of the benthos as the
benthic nutrient filter is dependent on light availability and photic area of the estuary
which varied as a function of freshwater discharge ranging between 46-97% of total
estuarine bottom area. Benthic chlorophyll a was an excellent indicator of the
effectiveness of the benthic microalgal nutrient filter. During summer, a threshold for
benthic chlorophyll a was observed that ranged from 70-83 mg m?, below which the
benthos was a source of nutrients and above which was a sink for nutrients. In high
discharge periods with high nutrient inputs, high pelagic primary production, and low
photic area, the benthic microalgal “filter” is likely to be less effective due to light
limitation and low biomass.

AE Development and Application of Watershed and Estuarine Senior Researcher:
Synthetic | Simulation Models for the New River Estuary Dr. Mark Brush

Modeling | Findings: A range of watershed models was applied to predict current material loads to
the NRE and potential changes in those loads due to MCBCL development. The models
differed in their ability to accurately predict annual and monthly loads, and no single
model provided the best predictions for all parameters (fresh water, nitrogen, phosphorus,
and sediments). An inter-model comparison indicated that the simpler models and the
more complex models often predicted loads and could therefore be useful management
tools for the MCBCL. An ESM was applied in nine spatial elements down the axis of the
NRE and reproduced the annual cycles and key events for surface chlorophyll a, nutrient
and dissolved oxygen concentrations, benthic microalgal biomass, and key rate processes.
A series of model simulations indicated that the key controls on NRE response to
watershed nutrient loads include flushing time via freshwater loading, nutrient
sequestration by benthic microalgae, nutrient removal by denitrification, and strong light
attenuation in large part due to CDOM. A series of simulations with varying watershed
nutrient inputs indicated minimal effects of the MCBCL wastewater treatment plant and
loads originating from MCBCL, but strong effects of loads from the upland, off-Base
watershed; this response is modulated by inter-annual hydrologic variability.

Aquatic/Estuarine Module’s Monitoring Program

The Aquatic/Estuarine Module monitoring program was designed to capture and link hydrologic,
nutrient, and sediment inputs from the New River watershed and MCBCL tributary creeks with
phytoplankton community growth (productivity) and biomass (chlorophyll a and diagnostic
pigments) responses in the NRE. Differentiating the stressors affecting processes in the estuary
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included the consideration of extreme weather-related events, such as hurricanes, nor’easters,
floods, and droughts, which have been shown to be important drivers whose impacts vary greatly
inter-annually.

Inputs to the NRE were collected from two locations on the New River and from 10 tributary
creeks located on MCBCL. Flow measurements and nutrient and sediment data were used to
characterize changes in hydrologic flow and to determine loadings to the estuary. Tributary creek
monitoring stations were distributed throughout the estuarine gradient to capture the impacts of
various land uses on nutrient and sediment loadings. As watershed development increased,
creeks draining them showed reduced seasonality in typical flow pattern (elevated in winter,
depressed in summer), increases in the ratio of nitrogen to phosphorus loaded to the estuary, and
increases in the proportion of nutrients and sediments delivered during storms.

In the NRE, water quality measurements were made using eight fixed sampling stations, two
continuous autonomous vertical profilers (AVPs), and monthly Dataflow transects to capture
hydrologic and nutrient inputs. These measurements were linked with phytoplankton community
growth (productivity) and biomass (chlorophyll a and diagnostic pigments) responses from the
research effort. AVP data enabled researchers to characterize vertical stratification in the
upstream microtidal and downstream tidal components of the estuary. These data are essential
for understanding the seasonal and inter-annual interplay of physical-chemical forcing features
(e.g., freshwater discharge, salinity regimes, temperatures and stratification, water transparency,
nutrient inputs and concentrations, dissolved oxygen conditions) with trophic and
biogeochemical responses in the NRE. The monitoring data revealed that the NRE is functionally
divided into two estuaries, with dramatically different biological responses noted in each,
including contrasting sensitivities to the development and proliferation of harmful algal blooms,
hypoxia potentials, and external inputs versus internal releases of nutrients from the BMA.

Conclusions and Implications from the Aquatic/Estuarine Module

Key Scientific Findings—Fundamental Cause-and-Effect Relationships

e The New River watershed is the major source (approximately 64%) of the external
nitrogen loadings to the NRE. External nitrogen is the primary nutrient driving
phytoplankton and benthic microalgae production. Both bioassay and productivity data
suggest that intense nutrient limitation, particularly nitrogen limitation, occurs as riverine
loads are depleted by phytoplankton growth within the upper estuary. The bathymetry
and hydrodynamics of this system create significant down-estuary gradients in a number
of physical parameters (i.e., CDOM, nitrogen and phosphorus concentrations, and
sediment concentrations) that directly impact estuarine productivity.

e The pelagic phytoplankton and benthic microalgae in the NRE together account for the
overwhelming proportion of the primary production. Other primary producer groups
(e.g., marsh grasses, sea grasses, macroalgae) are of minor importance because of their
limited areal extent in the NRE.

e Benthic chlorophyll a can serve as an excellent indicator of the effectiveness of the
benthic microalgae as a nutrient filter. During the summer, the threshold for benthic
chlorophyll a ranged from 70-83 mg m™. Below this range, the benthic microalgae were
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a source of nutrients to the water column supporting phytoplankton production; above
this range, the benthic microalgae were a sink, sequestering nutrients from the water
column, thereby reducing the potential for phytoplankton blooms to develop.

There is a strong hydrological control of phytoplankton biomass production in the NRE.
For total phytoplankton biomass, there is a threshold river flow or tipping point of
approximately 27 m® s™. Above this flow rate, water residence time within the estuary is
too short to allow for assimilation of nutrients by the phytoplankton to occur and
therefore restricts algal bloom development.

Findings with Implications for MCBCL Management Practices

Current nutrient loadings from MCBCL watersheds to the tributary creeks have
extremely low nitrogen concentrations relative to other estuarine watersheds along the
East Coast, suggesting that current land uses for military training and infrastructure
development are not impairing water quality. A lack of development along the majority
of the shoreline of the NRE and ICW has reduced landscape disturbance, thus protecting
estuarine water quality.

Future development planning for MCBCL should include comprehensive evaluation of
locations for new infrastructure projects or training areas. Proactive site selection to
minimize runoff potential of nutrients and sediments will be more cost effective than
having to retrofit a site after construction to remedy stormwater runoff. The percent
imperviousness of a watershed should be a key consideration in siting additional
facilities, especially if the percent of impervious surface area is already approaching or
exceeding 15%. This 15% imperviousness value appears to be a tipping point for these
watersheds above which greater nutrient loading occurs.

Benthic microalgae act as a “nutrient filter” regulating nutrient exchanges between the
sediment and water column. When the benthic microalgae are photosynthesizing, they
retain and remove nutrients from the water column and sequester them in their biomass
and sediments. In contrast, when the benthic microalgae are not photosynthesizing
because of reduced water clarity, they release nutrients back into the water column that
fuels phytoplankton blooms in the NRE. MCBCL management actions to reduce nutrient
and sediment runoff through maintenance of riparian buffers and implementation of
stormwater management practices on MCBCL lands should aim to maintain or shift the
balance toward benthic microalgae production and away from phytoplankton production.
These actions will be especially important as MCBCL land use changes and as future
climate change impacts the hydrologic cycle (the wet/dry periods).

Findings with Implications for DCERP2

Understanding the role of the creeks as conduits for nutrient and sediment loading to the
NRE under baseflow and stormflow conditions and varying land uses will help in
understanding the potential for increased loadings of these constituents from MCBCL
lands under climate change scenarios that project increased rainfall during storms.

Both the phytoplankton and benthic microalgae populations in the NRE are modulated by
factors (nutrients, sediment, CDOM) associated directly with the hydrologic cycle and its
impacts on the hydrodynamics of the New River. Understanding future climate change
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conditions (changed hydrologic cycle associated with wet/dry periods and warming
temperatures) will be important in understanding the climate change impacts to the
estuarine carbon cycle.

e Raphidophytes, a harmful algal bloom group that produces toxins known to kill fish, have
been prevalent in algal blooms in the NRE and are the singular algal group linked to
bloom development during drought periods. Future climate change conditions may alter
the hydrologic cycle and occurrence of wet/dry period and severe drought could increase
opportunities for bloom development of this group and their potential to impact fish
populations. Although drought may promote raphidophyte development, changes in
extreme rainfall events projected for the future could also flush nutrients and
phytoplankton from the estuary, thereby transporting carbon from the estuary to the
coastal ocean.

Coastal Wetlands Module
Summary of the Ecosystem

Coastal wetlands are a vital component of the estuarine landscape that links terrestrial and
freshwater habitats with the sea. Marshes provide a variety of ecosystem services, including
improving water quality by transforming nutrients and trapping sediment, attenuating wind wave
and boat wake energy on shorelines, stabilizing the coastal barriers, accreting sediments and
building land, and providing recreational opportunities for people. Marshes provide important
habitat area for a diverse group of estuarine organisms, including commercially important fish
and shellfish species (Figure 2-2). The Coastal Wetlands Module investigated factors affecting
the sustainability of coastal marshes relative to military training impacts, projected SLR, and
shoreline erosion by wind waves and vessel wakes, as well as the role of salt marshes in cycling
nutrients within the MCBCL coastal ecosystem. Salt marshes within the MCBCL region occur in
the lower NRE and along both shores of the ICW and are typically dominated by smooth
cordgrass (Spartina alterniflora) and black needle rush (Juncus roemerianus). Spartina and
Juncus are the dominant plant species in salt marshes of the Atlantic and Gulf Coasts, making
these research results readily transferrable to other locations. The ICW bisects the backbarrier
island salt marsh system on MCBCL, providing an opportunity to examine the potential impact
of boating activity and dredging operations on coastal wetlands. The distribution of salt marsh
relative to elevation, which is a key predictor of resilience to SLR, differs on either side of the
ICW. Salt marshes on the west, or mainland side, of the ICW are lower in elevation than those
on the east side of the ICW. The ICW channel may act as a trap that intercepts sand and sediment
eroded from the barrier island. Routine maintenance dredging of the ICW channel removes this
sediment from the system, depriving the mainland marshes of this sediment subsidy for
accretion. The lower surface elevation of the mainland marshes, in combination with erosion
from boat wakes, makes these marshes susceptible to the predicted acceleration in SLR. Salt
marshes are also the only wetlands on MCBCL that adjoin and occasionally intercept
amphibious military training exercises and that play a role in coastal barrier island stabilization.
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Figure 2-2. Conceptual model for the Coastal Wetlands Module.

The Coastal Wetlands Module conducted three research projects listed in Table 2-4 to address
the stresses imposed as a consequence of MCBCL military training activities and other direct
anthropogenic activities and of global climate change, particularly SLR on coastal marshes. Two
of these research projects (i.e., CW-1 and CW-2) addressed changes in geomorphology driven by
sea level change, impacts from amphibious training maneuvers, and wind wave and boat wake
erosion. Research Project CW-1 used the MEM to determine marsh response to projected SLR
and to predict when the marshes at MCBCL might be inundated and collapse in the future.
Research Project CW-2 developed a customized version of the National Oceanic and
Atmospheric Administration’s (NOAA’s) Wave Exposure Model (WEMOo) to classify estuarine
shorelines exposed to wave energy, identify shorelines where boat wake energy significantly
increased total wave energy, and determine shoreline erosional hotspots. A new component was
added to WEMo to determine estuarine areas prone to resuspension of sediments along the
estuary bottom. The third project, Research Project CW-3, addressed the flux of water (upland
and tidal) through the marshes and the transformation of nutrients in the water cycling through
the marsh. Research sites were strategically chosen to take advantage of significant activity (e.g.,
amphibious military training operations, splash points), proximity to upland land uses (e.g.,
groundwater, nutrient flux), research and monitoring activities by other modules (e.g., coastal
barrier island migration), or other significant attributes (e.g., shoreline stabilization structures).
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Table 2-4. Coastal Wetlands Module Research Project Titles,
Senior Researchers, and Summaries of Findings

Research
Project

Research Project Title Senior Researcher

Cw-1

Drivers and Forecasts of the Responses of Tidal Salt Marshes to | Senior Researcher:
Sea Level Rise Jim Morris

Findings: The salt marshes of MCBCL provide some evidence in support of the concept
that the relative elevations of marsh landscapes vary and demonstrate skewness in a
direction that is diagnostic of their position. Both the empirical results and the MEM
predictions indicate that the marshes west of the ICW are not in equilibrium with SLR.
The elevation of these marshes is significantly lower than marshes east of the ICW, yet the
marshes west of the ICW had the highest rate of sediment accretion. We concluded that
the ICW causes loss of sediment from the margins of the marshes and traps sediment from
the backbarrier marshes of Onslow Island. Without the presence of the ICW, the
backbarrier marshes would be subsidizing the sediment supply of the marshes west of the
ICW. The fertilization experiments indicated that the salt marsh vegetation at MCBCL is
co-limited by nitrogen and phosphorus, and this increased the biomass, thus raising the
elevation of the marsh plots. In summary, the MEM predicts a collapse of the ICW
marshes within 95 years depending upon the rate of SLR and other factors such as
sediment supply, tidal amplitude, and biomass.

Cw-2

Forecasting Influence of Natural and Anthropogenic Factors on | Senior Researcher:
Estuarine Shoreline Erosion Rates Mark Fonseca

Findings: Wave energy along the NRE is primarily from wind waves, whereas wave energy
on ICW shorelines is primarily from boat wakes. In the NRE, marsh shorelines exhibited
lower erosion rates than sediment bank shorelines; however, erosion rates were significantly
lower when a narrow fringing marsh (less than 5 m in width) was present. The annual input
of sediment into the NRE via sediment bank erosion is approximately half the amount
needed for salt marshes to keep pace with current rates of SLR. This estimate also
demonstrates the potential importance of coastal marshes in trapping sediments and
maintaining water quality in the NRE. In the ICW, the shoreline is predominately salt
marshes; however, the average width of the ICW has increased from approximately 70-m
wide in 1938 to more than 145-m wide in 2009 from the combined effects of wave and boat
wake erosion and repeated dredging of the ICW to maintain navigability.

(continued)
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Table 2-4. Coastal Wetlands Module Research Project Titles,
Senior Researchers, and Summaries of Findings (continued)

Research
Project Research Project Title Senior Researcher
CWw-3 Hydraulic Exchange and Nutrient Reactivity in the New River Senior Researcher:
Estuary Wetlands Craig Tobias

Findings: Groundwater inputs to coastal marshes were found to be an important source of
fresh water to the root zone of the marsh plants, but not an important source of nitrogen
because groundwater nitrogen concentrations are low. The nitrogen inputs from marsh
drainage to the NRE are trivial, but are not trivial from the marshes to the ICW. When all
exchange routes for nitrogen are considered, the intertidal marshes of MCBCL are
overwhelmingly large sinks for nitrogen. The nitrogen sink strength is dominated by
sediment nitrogen burial during accretion (80-90%) and denitrification (10-20%). We
estimated that 9,660 kg N y™ is buried in the marshes bordering the NRE, and 23,460 kg
Ny is buried in the marshes bordering the ICW. The magnitude of the nitrogen sinks
within the marshes would have to decrease on the order of 20-fold before the marshes
would switch from being a net sink to a net source of nitrogen. Barring any extreme
changes in marsh geomorphology (e.g., marsh edge to area ratio) or severe increases in
tidal amplitude, if the existing marshes continue to accrete at rates keeping pace with SLR,
then they will remain as a net nitrogen sink.

Coastal Wetlands Module’s Monitoring Program

The Coastal Wetlands Module monitoring effort provided crucial baseline information to support
the three research projects of the Coastal Wetlands Module and established and maintained tide
gauges, which provided the first recognized tidal datums for MCBCL. The Coastal Wetlands
Module monitoring effort also measured marsh surface elevation and sediment accretion in
Spartina and Juncus marshes, annually measured marsh above-ground primary production, and
monitored nutrients in shallow groundwater within the marsh zone.

Overall, the Coastal Wetlands Module’s monitoring stations ranged from the upper portion of the
NRE (Wallace Creek), to mid-estuary (French Creek), to the lower portion of the NRE (Traps
Bay, Mile Hammock Bay), and finally to the salt marshes that border either side of the ICW
(Freeman Creek, Onslow Beach). These monitoring stations included sites dominated by
Spartina alterniflora in the lower estuary and Juncus roemerianus in the mid to upper estuary.
This spatial coverage allowed us to demonstrate how changes in marsh geomorphology, tidal
amplitude, wave energy exposure, and surface elevation affect the processes (nutrient exchange,
sediment accretion, shoreline erosion, marsh primary production) being studied. Our analysis of
current monitoring data demonstrates significant site variability in the relationship between
marsh biomass and surface elevation and in the relationship between tidal inundation and
sedimentation rates. Some of this site variability is due to differing tidal amplitude, which was
observed in the tide gauge data, whereas changes in salinity, dominant plant vegetation, and
proximity to sediment sources also influence the measured site-specific responses.

The frequency of sampling ranged from annual measures of primary production to close interval

(6-15 minutes) sampling of water level. In addition, long-term (more than 50 years) rates of
shoreline erosion for the NRE and ICW shorelines were determined using aerial photography.
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Sampling frequency has proven adequate to detect significant site and annual variability.
However, several of the processes of interest to the Coastal Wetlands Module’s research effort
are long-term processes (marsh response to SLR, shoreline erosion) that require fairly long-term
(5 to 10 years) monitoring to distinguish short-term variability from long-term trends and to
increase the likelihood of capturing storm events that may be important.

Conclusions and Implications from the Coastal Wetlands Module

Key Scientific Findings—Fundamental Cause-and-Effect Relationships

e The MEM describes plant productivity and sediment accretion in marshes and forecasts
changes in marsh elevation as a function of primary productivity, suspended sediments,
and flooding, and primary production as a function of relative elevation. The model
forecasts a 95-year survival time for MCBCL area marshes given a scenario where sea
level rises 100 cm by the end of the century.

e Wave energy from wind and boat wakes are the main erosional forces in the ICW. Our
research is the first quantitative assessment of boat wakes in the ICW that evaluates
historical shoreline erosion. Our research also conducted a comparative analysis among
wind waves and boat wakes to define the potential tipping point where boat wake impacts
would be eclipsed by the natural, wind wave environment for effects on shoreline
stability. The majority of the boat wakes that exceeded wind waves (31.7%) were
approximately 0.45 m larger than wind waves; this difference is larger than the top 5% of
wind waves normally observed throughout the entire NRE. The top 5% of boat wake
waves exceeded wind waves by greater than 0.75 m, with a few percent exceeding
ambient wind conditions by almost 0.9 m.

e The history and effects of dredging the ICW to a box-shaped channel on a 5-year cycle,
led to the development of a conceptual model for this process, which we refer to as the
“dredge and slump model.” This conceptual model describes the adverse impact of
dredging operations in the ICW on adjacent salt marshes, via removal of sediment from
the system, and slumping of the marsh edge as a result of erosion into the navigation
channel. This slumping process has widened the ICW channel from a width of 70 m in
1938 to more than 145 m in 2009 and may have implications for the sustainability of the
ICW at MCBCL and in other areas along its extent. The next research steps include the
following: (1) an assessment of suspended sediment concentration and transport in
marshes adjacent to the ICW to fill a data gap and refine predictive models of marsh
response to SLR, and (2) assessment of adaptive management practices (such as thin-
layer spreading of dredge spoil material over marsh plots) to minimize the adverse
impacts of maintenance dredging of the ICW on coastal marshes.

e The intertidal marshes of MCBCL should be considered overwhelmingly large sinks for
nitrogen. The nitrogen sink strength is dominated by nitrogen burial during sediment
accretion (80-90%) and denitrification (10-20%). Scaling up measured rates to total
marsh area; we estimated that 9,660 kg N y™* and 23,460 kg N y™ are buried in the
marshes bordering the NRE and ICW, respectively. These estimates show that the marsh
functions as a net sink for nitrogen for both the NRE and ICW marshes.
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Findings with Implications for MCBCL Management Practices

In the ICW, several unreinforced splash points have exhibited higher shoreline erosion
rates than the average rate for the ICW. Reinforced splash points within the ICW have a
lower shoreline change rate as a result of boat wake or wave erosion compared to
unmodified splash points. MCBCL managers should give consideration to many
strategies to reduce erosion rates and enhance sustainability of splash points for future
training maneuvers. These strategies include reinforcing splash points with concrete
ramps, implementing marsh habitat restoration, or diverting some military training
activities from splash points showing the most erosion to underused splash points to
reduce training pressure on overused splash points.

Only 19% of the NRE shoreline has been modified through hardened revetments, sills,
and seawalls. This constrained development/use of the shoreline has water quality
benefits with respect to reduced runoff of nutrients and sediment and allows ecosystem
services (e.g., aquatic habitat, storm surge protection) of these shorelines (i.e., sediment
banks, swamp forests, and marshes) to be preserved.

Historic MCBCL practices have hardened NRE shoreline areas in high-energy areas
which are appropriate; however, marshes and sediment banks, which supply sediment
vital for marsh accretion, will be needed in the future to help mitigate for SLR impacts on
the marshes. MCBCL managers should consider whether additional shoreline hardening
is needed, and if so, offset new shoreline hardening with habitat restoration in hardened
areas where wave energy is low. This will help sustain the marshes by allowing the
release of sediment required for the marshes to keep pace with SLR.

Based on our surveys, salt marshes can readily persist on shorelines where WEMo
forecasts wave energy values <300 j m™. We recommend these NRE shoreline segments
as strong candidates for habitat restoration by removing the modified structures and
transplanting marsh grasses. If there is any remaining vegetation after the removal of the
modified structures, then this may supplement the revegetation process significantly.
These restoration efforts will promote sustainability by allowing the marshes to migrate
landward as sea level rises and will continue to provide shoreline ecosystem services not
achieved with hardened structures.

If the speed of large V-hulled vessels was reduced in the ICW (from 20 knots to 7 knots),
then vessel wakes would be sufficiently small so as not to create sediment-eroding waves.
MCBCL managers should consider requesting the establishment of a no-wake zone in the
ICW. If properly placed, a 2-mile no-wake zone would increase transit time by only

10 minutes along the southern MCBCL boundary. However, this longer transit time
would provide the benefit of substantially reducing the creation of erosion-generating
boat wakes.

For long-term planning in addition to that for storm surge and wave runup, the rise in sea
level should also be a primary consideration. Future placement of MCBCL infrastructure
and facilities should consider SLR. This planning could affect the construction of new
facilities and require setback space allowances to accommodate the future landward
migration of existing marshes with SLR to sustain marsh ecosystem services such as
shoreline stabilization and wildlife habitat.
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Findings with Implications for DCERP2

e During DCERP1, the MEM was applied to the Spartina alterniflora marshes of MCBCL.
For DCERP2, preliminary work started in DCERP1 on Juncus roemerianus marshes will
be expanded at MCBCL, where both marsh plant species exist. In addition, the Coastal
Wetlands Module Team will gather sediment cores at Eglin Air Force Base in Florida to
supplement information collected at MCBCL with the aim of parameterizing a model for
this second species that is widely distributed in the Gulf Coast area.

e The RTI DCERP Team will use results from the marsh experimental biomass studies
(both above ground [shoot] and below ground [root]) and measured sediment accretion
rates to support the development of a spatially explicit numerical model of marsh
accretion. The MEM will predict how carbon sequestration and marsh vulnerability
change across the marsh landscape and throughout the next century in response to SLR.

e Based on MEM forecast scenarios, there are two management strategies that could
mitigate the effect of the ICW on the surrounding marshes and enhance their
sustainability: (1) nutrient enrichment to enhance biomass production of marsh plants and
sediment accretion, and (2) thin-layer disposal of dredge spoils on the marsh surface. As
part of DCERP2, consideration will be given to evaluating these management strategies
as potential options to help enhance sustainability. Results of these tests would inform the
use of such management strategies in sustaining marshes in similar ecological settings.

e Currently, salt marshes on MCBCL are a net nitrogen sink. Provided that the MCBCL
marshes keep pace with SLR, this function is likely to remain intact. DCERP1 also
demonstrated that the productivity of Spartina alterniflora marshes on MCBCL is co-
limited by nitrogen and phosphorus. These results will inform efforts to model marsh
production, sediment accretion, and, ultimately, carbon burial across the MCBCL
landscape.

Coastal Barrier Module
Summary of the Ecosystem

Onslow Beach is a northeast-southwest trending, wave-dominated barrier island located just
south from where the Outer Banks barrier-island chain ends. This 12 km (8 mi)-long barrier
fronts saltmarsh and is bounded by the New River Inlet to the southwest and Browns Inlet to the
northeast. The shoreline of Onslow Beach is sinusoidal with a central headland separating two
shallow, cuspate embayments. The northern embayment has a wide beach (approximately 80-m)
with multiple well-developed dune ridges (7-9 m in height) and is similar to other barrier islands
to the northeast such as Bear Island and Bogue Banks. The central headland area has a narrow
beach (approximately 20-m wide) with a single discontinuous dune ridge less than 4 m in height.
The beach widens significantly along the southern embayment from 20 m in the northeast to

80 m in the southwest, and the morphology of this part of the beach is very similar to barrier
islands to the south such as Topsail Island. The discontinuous dunes along the southern end are
less than 2 m in height, and washover fans can be extensive (250-m wide) and extend across
backbarrier marshes. The highly variable morphology along Onslow Beach is unique; however,
this allows DCERP results to be applicable to many other barrier islands worldwide.
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The Coastal Barrier Module examined the coastal barrier island ecosystem that lies at the
interface between the continental shelf and the protected NRE. This barrier island ecosystem
encompasses the shallow subtidal and intertidal shore face, tidal inlet, backshore beach, aeolian
dune, shrub zone, maritime forest, and washover sand flat habitats. These habitats are defined by
intrinsic ecological processes, but are linked by sediment transport, nutrient exchange, and
biological uses, each of which undergoes substantial changes over multiple time scales (Figure
2-3). Research efforts were designed to support the long-term sustainability of the island as an
important coastal resource necessary for amphibious military training, for recreation for MCBCL
personnel, and for maintaining important habitats for protected species.

Overwash/ Wind-blown Sediments

Intertidal
Vertebrate Flats

Predators

Figure 2-3. Conceptual model for the Coastal Barrier Module.

Onslow Beach is a critical asset to MCBCL as the primary Atlantic Coast location where
amphibious military training maneuvers occur. Research projects for the Coastal Barrier Module
(Table 2-5) studied geological and hydrodynamic evolutions of the coastal barrier island and the
response of avian species. Future sustainability and effective management of the coastal barrier
island depend upon a better understanding of the evolution of the island in terms of shoreline
movement and landscape change. Coastal Barrier Module research focused on an improved
understanding of the short-term hydrodynamic evolution related to land use and impacts of storm
events (Research Project CB-1) and on long-term barrier evolution related to variations in
underlying geology and inlet dynamics that have shaped the island over geologic time (Research
Project CB-2). Studies examined the evolution of Onslow Beach over millennial to yearly time
scales and the contribution of aeolian sand to backbarrier marshes to help better manage future
landscape changes that may occur in response to changes in future storminess and SLR.
Modeling focused on the development of a hydrodynamic Runup and Overwash Model (ROM)
to predict future overwash locations from storm events. Research Project CW-3 addressed the
population dynamics of Wilson’s plover (Charadrius wilsonia), a regional species of concern
that was selected as a surrogate for the endangered piping plover (Charadrius melodus) and
assessed this species’ habitat requirements and success in nesting and foraging in various barrier
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habitats. Results from examining predator top-down influences have been provided to MCBCL
staff so they can design the most efficient predator-trapping program and determine how to
manage habitat availability.

Table 2-5. Coastal Barrier Module Research Project Titles,
Senior Researchers, and Summaries of Findings

Research
Project

Research Project Title Senior Researcher

CB-1

Short-Term Barrier Evolution: Overwash at Onslow Beach Senior Researcher:
Through Assessment of Training Activities and Model Jesse McNinch
Predictions

Findings: Results suggest a relationship exists between the amount of overwash and the
number of tropical hurricanes that impact the barrier island in a given decade. Neither
an increase nor a decrease in washover deposits were discernible as a linear trend,
suggesting that MCBCL training activities did not measurably influence overwash
processes. Modeled wave runup and projected locations of overwash demonstrated
strong skill during Hurricane Irene. ROM simulations correctly predicted four overwash
locations along Onslow Beach. Model results imply that runup elevations vary along
Onslow Beach as a function of beach slope and nearshore bathymetry such that
overwash and inundation predictions based solely on regional tides and surge would
likely have poor skill in predicting overwash locations except for the most extreme
storm events. Furthermore, hard bottom outcrops in the surf zone in the central portion
of the island (military training zone) will likely continue to induce higher elevations of
runup in these areas.

CB-2

Long-Term Barrier Evolution Related to Variations in Senior Researcher:
Underlying Geology and Land Use Tony Rodriguez

Findings: Onslow Beach is a transgressive barrier island that moved from
approximately 300 m seaward of its present location in approximately 200 A.D. to its
present position during the late Holocene, principally through overwash processes and
washover fan formation. Around 1850 A.D., the number and landward extent of
washover fans increased sharply along the entire island. This corresponded to an
increase in the rate of SLR and a low number of annual tropical hurricanes in the
Atlantic Ocean. The increase in the rate of SLR resulted in more frequent wave erosion
of the backshore and aeolian dunes, which likely lowered the elevation of the island and
made the island more vulnerable to overwash. This sensitivity is likely the result of the
island being sediment starved, a product of its framework geology (limestone
outcropping near the shoreface) and its location at the center of a coastal embayment
(Onslow Bay). Military training activities have had little impact on island evolution
because the decadal record of shoreline movement and the geological record of island
evolution show that the military training zone has been vulnerable to overwash and
experienced high rates of shoreline retreat in 1850 A.D., long before MCBCL existed.

(continued)
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Table 2-5. Coastal Barrier Module Research Project Titles,
Senior Researchers, and Summaries of Findings (continued)

Research
Project Research Project Title Senior Researcher
CB-3 Understanding the Top-Down and Bottom-Up Drivers of Senior
Shorebird Nest Success and Habitat Use in Relation to Beach Researchers:
Management Practices on MCBCL Sarah Karpanty

and Jim Fraser

Findings: Results of a 2-year study of Wilson’s plovers (Charadrius wilsonia) at
Onslow Beach indicated little differences between years in nest success (>1 egg
hatched), nest failure, and overall nest survival. The majority of nest failures were
caused by mammalian predators. For those nests that hatched successfully, greater
proportions were located in clumped vegetation than on bare ground or sparsely
vegetated areas. In-season chick survival for both years of the study was higher for nests
that hatched earlier in the season and for nests farthest from the broods’ final foraging
territory. The survival rate of adult Wilson’s plover was high (82%) and was consistent
with studies of other plover species on the Atlantic Coast. Our findings indicate that
Wilson’s plover adults and broods were flexible in establishing final foraging territories.
In 2008, all final brood foraging territories were on fiddler crab (Uca spp.) flats,
whereas in 2009, final foraging territories were sometimes split between fiddler crab
flats, beach front, and inter-dune sand flats. For those Wilson’s plovers establishing
territories on fiddler crab flats, the size of the flat was the most important feature
explaining the use versus non-use and the area of the fiddler crab flats; >1,250 m* was
preferred. Close proximity to water and vegetative cover were also important habitat
features in foraging site selection on fiddler crab mud flats and in all habitat types
combined.

Coastal Barrier Module’s Monitoring Program

The goal of the Coastal Barrier Module’s monitoring activities was to make those necessary
measurements and observations that allow isolation and integration of human-derived (including
military training activities) and natural processes to understand the dynamics of the coastal
barrier ecosystem. The focus was on outputs that served to identify how those components of the
ecosystem of greatest concern to MCBCL in sustaining the coastal barrier for training and for its
natural resource assets can be successfully managed and optimized. Fulfilling this goal required
not only measurement of various conditions and processes, but also analysis, synthesis,
integration, and use of a wide variety of hydrodynamic models used by the research projects. The
components of Coastal Barrier Modules” monitoring program supporting the three coastal
Barrier Module research projects included measurements of ocean meteorology; ocean and near
shore hydrodynamics; beach topography, geomorphology, and sedimentology (including aeolian
sand); dune, shrub and marsh plants cover and height; and avian abundance.

Ocean meteorology and hydrodynamics were measured continuously at two NOAA buoy
stations 5 and 25 mi seaward of the New River Inlet and an additional station 500 m off Onslow
Beach. These measurements provided information to develop seasonal wind and wave climates
for the barrier and were used to validate the coupled Advanced Circulation (ADCIRC) +
Simulating Waves Nearshore (SWAN) Models that were used to determine shoreline position
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changes in response to storms including erosion and habitat changes. Tide data were acquired
from NOAA'’s sites in Wilmington and Beaufort (both in North Carolina) and from two gauges
at Mile Hammock Bay and Wallace Creek maintained by the Coastal Wetlands Module.
Accurate tidal frequency data were needed for ADCIRC Model set up of the Onslow Bay region.
Shoreline position, sandbar position, and morphology were measured along the entire length of
Onslow Beach every 3 years, as well as semiannually and before and after storm events at
specific sites. These data also were used to validate the coupled ADCIRC + SWAN Model
(Research Project CB-1) and to understand barrier migration. The ocean meteorology, offshore
and nearshore hydrodynamics data, and tide data and shoreline position data were used to
understand the seasonal variability of wind and wave fields across the barrier and in conjunction
with beach profile data to determine seasonal accretion and erosion rates (Research Project
CB-2). Baseline bathymetry data were collected in 2007 for the entire coastal barrier shoreface,
including the New River Inlet, backbarrier, and portions of the NRE. This updated information
when integrated with hydrodynamic wind, wave, tide and longshore current measurements and
constrained by shoreface bathymetry and barrier island morphology was used to calibrate the
hydrodynamic barrier models to forecast shoreline change for both long-term morphologic
responses of the beach (erosion over decades) studied in Research Projects CB-2 and modeling
of short-term storm events CB-2.

Monitoring of avian species temporal and spatial occurrence across Onslow Island and tidal
information supported the species specific research of Research Project CB-3 by providing an
overall perspective of shorebird utilization of habitat availability on Onslow Island. Monitoring
data identified a tidal anomaly in 2009 that caused flooding of backbarrier marshes used by the
indicator species, Wilson’s plovers, for foraging. Identification of the tidal anomaly supported
the research observation of changes in the foraging behaviors of Wilson’s plovers that illustrated
the plasticity of this species’ habitat utilization in response to this natural phenomenon.

As DCERP evolved, monitoring procedures used by the Coastal Barrier Module were modified
to generate better results by using more accurate and efficient equipment (e.g., changing method
to measure sediment compaction, introducing state-of-the-art equipment such as the Coastal
LiDAR and Radar Imaging System [CLARIS] to measure inshore hydrodynamic processes); and
by sampling during unscheduled times to respond to episodic anthropogenic activities (e.g.,
military training events, pier removal, and dredge-spoil disposals) as well as episodic natural
events (e.g., hurricanes, nor’easters). These new procedures and measurements were introduced
to enhance our ability to fill data gaps (e.g., measuring aeolian wind transport using a new sand
capturing sampler, quantifying shorebird activity to direct human interference). Information on
barrier island vegetation was used in concert with the aeolian transport measurements to
determine sand movement at three locations along the barrier. This information helped determine
the rate of shoreline retreat in various locations along the barrier, thus refining model predictions.
In August 2011, the region was affected by Hurricane Irene, a Category 2 hurricane that caused
significant overwash on the island. Researchers were finally able to document changes to island
morphology and ecology and to test their hypotheses, predicting how the island would respond to
a major storm event. The results of all of these analyses are included in detail in the DCERP1
Final Baseline Monitoring Report.
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Conclusions and Implications from the Coastal Barrier Modules

Key Scientific Findings—Fundamental Cause-and-Effect Relationships

The two most substantial washover deposits generated by Hurricane Irene in 2011 had
not been overwashed at least since 1938, and thus are not just a reoccurrence of overwash
at a previously breached dune (as occurred at two other overwash locations toward the
middle of the island). This suggests that overwash occurs both at new areas and at those
areas previously impacted.

Sand thickness offshore of Onslow Island varied from 3 m at the northeastern part of the
island to less than 1.5 m at middle and southwestern portions of the island. This confirms
the relatively sand-starved conditions of the middle and especially the southwestern most
portions of the barrier where erosion is higher.

A comparison of washover extent, obtained from aerial photographs from 1938-2010,
suggests that the primary forcing mechanism generating overwash processes on Onslow
Beach has been tropical storm activity.

Sand beds preserved within backbarrier marsh deposits are commonly thought to have
been emplaced rapidly during a storm; however, post-storm aeolian transport should also
be considered as an important mechanism for forming sand beds over a longer period of
time within salt marsh strata. The percent volume of the marsh originating from aeolian
sand, based on the upper 1 cm of marsh sediment, decreased by an order of magnitude
only approximately 20 m from the dune-marsh boundary. Sandy beds sampled in every
marsh core at depth are composed of aeolian sand and were likely placed over time after
storms deposited a sandy washover fan near the marsh and/or reduced vegetation cover
across the island.

For Wilson’s plovers, 80% of nests laid in clumped grasses or mixed vegetation were
successful, compared to only 41% of nests laid in low-growing sparse vegetation or on
open sand. Additional research is needed to determine if habitat availability or preference
of Wilson’s plovers is driving these results.

The size (area) of a fiddler crab mud flat was the most important habitat feature
influencing whether a Wilson’s plover brood established a territory on it. The ideal
fiddler crab mud flat for Wilson’s plover brood territory establishment would be one that
is greater than 1,250 m?, within 10 m of water, subject to regular tidal flooding, and
within 4 m of vegetation cover. A next research step would be to determine the areas that
meet these requirements or could be managed to meet these requirements to improve
available habitat for Wilson’s plovers.

Wilson’s plover broods exhibited a change in foraging behavior between years that may
reflect a change in environmental conditions. Similarly, broods established final foraging
territories in all available foraging habitats (i.e., fiddler crab flats, inter-dune sand flats,
and beach front) in 2009, but they only used fiddler crab flats in 2008. In 2009, Wilson’s
plover access to fiddler crab mud flats was limited due to a coast-wide sea level anomaly
that flooded the flats. However, sand accretion occurring between the two study seasons
increased the beach front foraging opportunities during this same period. Despite this
observed habitat shift by foraging adults and broods, no evidence was found of decreased
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chick survival between years. This suggests that some plasticity exists in foraging
behavior of this species if a range of alternative habitats are available for exploitation.

Findings with Implications for MCBCL Management Practices

Overwash processes peaked both in 1950 and again in 1990, but a clear linear trend
(either an increase or a decrease) was not evident. This suggests that MCBCL amphibious
training activities did not have a measurable effect on overwash processes at Onslow
Beach.

MCBCL’s strict use of designated ingress and egress points on the barrier island to move
troops and equipment from the beach to the backbarrier areas is a protective strategy for
sustaining dune structure and reduces the number of areas where overwash can penetrate
behind the dunes. When first established, the ingress and egress points were selected
because they were overwash areas. MCBCL managers should be cautious when
considering the development of additional ingress and egress points because these
provide conduits for overwash to penetrate more deeply into the barrier dune structure.

Based on historical data, MCBCL managers should plan for an increase in the frequency
and magnitude of overwash events, which will occur as higher sea levels increase dune
erosion and lower the elevation of the island, making it more vulnerable to overwash
processes. Additionally, future changes in extreme events such as tropical storms may
further enhance overwash processes. Currently, the southwestern end of the island is most
vulnerable to overwash because the elevation is lowest, annual erosion rates are high, and
the offshore sediment supply is low. Given the high rates of landward shoreline
movement at the center of the island and the narrow dunes, the island will likely
overwash in this area again within the next 20 years. This makes sustainability of the
marshes to the west (landward) of the ICW important particularly if the barrier island is
breached.

We recommend that if MCBCL has plans to build additional permanent structures or to
modify existing structures located on the dunes, MCBCL managers recognize that the
vulnerability of these sites to flooding and inundation will increase during the next 10 to
20 years. Depending on the nature of specific construction projects, it may be prudent for
MCBCL managers to plan additional infrastructure development further landward of
where the existing bathhouses and cottages are currently located. Looking to the future,
MCBCL managers should also anticipate and plan for increased costs for post-storm
infrastructure repair and clean up on the barrier island.

The geological structure of the surf zone near the military training zone will likely
continue to induce higher elevations of wave runup in that area than in surrounding areas.
Best management practices designed to minimize lowering of the primary dune crest
should be considered, and anticipating likely flooding of sea turtle nests in this area of the
beach should be countered with continuing to relocate nests to less overwash-prone areas.

MCBCL managers have been proactive in posting signage and fencing to protect
shorebird nesting areas of Onslow Beach. MCBCL staff should continue to identify and
protect newly formed and ephemeral habitats (e.g., overwash areas, sand accretion areas,
ephemeral tidal pools) that help support Wilson’s plover nesting pairs and broods and
other breeding shorebirds with similar habitat requirements (e.g., piping plovers,
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American oystercatchers [Haematopus palliates], least terns [Sterna antillarum], willets
[Catoptrophorus semipalmatus]). MCBCL managers should also aim to provide a variety
of potential nesting and foraging sites from the beach front to sound-side mud flats to
allow for flexible habitat use by breeding Wilson’s plovers and foraging broods.

An optimal range of 11-18% vegetation cover per 1 m? of beach front habitat was
favorable for Wilson’s plover foraging broods. This goal can be achieved by protecting
newly formed washover areas and beach front sand accumulation that results in habitat
relatively free of vegetation, except for sparse low-growing plants (i.e., sea rocket [Cakile
edentula], new growth seashore-elder [Ilva imbricate], and seaside pennywort
[Hydrocotyle bonariensis]).

Wilson’s plover hatching success is positively related to the presence of a specific
vegetation density around the nest site (i.e., successful nests have 8-22% vegetated cover
within 0.5-1 m? of nest bowl) and a gradient of vegetation growth form (i.e., low-
growing sparse vegetation and clumped grasses) beginning at the nest bowl and
extending up to 1 m?. Management of Wilson’s plovers should attempt to achieve this
density of vegetation in sandflat areas.

Although MCBCL has met with public objections about restricting access to the
southwestern end of Onslow Island during shorebird breeding season, alternative
measures to signs and fencing could be implemented that might be more effective. For
example, interns or volunteers could be used during high-use periods (i.e., on summer
weekends and especially on Memorial Day, Independence Day, and Labor Day holiday
weekends) for educational outreach to the general public and to monitor important
foraging areas. Utilizing interns or volunteers might be a less confrontational and more
effective approach to habitat management and improving conservation knowledge of
shorebirds.

Findings with Implications for DCERP2

The results from the ROM used during DCERP1 will be modified to project the barrier
island’s response to SLR and overwash events in the wake of projected increased
incidence and magnitude of storm events which will be derived from Strategic
Environmental Research and Development Program (SERDP) Research Project RC-1702
and from other sources.

The ROM and the island transgression results from SERDP Research Project RC-1702
will be used to project the rate of exposure of the peat outcropping on the forebeach that
can release carbon and the rate of carbon burial in the backbarrier marshes.

Terrestrial Module

Summary of the Ecosystem

The Terrestrial Module’s ecosystem-based research was conducted along the gradient of
vegetation from the salt marsh at the estuary margin, through brackish and freshwater marsh, to
the longleaf pine savannas and pocosins (i.e., shrub bogs) that dominate the upland terrestrial
environments on MCBCL. Variation in the biota and ecosystem processes along this gradient are
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driven by variation in hydrology, soils, and fire behavior. Most of the rare species that are
characteristic of coastal terrestrial ecosystems, including species of concern on MCBCL, are
found in the transitional zones of these gradients. Changing patterns of land use, agriculture, and
forest management have greatly altered forest ecosystems across much of the mid-Atlantic lower
Coastal Plain. In particular, vast areas that were once dominated by open longleaf pine savanna
now support closed canopy stands of loblolly pine with a dense understory and midstory of
broadleaved shrubs and trees. The absence of fire on these landscapes has exacerbated this trend.
This situation is typical for large portions of MCBCL. In recent years, longleaf pine restoration
at MCBCL has focused on the use of understory and midstory thinning to produce savanna-like
conditions and allow restoration of historical fire regimes using PB. Figure 2-4 presents the
conceptual model for the Terrestrial Module and illustrates the complementary nature of these
critical physical, chemical, and biotic processes, disturbances, and interactions.

Variable and Frequent (1-4yr), Infrequent (=40 yr),
frequent surface low intensity high intensity
fire surface fire crown fire
| L —
Pine Dry Pocosin
Flatwoods Longleaf Pine Shrub Bog Material transport
Wiregrass — via smoke

Savanna

particulates and
{ volatization

Figure 2-4. Conceptual model for the Terrestrial Module.

The locations of transitions from one ecosystem to another along this gradient are often
influenced by disturbance (fire) history (Christensen, 1981; Garren, 1943). Fire is a natural part
of this landscape, and natural fire regimes (frequency and intensity) change across this soil-
hydrology-vegetation gradient, from frequent surface fires in longleaf pine savannas to relatively
infrequent and intense crown fires in pocosins. The Terrestrial Module’s research focused on the
critical knowledge gaps related to efforts to restore longleaf pine ecosystems on sites across
MCBCL that have been modified by past management practices. The research examined the
effects of alternative midstory restoration strategies (e.g., mechanical thinning, PB) on
understory plant, insect, and avian communities, particularly the federally protected, RCW. In
addition, the research provided information regarding whether management for a single species
(i.e., RCW) is beneficial or detrimental to other avian species.

The two research projects of the Terrestrial Module (Table 2-6) constitute an integrated program
designed to provide a greater understanding of how forest restoration treatments affect the
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interrelationships among the vegetation, arthropod, and avifaunal communities across sites
representing a wide range of soil conditions and RCW foraging habitat qualities. The relationship
between RCW foraging habitat quality and community composition was an outcome of these
projects. The Terrestrial Module’s research also focused on providing data on fuel characteristics
to complement research conducted by the Atmospheric Module comparing the effects of thinning
on PB emissions.

Table 2-6. Terrestrial Module Research Project Titles,
Senior Researchers, and Summaries of Findings

Project

Research Project Title Senior Researcher

T-1

Effects of Different Understory Restoration Management Options | Senior Researcher:
on Terrestrial Ecosystem Structure and Function Norman Christensen

Findings: As expected, the density of understory vegetation decreased following
mechanical thinning and PB, and the density was significantly lower in the plots thinned
during the growing season as compared to the plots thinned during the dormant season. In
1 year following thinning and PB, understory plant species richness was significantly
higher in both thinned plots compared to control plots, but no treatment effect was evident
for arthropods or birds. Greater amounts of forest floor fuel were consumed in thinned than
in unthinned plots. Thinning reduces the amount of coarse fuels and increases the amount
of fine fuels, leading to higher consumption of accumulated litter and forest floor organic
matter during the PB, which is consistent with restoration objectives. Furthermore, in
comparison to dormant season thinning, growing season thinning produced a greater
reduction in the growth of woody understory stems that might limit growth of plant species
associated with longleaf pine ecosystems. Thus, growing season thinning may accelerate
the restoration process compared to thinning during the dormant season. However,
additional sampling is needed to determine whether this difference persists beyond the first
growing season.

T-2

Effects of Habitat Management for Red-Cockaded Woodpeckers on | Senior Researcher:
Bird Communities Jeffrey Walters

Findings: Overall, the results of our avian research showed that avian diversity increased
with RCW habitat quality, and most avian species exhibited a positive relationship with
RCW habitat quality in their abundance, habitat occupancy, or both. This was especially
true for species associated with upland pine habitat, even for the Bachman’s sparrow
(Peucaea aestivalis), which is a species of special concern on MCBCL. Those few species
exhibiting negative relationships with RCW habitat quality in their abundance and
occupancy were mostly species associated with shrubby understories and are common in
habitat types other than pine savanna, pocosin, and bottomland hardwoods on MCBCL.
The results of research on the cavity-nesting bird community on MCBCL indicate that the
relative availability of nesting substrates (e.g., live pines, pine snags, hardwood snags)
determines the strength of interactions between species. Cavity-nesting species tend to
partition themselves among nesting substrates, and a shortage of pine or hardwood snags
intensifies competition among species. Therefore, MCBCL should maintain the availability
of nesting substrates for the wide variety of cavity-nesting avian species.
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Terrestrial Module’s Monitoring Program

The Terrestrial Module’s monitoring program provided a detailed understanding of the variation
in plant species diversity and composition associated with variations in soil physical and
chemical characteristics, as well as patterns of disturbance. The monitoring program was based a
network of permanent vegetation monitoring plots across the MCBCL landscape. Experimental
treatment plots were included among these monitoring plots, and analysis of these plots thus
provides a context for understanding the vegetation and environmental gradients across which
terrestrial and atmospheric experimental studies (Research Projects T-1, T-2, and Air-1) were
conducted.

The vegetation monitoring plots were
established across a broad range of stand . . .
characteristics, particularly those that are Wetlands * Hardwoods
of greatest interest to MCBCL T, S
management. Forest types include both * '.f“gj;;‘me .
longleaf and loblolly pine forests across a * L.
wide range of age classes, soil conditions o . * Sk
and properties, and disturbance histories <0 e s
(i.e., fire). Significant data were also A * .
collected on high pocosin systems, which oo 8(%%% .

. f 05 %‘g ‘s °
cover much of the installation, compared B A *Foredunes o
to other land-cover types on MCBCL. et oneleal :
The non-metric scaling and soil T S I R
comparisons (Figure 2-5) indicate that Axis 1
the numbers of plots and species are Figure 2-5. MCBCL terrestrial vegetation
sufficient to reveal relatively subtle monitoring plots arrayed on non-metric scaling
correlations among vegetation Axes 1 and 2.
composition, diversity, and the Distances among points reflect relative differences
environment. in plant species composition.

Conclusions and Implications from the Terrestrial Module

Key Scientific Findings—Fundamental Cause-and-Effect Relationships

e Although PB without thinning reduced the density of understory shrubs and trees, the
mechanical thinning treatments during the growing season were significantly more
effective. PB alone reduced the density of understory/midstory woody plants (1-20 cm
dbh) by an average of 88%. However, dormant season thinning resulted in 63% fewer
woody stems (for a total of 95% reduction), and growing season thinning resulted in 81%
fewer woody stems (total of a 98% reduction) than PB alone. In either case with or
without thinning, continued suppression of woody growth will require the application of
regular prescribed burns. If these differences persist, they would indicate a possible
benefit of growing season thinning compared to dormant season thinning that could be
implemented at other U.S. Department of Defense facilities with longleaf pine restoration
efforts in ecosystems currently dominated by loblolly pine.
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Midstory thinning followed by PB produced significant change in plant species richness
and composition after a single growing season. These changes are consistent with
MCBCL’s restoration objectives. Across treatment plots, there were very strong
correlations between soil characteristics and vegetation composition and between
vegetation composition and bird community composition. Correlations with arthropod
community composition were much weaker.

Vegetation species composition in MCBCL pine stands is highly correlated with a
complex site and soil moisture gradient from comparatively wet, organic soils with low
bulk densities to well-drained sandy soils with high bulk densities. Plant species richness
also increases along this same gradient. Additional variation in species composition was
related to the effects of disturbance (fire).

In the 45 plots where both vegetation and bird communities were sampled, plant and
avian species composition was found to be highly correlated. Both vegetative
composition and avifaunal communities showed partitioning and were compositionally
different among longleaf pine, loblolly pine, and high-pocosin sites. The overlap between
the two communities suggests that the composition of avifaunal communities is tightly
correlated to the differences in understory vegetative composition that can emerge in the
different mature pine stands. This indicates that future efforts aimed at recovering
avifaunal species of concern may depend upon the recovery of understory plant
communities.

Findings with Implications for MCBCL Management Practices

Regardless of treatment season, thinning treatments greatly reduced the number of live
understory hardwood stems in the first growing season. Growing season thinning had a
small, but significantly greater impact on understory hardwood stem number than
dormant season thinning. Additional sampling is needed to determine whether this
difference will persist beyond the first growing season or if it is large enough to influence
restoration success.

Midstory thinning generally increases fuel amounts and, therefore, the total amount of
fuel consumed in prescribed fires. Furthermore, mechanical thinning redistributes fuels to
the forest floor and facilitates surface fires that are consistent with overall restoration
objectives.

Although PB without thinning reduces the density of understory shrubs and trees,
mechanical thinning treatments during the growing season are significantly more
effective. Irrespective of thinning treatments, continued suppression of woody growth in
pine stands will depend upon the maintenance of regular prescribed burns.

In the short term, there appears to be no significant differences between applying thinning
treatments during the growing season or the dormant season with regard to impacts on
fuels and on the composition and diversity of plants, arthropods, and birds. This provides
MCBCL managers with greater flexibility by expanding the time frame for application of
thinning treatments. However, additional research is needed to determine the longer term
effects.
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Comparison of longleaf pine plots sampled in both 1993 and 2009-2010 indicated that
these ecosystems tend to become more diverse and species composition becomes more
characteristic of sites with increased soil moisture and regular PB. This supports
continuation of PB for meeting longleaf pine restoration goals.

Midstory thinning of pine stands on sites with moderately organic soils (10-50% organic
matter) may provide additional benefits for enhancing military training usage, although
such use may have adverse effects on these sites. In any case, stands on such sites appear
to have low potential for restoration of plant and animal composition associated with
longleaf pine savannas.

MCBCL should maintain, whenever possible, the availability of nesting substrate (e.g.,
live pines, pine snags, hardwood snags) for the wide variety of cavity-nesting avian
species because that determines the strength of interactions among species. Specifically, a
shortage of these dead or dying pine snags likely would result in negative impacts on
RCWs due to the takeover of their cavities in live pines by other species.

Forest management that specifically targets habitat conditions for the RCWs results in
habitat changes that benefit the biodiversity of terrestrial ecosystems in general and the
total avian community specifically; therefore, this should be continued.

Findings with Implications for DCERP2

Research Project T-1 gathered vegetation, soil, and fuel data in such a way as to provide a
basis for the assessment of future changes in carbon storage. Thinning and PB represent
major manipulations of ecosystem carbon pools and likely influence subsequent carbon
fluxes. These experimental plots will provide ideal test sites for future studies of these
changes.

The relatively early results from the thinning treatment followed by PB versus PB
without thinning suggest that significant treatment effects are likely to emerge when these
plots are resampled in 2 to 3 years. The unique patterns observed in arthropod species
composition and diversity compared to either plants or birds demand further
investigation. Further analysis of these data may reveal correlations within particular
ecological guilds of insects and such results would be an important guide to the
refinement of sampling protocols for these insects.

Thinning and PB treatments are only the first steps in a long-term process to recover
longleaf pine ecosystems. Continued sampling of these experimental plots in DCERP2
will allow us to determine whether promising short-term changes persist and are
consonant with long-term restoration goals (i.e., replacement of the loblolly pine canopy
with an uneven aged population of longleaf pine).

In the intermediate term (next 30 years), MCBCL hopes that these understory and
midstory thinning treatments, coupled with regular (3 year) prescribed fires, will restore
habitat conditions similar to longleaf pine savannas (e.g., conditions favorable for
sustainable populations of RCW and other endemic species) in these stands. Such
restoration will depend on the re-establishment of important plant species associated with
longleaf pine savannas. During DCERP2, we will continue to examine the effects of PB

with and without thinning on plant, arthropods, and breeding bird communities and
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determine whether these organisms have shifted toward the composition of fire-
maintained longleaf pine savannas. We will also evaluate changes in fuel composition
and distribution that will allow us to determine whether higher intensity ground fires will
remove litter and soil organic matter without propagating a crown fire. Such a shift could
further promote the restoration of the habitat characteristics of fire-maintained longleaf
pine savannas.

Atmospheric Module
Summary of Atmospheric Conditions

The input of nutrients and potential pollutants via atmospheric deposition interacts with most key
terrestrial and aquatic ecological processes occurring at MCBCL as illustrated in Figure 2-6.
Atmospheric deposition is a direct source of inputs onto the open-water surfaces of the aquatic
ecosystem and onto the vegetation surfaces of the terrestrial ecosystem, with the frequency,
level, and composition of these inputs posing an important influence on flora diversity. In
addition to direct sources of atmospheric input, the aquatic ecosystem is impacted by
atmospheric deposition after it is filtered and altered by passage through the terrestrial
ecosystem. This impact occurs during all time scales, ranging from rapid inputs following large
rainfall events (runoff) to slow, but critical, changes in baseflow from the superficial aquifer
(Hunsaker et al., 1994; Osgood and Zieman, 1998). Similarly, terrestrial ecosystem impacts
might be due to exposure to a complex combination of long-term climatological stress (e.g.,
temperature, drought) and shorter term air pollutant stress (oxidants and metals).

Fire is a natural part of the terrestrial landscape in the Southeast in general and MCBCL in
particular, and natural fire regimes (e.g., frequency, intensity, season) vary across a soil-
hydrology-vegetation gradient, from frequent surface fires in longleaf pine savannas to relatively
infrequent and intense crown fires in pocosins. MCBCL managers use PB to reduce wildfire risk,
maintain training areas, and restore habitat for the federally protected RCW. Despite these
benefits, PB is a major source of PM; s and other air pollutants because of its incomplete and
largely uncontrolled combustion process, which involves flaming and smoldering phases with
different effective fuel consumption. Certain fuel and fire meteorological parameters influence
the emissions from the different combustion phases of PB, which in turn participate in transport
processes within the atmospheric boundary layer, causing air quality impacts on local and
regional scales (Friedli et al., 2007; Lee et al., 2005). Coarse particles (PM,) in the size fraction
between 2.5 and 10 microns receive special attention in conjunction with local impacts because
gravitational settling accelerates their deposition to the surrounding aquatic and terrestrial
surfaces. One of the more important conditions enhancing PM. involves the proximity of
MCBCL to the Atlantic Ocean, which provides an environment conducive to sulfate formation.
Another PM, enhancing factor is the reaction of nitric acid with sea-salt aerosol to form coarse
mode sodium nitrate particles, potentially increasing the PM. mass. Resulting consequences and
implications for land management practices are discussed extensively in the DCERP1 Final
Monitoring Report.
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Figure 2-6. Conceptual model for the Atmospheric Module.

The Atmospheric Module’s research program focused on the areas of quantifying emissions from
forest management practices, including midstory thinning and PB, and estimating the net
nitrogen deposition to MCBCL lands (Table 2-7). In conjunction with the ecological research of
the Terrestrial Module, Research Project Air-1 can inform MCBCL’s smoke management
planning by quantifying PB emissions from different pine restoration treatments. In addition,
Research Project Air-2 estimated the total atmospheric nitrogen loading, which was used to
develop a nitrogen budget for the NRE by the Aquatic/Estuarine Module. This second research
effort assessed and quantified the degree of atmospheric loading of nitrogen and other nutrients
from wet and dry deposition to terrestrial ecosystems at MCBCL.

Table 2-7. Atmospheric Module Research Project Titles, Senior Researchers,
and Summaries of Findings

Research

Project Atmospheric Module Research Project Title Senior Researcher

Air-1 Optimization of Prescribed Burning by Considering Mechanical Senior Researcher:
Thinning as a Viable Land Management Option Karsten Baumann

Findings: In general, fuel consumption was greater in experimental plots that incorporated
a midstory thinning treatment followed by PB, especially woody material regardless of fuel
moisture. Innovative mobile aerosol composition monitors were used to measure and
distinguish emissions from mechanically thinned plots with those from control plots. Our
results indicate that site vegetation variation is not driving the observed emission factor (EF)
differences, which are, therefore, not confounded by either soil characteristics or vegetation
differences, allowing direct comparison of treatment effects on the EF. Gaseous EF
averages from the two fuel types were similar, and EF variability was highest for acidic
gases and isoprene. However, PM, s mass and most PM, s species EF from mechanically
thinned plots were significantly lower than those from untreated control plots. Organic

(continued)
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Table 2-7. Atmospheric Module Research Project Titles, Senior Researchers,

and Summaries of Findings (continued)

Research

Project Atmospheric Module Research Project Title Senior Researcher

Air-1 carbon was the dominant PM, 5 constituent in emissions from both fuel types, followed by

(cont) elemental carbon, nitrate, potassium, and chloride. More volatile organic compounds were
emitted from both fuel types under less efficient (smoldering) combustion conditions, which
also promote higher emissions of inorganic constituents. Episodic comparison of PB
emissions with throughfall-deposition suggests that long-term soil nutrient levels remain
unaffected by PB, causing only a short-term disturbance.

Air-2 Nitrogen Deposition to Terrestrial and Aquatic Ecosystems Senior Researcher:

Wayne Robarge

Findings: The average annual wet deposition of total nitrogen was 4.3 +0.7 kg N ha™* y™:;
for dissolved inorganic nitrogen, it was 3.2 0.4 kg N ha™ y™'. Wet deposition of dissolved
inorganic nitrogen at MCBCL in 2010 was comparable to the 9-year average of 3.7 kg N ha”
!y calculated at nearby Hofmann Forest, NC. Dissolved inorganic nitrogen wet deposition
was highest in the summer months, and dissolved organic nitrogen was highest in the
autumn months. A network of up to 28 tipping bucket rain gauges found no apparent
latitudinal gradient in rainfall amounts across MCBCL due to the proximity of the nearby
marine environment. There was, however, a measureable gradient in wet and dry deposition
of chloride, sodium, and sulfate moving inland. Throughfall collectors were used to measure
inputs of nitrogen and other nutrients into the forest floor under the dominant forested
canopies at MCBCL. Inputs of total nitrogen under forested canopies were approximately
two times greater than those observed from wet deposition alone, a substantial fraction of
which appeared to be in the form of dissolved organic nitrogen. Calculation of net
throughfall (throughfall minus wet deposition) indicated the presence of dry deposition of
nitrate and to a lesser extent ammonium, but also loss of nitrogen from wet deposition
during the summer and autumn months due to interaction with the overhead canopy. For
2012, nitrogen loading to different land-cover classes at MCBCL was estimated at 360
metric tons of total nitrogen and 210 metric tons of dissolved inorganic nitrogen. Agreement
between measured amounts of the wet deposition of nitrogen by this project to the nearby
collector at Hofmann Forest indicates that this amount of atmospheric loading of nitrogen to
MCBCL has been relatively constant for at least the past 10 years.

Atmospheric Module’s Monitoring Program

The monitoring activities and research projects of the Atmospheric Module are helping to
describe and improve the understanding of critical pollutant transport and advection processes
that are subject to complex land—sea breeze circulation patterns and their effects on the
atmospheric abundance and composition of a variety of air pollutants. The Atmospheric Module
monitoring program measured a variety of meteorological parameters (including wind speed and
direction, air temperature, rainfall) and concentrations of particulate matter and ozone. Data on
these parameters were collected in a coordinated manner from sites on MCBCL and compared
with data from the regional airshed.

Results indicate that rainfall does not vary significantly across MCBCL, whereas 0zone
concentrations were higher nearer the beach and decreased moving inland toward the City of
Jacksonville. In contrast, PM, s was lowest at the beach and increased farther inland likely
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resulting from the addition of PM, 5 from residential heating and wood burning in urban areas
especially during the winter months. Differences were found for PM, s and PM (fine and coarse
PM) on short time scales between the Onslow Beach site and the Greater Sandy Run Area
(GSRA) Tower site located 20-km (12-mi) inland. The differences measured between these two
sites seem to be governed by air mass transport and distinct localized source activities such as PB
or military training involving the movement of heavy equipment in proximity to the GRSA
Tower site. Meteorological and particulate matter monitoring data also provided an in-depth
historic reference, which is needed in making forest management decisions associated with
application of various forest management practices (investigated by Research Projects T-1 and
Air-1) and in smoke management planning.

Conclusions and Implications from the Atmospheric Module

Key Scientific Findings—Fundamental Cause-and-Effect Relationships

e Considering the possible effects from the fuel treatment (mechanically thinned and
control) alone, average gaseous emissions factors from the two treatment types were
similar. However, PM, s mass and most PM, 5 species EFs from mechanically thinned
plots were significantly lower than those from untreated, control plots. Therefore,
removing a certain targeted amount of fuel by employing mechanical thinning prior to PB
results in significant air quality benefits due to lower total PM, s emissions, although
emissions of carbon monoxide, methane, and non-methane hydrocarbons are slightly
enhanced.

Findings with Implications for MCBCL Management Practices

e Mechanical thinning in loblolly dominated pine stands makes two times more fuel
available for combustion and helps consume almost three times more fuel (especially
woody material) regardless of fuel moisture, compared to untreated controls. This is
especially the case for stands growing red bay (Persea palustris), red maple (Acer
rubrum), tulip poplar (Liriodendron tulipifera), and titi (Cyrilla racemiflora), with the
latter dominating the more pocosin-like stands. MCBCL managers should continue using
mechanical thinning prior to PB to reduce smoke emissions as part of their smoke
management planning.

e Based on 2009 MCBCL data, the PB emissions (i.e., PM2s, carbon monoxide, methane,
and volatile organic compounds) were significantly higher on an annual basis than any
other combustion source category operated on MCBCL. These include Jet Engine Test
stands, fire training pits, diesel generators, and boilers. Relative to the untreated plots, the
emissions from mechanically thinned plots were significantly reduced for PM, 5 by
almost 48 tons (18%). However, there was a 19%, 11%, and 5% increase in the EF for
carbon monoxide, methane, and volatile organic compounds from mechanically thinned
plots over the fuels from control plots, which translates to 144, 3.2, and 2.4 tons of
additional annual emissions, respectively. These results show the importance of PB as a
source for PM, 5 and gases that should be considered in carbon management.

2-36



Findings with Implications for DCERP2

During DCERP1, the Atmospheric Module established a network of meteorological
stations to monitor MCBCL lands to determine whether there were gradients in rainfall
and air quality parameters. The results suggested that information already being captured
by the meteorological station at the New River Air Station is generally representative of
the entire MCBCL at annual time scales. Therefore, during DCERP2, the RTI DCERP
Team will use data from the New River Air Station and other regional sites as appropriate
to assess variability in meteorological parameters that could inform climate change
scenarios.

Data from Hofmann Forest, approximately 20 miles northeast of MCBCL, can serve as a
proxy for nitrogen deposition data for MCBCL lands and for other meteorological data.
Use of this information by the installation is encouraged because it reduces redundancy
and produces a cost savings to MCBCL that can be directed to other monitoring efforts.
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Abstract

Research Project AE-1 identified and quantified ecosystem-scale effects of Marine Corps Base
Camp Lejeune (MCBCL) and regional anthropogenic activities and climatic stressors on
microalgae, with an emphasis on phytoplankton, which are useful indicators of water quality and
ecological condition. The New River Estuary (NRE) has a history of excessive anthropogenic
nitrogen (N) and phosphorus (P) inputs and resultant eutrophication, while also experiencing the
effects of climatic variability, including record rainfall events and droughts. Research Project
AE-1’s working hypothesis was: microalgae are the dominant primary producers in the NRE
and changes in their abundance, community composition, and productivity are under strong
control by these climatic and anthropogenic factors. The overarching objective of Research
Project AE-1 was to characterize and quantify the interactive effects of freshwater discharge and
associated nutrient loading on the biomass, composition and bloom potentials of the
phytoplankton.

Through monthly transect surveys, phytoplankton biomass and community composition were
determined by a combination of diagnostic algal photopigments, microscopy, and molecular
methods. Seasonal nutrient addition bioassays were performed to identify growth-limiting
nutrients. Flushing times within the estuary were calculated to determine effects of variability in
NRE flow and seawater inflows on total phytoplankton biomass and the biomass of major algal
classes. Results were used to identify hydrologic and nutrient input controls on phytoplankton
production and composition and for evaluating microalgal impacts on water quality in the NRE.
This information was used to assess compatibility of MCBCL activities with desirable water,
sediment, and habitat quality. Data were used to calibrate and validate the NRE Estuarine
Simulation Model and Bayesian Belief Network models aimed at predicting estuarine
productivity and phytoplankton responses to hydrologic and nutrient drivers.

Results and Applications to Water Quality Management

Phytoplankton biomass was strongly impacted by river flow variations due to its dual influence
on nutrient delivery and residence time. Phytoplankton biomass increased rapidly up to a
threshold flushing time of approximately 10 d and then declined slowly at longer flushing times.
This unimodal relationship indicates a balance between advective losses due to flushing and
nutrient stimulation of biomass by riverine loading. Findings from the Bayesian Belief Network
model corroborate the strong influence of riverine flow on phytoplankton biomass due to its
impact on nutrient delivery, flushing, and stratification. The model shows that stratification is a
key factor determining occurrence of harmful algal bloom species with higher likelihoods of
their occurrence under moderately stratified conditions. Nutrient addition bioassays showed that
N was the primary limiting nutrient controlling phytoplankton production. Significant
differences in threshold salinities/flushing times and rates of decline at higher salinities/longer
flushing times suggest that hydrologic forcing plays an important role in determining
phytoplankton composition. Temperature additionally controlled composition with
picocyanobacteria and harmful algal bloom forming raphidophytes occurring predominantly
during the summer. Microcystin-producing cyanobacteria were detected, but microcystin levels
were far below the World Health Organization’s 10 pg L™ recommended limit for recreational
waters.



System wide primary productivity is nearly evenly split between phytoplankton and benthic
microalgae (BMA). Management actions should maintain this ecologically healthy balance by
limiting excessive N and suspended sediment loads that tend to favor phytoplankton over BMA
production. Currently, most of the nutrient and sediment loading to the estuary occurs upstream
of MCBCL and thus upstream sources should be the focus of load reduction efforts. However,
future growth and development within MCBCL may increase the importance of within Base
tributaries as sources of nutrients and suspended solids.

Keywords: Bioassay, diagnostic photopigments, eutrophication, flushing time, harmful algal
blooms (HABS), high-performance liquid chromatography, benthic microalgae, light attenuation,
nitrogen, nutrient limitation, nutrient load, phosphorus, photosynthetically active radiation,
phytoplankton, primary productivity, raphidophytes, residence time

Objectives of the Research Project
Hypotheses
1. Microalgae dominate primary production in the New River Estuary (NRE).

2. Human (e.g., nutrients, sediments) and climatic (e.g., hydrologic) environmental factors
control microalgae (MA) production, community structure, and fate and determine water
quality, ecological condition, and sustainability of the NRE.

3. Climatic variability and extremes (e.g., hurricanes) play a central, and at times a
dominant role, in determining MA production and harmful algal bloom (HAB) potentials.

4. Recently developed diagnostic MA indicators for shallow estuaries, coupled with a
Bayesian Belief Network (BBN), will provide a regulatory (e.g., total maximum daily
load [TMDL], Clean Water Act [CWA]) tool for Defense Coastal/Estuarine Research
Program (DCERP) researchers and Marine Corps Base Camp Lejeune (MCBCL)
managers to identify, distinguish, and predict local (Base) and regional stressors of
ecological condition or change in the NRE.

Technical Goals

Research conducted during Research Project AE-1 will identify and quantify ecosystem-scale
effects of Base and regional anthropogenic activities and climatic stressors on MA within the
NRE (Figure 3-1). As key primary producers and indicators of estuarine water quality,
understanding how anthropogenic and climatic factors impact the MA community is critical for
evaluating the ecological health of the NRE (Figure 3-2). This research will facilitate the
adaptive management of the NRE with the help of a BBN, using data from monitoring and
experimental projects. Results will verify the use of diagnostic photopigments coupled to
molecular analyses as broadly applicable, sensitive indicators of water and habitat quality and
HAB potentials in estuaries. Results will be communicated to management on estuarine-wide
time-space contour plots and data will be used to determine compliance with the State of North
Carolina’s and the U.S. Environmental Protection Agency’s water quality criteria (e.g., nutrient-



sensitive waters, TMDL, CWA). Predictive, probabilistic models of MA and HAB dynamics will
be developed for long-term adaptive water quality management of the NRE.

Background

Estuaries integrate inputs from terrestrial, freshwater, oceanic, and atmospheric systems (Day
and Kemp, 1989; Hobbie, 2000; Paerl, 1997; Valiela et al., 1997), and the accurate assessment
and management of estuaries necessitates consideration of their connections to, and interactions
with, these other systems. Many estuaries also exist in regions of rapidly expanding and
diversifying human activity (Boesch et al., 2001; Cloern, 2001; Nixon, 1995). In the context of
the Marine Corps Base Camp Lejeune (MCBCL) region, the Aquatic/Estuarine Module is
examining the tidal reach of the New River Estuary (NRE) from near Jacksonville, NC, to the
tidal inlet at Onslow Bay (Figure 3-1). Understanding and sustaining the function of the NRE
cannot occur without quantifying and distinguishing natural processes from human-influenced
watershed- and airshed-based impacts, as well as human activities that occur in the estuary
(Boesch et al., 2001; Malone et al., 1999; Nixon, 1995; Paerl, 1997; Figure 3-2). Furthermore,
the effects of climatic variability, including acute or episodic events (tropical cyclones, floods,
droughts), as well as longer term trends (e.g., warming, precipitation patterns) on estuarine
structure and function must be characterized and quantified to understand and take into
consideration the interactive and potentially confounding impacts of climate (change) on water
quality and habitat condition (Cloern and Jassby, 2010; Kennish and Paerl, 2010; Paerl et al.,
2010).

Estuarine responses to physical, chemical, and biological processes may serve as indicators of
ecological change (Cloern, 2001; Niemi et al., 2004; NRC, 2000; Peierls et al., 2003). Inputs of
nutrients, sediments, organic matter, and contaminants reach the NRE from multiple sources,
including watershed inputs, precipitation and dry deposition from the atmosphere, and tidal
exchanges with Onslow Bay. Watershed inputs include sources from the New River at
Jacksonville, NC; creeks that drain into the NRE; surface runoff; and groundwater as baseflow.
These inputs influence the biological and chemical cycling within the NRE’s water column and
sediments (e.g., nutrient cycling and sediment transport; Anderson et al., 2003; Cloern, 2001).
Nutrients stimulate both phytoplankton and benthic microalgae (BMA) (primary production),
thereby providing food for zooplankton and benthic invertebrates (secondary production),
respectively (Hobbie, 2000; Sundback et al., 2003). The zooplankton and benthic invertebrates
provide food for fish, and phytoplankton is the primary food source for shellfish.

An overgrowth of phytoplankton and excessive sediment inputs, however, can reduce light
penetration, leading to declines in important nursery area attributes, such as submerged aquatic
vegetation and BMA abundance (Gallegos et al., 2005), thereby reducing the food supply for
benthic-feeding fish and interfering with the role of BMA in modulating water column nutrient
enrichment. Additionally, excessive amounts of phytoplankton (e.g., algal blooms) sink from
surface to bottom waters within the estuary and, together with watershed inputs of organic
matter, lead to depleted oxygen conditions (hypoxia or anoxia) in bottom waters. Such hypoxic
and anoxic events can have critical negative impacts on shellfish, other invertebrates, and finfish
(Paerl et al., 1998; Rabalais and Turner, 2001). These processes may be influenced by water
exchanges with Onslow Bay, which have the potential to remove excess nutrients, organic
matter, and phytoplankton. The NRE’s response to natural and anthropogenic impacts depends in
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part on physical and biological interactions, such as wave activity, which lead to the
resuspension of bottom sediments, and freshwater discharge and exchange, which affects the
estuary’s water residence time and degree of stratification (Luettich et al., 2000). These
conditions strongly influence the biomass and composition of the autotrophic communities
within the NRE, the estuary’s susceptibility to hypoxia or anoxia, and the relative importance of
microbial processes that may remove nutrients from both the water column and benthos.
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Figure 3-1. Map of the NRE study site and sampling stations.

Lines across the estuary show segments used to determine flushing time for each station.
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Figure 3-2. The role of microalgal indicators in assessing the impacts of human and
climatic stressors on estuarine structure and function.

Characteristics of the NRE

The NRE is a relatively small (88 km?), shallow (approximately 3 m mean depth) coastal plain
estuary, located in Onslow County, southeastern North Carolina (Figure 3-1). Most of the
estuary resides within the MCBCL. Jacksonville, a moderate-sized city (2009 population of
80,500), is located on the upper part of the estuary on Wilson Bay (Figure 3-1). The NRE is
comprised of a series of lagoons, and confined by barrier islands restricting water exchange with
the Atlantic Ocean (Mallin et al., 2005). Flushing time in the NRE varies seasonally with storm
and runoff events, ranging from 8 to 187 days, with an average of 70 days (Ensign et al., 2004).
The semi-lagoonal nature of the NRE plays a significant role in its sensitivity to nutrient inputs
because long flushing times allow more time for algal nutrient assimilation, growth, and
“internal’” nutrient recycling. Similar to its neighboring semi-lagoonal estuaries to the north—the
Neuse River Estuary and Pamlico Sound—the NRE experiences periodic phytoplankton blooms,
including harmful species (Tomas et al., 2007) and periods of bottom water hypoxia seasonally
(Mallin et al., 2005; Paerl et al., 2007 and 2010).

Non-point nutrient sources dominate New River discharge to the estuary (Paerl et al.,
unpublished data). The NRE watershed is dominated by agricultural activities, including row
crop and concentrated animal feeding operations (CAFOs; Mallin et al., 2005). The other major
source of nutrient input to the NRE is the City of Jacksonville, which has had a history of
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nutrient inputs from its municipal wastewater treatment plant. From the 1970s to the 1990s,
partially treated waste was discharged to the New River at Jacksonville, which promoted highly
eutrophic conditions in the Wilson Bay area in the upper reaches of the NRE (Mallin et al., 1997
and 2005). Improved wastewater treatment, starting in the late 1990s greatly decreased the
nutrient (both nitrogen [N] and phosphorus [P]) load at Jacksonville, which had a beneficial
impact on eutrophication potential of the NRE (marked declines in chlorophyll a [chl a]
concentrations in the upper estuarine regions [Mallin et al., 2005]). Meanwhile, non-point source
nutrient inputs associated with burgeoning CAFO and row crop operations have increased
significantly over the past several decades, leading to sustained eutrophication, including
phytoplankton concentrations in excess of the State of North Carolina’s “acceptable” chl a
concentration (40 ug L™*; NCDENR, 2007), and harmful algal bloom (HAB) outbreaks (Mallin et
al., 2005; Tomas et al., 2007).

Research conducted during Research Project AE-1 was aimed at quantifying ecosystem-scale
effects of Base and regional anthropogenic activities and climatic stressors on phytoplankton
production and composition. Phytoplankton are key primary producers and indicators of
estuarine water quality and ecological condition. Because phytoplankton community
composition is an important determinant of the fate of phytoplankton production (i.e., transferred
up the food chain, accumulating in the water column, or settling to the benthos fueling bottom
water hypoxia), determining factors that govern phytoplankton community composition is
critical to understanding the relationship between nutrient inputs and the symptomatic expression
of estuarine eutrophication (Cloern, 2001).

Phytoplankton as Indicators of Ecological Change

All phytoplankton contain chl a, which is the primary light harvesting photosynthetic pigment
and is used as a metric of total phytoplankton biomass within aquatic systems. In addition to
chl a, each phytoplankton class contains a specific suite of accessory photosynthetic pigments
that serve to enhance light uptake or protect the cell from excessive irradiance (Lewitus et al.,
2005). These pigments can be used as biomarkers (Table 3-1) to identify and quantify the
biomass of the classes that comprise the phytoplankton assemblage (Pinckney et al., 1998).

The research efforts of Research Project AE-1 included developing these user-friendly
photopigment indicators of phytoplankton biomass and composition for use in the NRE. These
indicators provide an efficient means to assess phytoplankton responses to external stressors
impacting water quality and habitat condition; information that is critical for adaptive
management of the NRE. These indicators were used to determine phytoplankton group specific
responses to climatic factors over the course of the study and to determine impacts of
anthropogenic nutrient enrichment on phytoplankton community structure via nutrient
enrichment bioassays. Results have been communicated to management as estuarine-wide, time-
space contour plots and have been used to compare NRE water quality with the State of North
Carolina’s and the U.S. Environmental Protection Agency’s (EPA’s) water quality assessment
criteria (e.g., nutrient-sensitive waters, total maximum daily load [TMDL], Clean Water Act
[CWA]). Predictive, probabilistic models of phytoplankton and HAB dynamics have been
developed for long-term adaptive water quality management of the NRE.



Table 3-1. The 10 most common phytoplankton photopigments contained within classes
microscopically identified in the NRE

Pigment Abbreviation Classes Represented by Pigment

Chlorophyll a chla All classes

Fucoxanthin Fuco Diatoms, raphidophytes, chrysophytes, dinoflagellates®,
haptophytes

Peridinin Peri Dinoflagellates

Diadinoxanthin Diad Same as for fucoxanthin plus dinoflagellates

Zeaxanthin Zea Cyanobacteria, chlorophytes, chrysophytes,
raphidophytes, cryptophytes

Chlorophyll b chlb Chlorophytes

Chlorophyll ¢ chlc Same as for fucoxanthin plus dinoflagellates and
cryptophytes

Alloxanthin Allo Cryptophytes and ciliophora containing cryptophyte
chloroplasts

Violaxanthin Viol Raphidophytes, chlorophytes, chrysophytes

19’hexanyloxyfucoxanthin 19-hex Dinoflagellates®, haptophytes

# These dinoflagellates are a small group of HAB—forming genera that contain chloroplasts of haptophyte origin
and thus lack peridinin. Genera include Karlodinium, Karenia, and Takayama (Daugbjerg et al., 2000). Classes
in bold type indicate the dominant contributors to the pigment in the NRE.

The Phytoplankton Community of the NRE

The phytoplankton community of the NRE consists of a diverse assemblage of phytoplankton
species represented primarily by six classes: diatoms, dinoflagellates, cryptophytes, chlorophytes
(including euglenoids), raphidophytes, and cyanobacteria (Mallin et al., 2005; Tomas et al.,
2007). Other minor classes represented include the haptophytes and chrysophytes, but these
appear in low abundance and their small (nano-plankton to picoplankton) size and relatively low
cell abundances lead to low contributions to total phytoplankton biomass in the NRE. The
dinoflagellates, cryptophytes, raphidophytes, haptophytes, chrysophytes, and some chlorophytes
bear flagella that propel the cells through the water. Collectively, these flagellated phytoplankton
are called phytoflagellates. Mallin et al. (2005) stated that diatoms and dinoflagellates were
responsible for most of the blooms observed during their study. The addition of raphidophytes to
the list of dominant bloom-forming classes by Tomas et al. (2007) may reflect a temporal change
in bloom composition as observed in the Skidaway Estuary, GA (Verity, 2010). Alternatively, it
may simply reflect differences in identification and quantification methods used to determine
biomass of these notoriously fragile cells (Tomas, 1997).

Many diatom species are fast growing, opportunists that commonly out-compete other groups
when nutrient inputs are high (Smayda, 1997; Willen, 1991). As such, they commonly dominate
phytoplankton communities of nutrient rich estuaries (Adolf et al., 2006; Cloern and Dufford,
2005). Diatoms readily assimilate dissolved inorganic nitrogen (DIN; nitrate, ammonium, and
urea) and phosphorus (P; phosphate) forms and some simple organic compounds (Willen, 1991).



In contrast to other phytoplankton classes with polysaccharide or peptidoglycan cell walls, the
outer shell of diatom cells, the frustule, is composed of a silica impregnated organic matrix
(Hoek et al., 1997). As a result, diatom growth requires dissolved silica uptake in quantities
similar to N uptake (Dortch and Whitledge, 1992). Because other phytoplankton groups lack this
high silica requirement, silica limitation can play a key role in determining dominance by other
phytoplankton groups when silica concentrations are below 2 uM and the silica to DIN ratio is
less than 1 (Conley and Malone, 1992; Dortch and Whitledge, 1992; Justic et al., 1995). The
primary accessory photopigment in diatoms is fucoxanthin (Table 3-1).

Diatoms have no flagella and only a weak ability for depth regulation in the water column by
buoyancy regulation via regulation of the ionic content of the cytoplasm (Waite et al., 1997). The
silica shell generally makes diatom cells denser than seawater (Boyd and Gradmann, 2002).
Thus, diatoms require turbulent mixing to keep them within the euphotic zone of turbid estuaries
(Margalef, 1978). Many diatoms are considered benthic and live along well-lit sediment surfaces
of estuaries where they often form the dominant component of the BMA assemblage. Planktonic
diatoms often settle to the sediments during periods of weak vertical mixing and benthic diatoms
are commonly entrained in the water column during strong vertical mixing (Tester et al., 1995).
As such, the distinction between benthic and planktonic diatom forms in shallow estuaries is not
well defined (Tester et al., 1995). Generally, diatoms are considered highly palatable to higher
organisms such as crustacean zooplankton and oysters (Willen, 1991) and dominance by diatoms
is rarely regarded as a water quality concern. However, upon bloom termination, diatom cells
often settle rapidly (Alldredge and Gotschalk, 1989; Smetacek, 1985), which can lead to a large
pulse of fresh organic matter to the sediments (Alldredge and Gotschalk, 1989). If bottom waters
are isolated from the atmosphere by stratification, the biological oxygen demand from these
bloom termination events can result in hypoxia (Conley and Malone, 1992).

The dinoflagellates have two flagella and average swimming speeds (approximately 1 m h%)
sufficient for effective depth regulation under weakly mixed conditions. Photosynthetic
dinoflagellates use this swimming ability to vertically migrate up to the surface during the day
toward favorable light conditions and deeper into the water column at night where nutrient
concentrations are often higher (Jephson et al., 2011). This diel vertical migration (DVM) pattern
provides access to growth limiting light and nutrient resources, a distinct growth advantage over
a uniform vertical distribution (Ault, 2000; Watanabe et al., 1995). The nutritional modes of
dinoflagellates are diverse and poorly understood. As alluded to above, some are strictly
heterotrophic and are therefore not technically phytoplankton. These rarely cause water quality
problems and will not be addressed further.

Most photosynthetic dinoflagellates contain peridinin, an accessory pigment contained in no
other phytoplankton class (Table 3-1). Although light is required for growth, all photosynthetic
dinoflagellates studied, have been shown to subsidize their energy and nutrient requirements by
ingesting other plankton including bacteria and even similarly sized phytoplankton (Hansen et
al., 1994; Jeong et al., 2005). Thus, in addition to being important autotrophs, they are
considered mixotrophs, and are often a dominant component of the microzooplankton
assemblage. Additionally, the dinoflagellates are capable and in some cases dependent (Tang et
al., 2010) on the osmotrophic uptake of a wide range of organic macromolecules. The
advantages gained from vertical migrations, mixotrophy, and osmotrophy are believed to be
important aspects of the survival, competition, and bloom strategies of the dinoflagellates
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(Smayda, 1997). Many harmful algal species exist within this class that produce an array of
potent toxins that hinder grazing, kill fish and make shellfish unsafe for human consumption
(Hallegraef, 1993). However, many species are also considered excellent food sources for higher
trophic levels (Ban et al., 1997; Mallin and Paerl, 1994; Sellner et al., 1991). In the NRE,
Karlodinium veneficum is the most common toxin producing dinoflagellate (Tomas et al., 2007).
This species is a member of small group of toxic dinoflagellates that lack the pigment peridinin
and contain fucoxanthin as their primary accessory pigment. Fortunately, the minor accessory
pigment 19’hexanyloxyfucoxanthin (19-hex) is shared only by the haptophytes (Hoek et al.,
1997), which are relatively uncommon in the NRE.

Often reflected in their distributions with respect to salinity, cyanobacteria in estuaries are
composed of a mix of marine and freshwater species (Phlips et al., 2010). Most water quality
problems associated with cyanobacteria in estuaries are due to freshwater, brackish-tolerant
species (Moisander et al., 2002; Paerl, 1988). Through strong buoyancy regulation via
intracellular gas vesicles, blooms often float to the surface. The resultant unsightly surface scums
can completely shade out other phytoplankton, benthic algae, and submerged aquatic vegetation
resulting in severe degradation of impacted aquatic systems (Paerl, 1988). A variety of toxins are
produced by these harmful bloom-forming cyanobacterial (CyanoHAB) genera that disrupt
grazer communities, contaminate drinking water sources, and can cause contact dermatitis in
humans (Chorus and Bartram, 1999). In contrast, the cyanobacteria of marine origin are
predominantly non-toxic, picoplanktonic (less than 2 um in diameter) species that do not contain
gas vesicles and are generally not a concern from a water quality perspective. Despite their
extremely small size, high cell abundances (often 10-100 fold higher than eukaryotic autotrophs)
of picocyanobacteria can make them an important contributor to total phytoplankton biomass and
productivity of estuaries (Gaulke et al., 2010; Murrell and Lores, 2004). Although often observed
microscopically in the NRE (Hall personal observation), the small size picocyanobacteria makes
them difficult to quantify using inverted microscopy. Although other phytoplankton classes do
contain trace amounts of zeaxanthin, levels of zeaxanthin within picocyanobacteria are much
higher which makes zeaxanthin a reliable indicator of picocyanbacterial abundance (Gaulke et
al., 2010).

The raphidophytes commonly reported in estuaries are brackish tolerant marine species that often
bloom in poorly mixed, nutrient rich conditions (Lewitus et al., 2003; Tomas et al., 2007).
Similar to the dinoflagellates, they are bi-flagellated and their DVM patterns are believed to be a
critical component of their growth and survival strategy (Handy et al., 2005; Watanabe et al.,
1995). All of the marine raphidophytes are considered HABs (Moestrup et al., 2011) due to toxin
production and association with fish Kills that are distributed globally at tropical to temperate
latitudes (Jeong, 2011). Mixotrophic feeding upon bacteria and picocyanobacteria has recently
been documented for several genera (Jeong, 2011). Similar to diatoms, the dominant accessory
pigment of the raphidophytes is fucoxanthin. However, in the NRE, raphidophytes are the major
group containing the minor accessory pigment violaxanthin which is a reliable indicator for
changes in their biomass (see the Harmful Algal Bloom section).

The cryptophytes, indicated by the diagnostic pigment alloxanthin, are also mixotrophic
phytoflagellates and undergo DVMs (Hall and Paerl, 2011). However, no species of cryptophyte
is known to produce toxins (Moestrup et al., 2011), and they are generally considered excellent
food sources for higher trophic levels (Burkhill et al., 1987).
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The chlorophytes found in estuaries are usually a mix of nanoplanktonic, marine (often
flagellated) and larger, microplanktonic, freshwater (often non-flagellated) species. Although
they are common, they rarely form blooms in estuaries and are usually a minor component of the
phytoplankton assemblage (Mallin et al., 2000). Euglenophytes, which are often grouped with
the chlorophytes, are an exception to this generality because they do occasionally form dense
blooms in nutrient rich estuaries including the NRE (Mallin et al., 2000; Tomas et al., 2007). The
pigment chlorophyll b (chl b) is a reliable measure of chlorophyte biomass.

Materials and Methods
Measurements of Physical and Chemical Environmental Conditions

Monthly samples for measuring physical and chemical conditions, phytoplankton biomass, and
phytoplankton community composition were collected along an eight station downstream
transect (Figure 3-2) from October 11, 2007 through December 6, 2011. At each station, surface
(0.2-m depth) and bottom (0.5 m above bottom) samples were collected using a non-destructive
diaphragm pump and dispensed into 4-L polyethylene bottles. Bottles were immediately placed
in coolers to maintain dark, in situ temperature conditions for the duration of each sampling trip
(less than 6 h) prior to laboratory sample processing at the University of North Carolina at
Chapel Hill’s Institute of Marine Sciences (UNC-IMS). At each sampling station, vertical
profiles of temperature, salinity, dissolved oxygen, conductivity, chlorophyll fluorescence,
turbidity, pH, and photosynthetically active radiation (PAR) were measured at each station using
a YSI 6600 multi-parameter water quality instrument (YSI, Yellow Springs, OH). Light
attenuation (Ky) was calculated as the slope of natural log transformed PAR versus depth
according to Beer’s law.

In addition to the eight monthly sampling stations, biweekly to monthly samples were also
collected from surface waters with pre-cleaned polyethylene bottles at two U.S. Geological
Survey (USGS) gaging stations that continuously monitor water level, temperature, salinity, and
flow velocity. Gaging Station number 0209303205 (Figure 3-2) is at the head of the NRE near
Jacksonville. Gaging Station number 02093000 near Gum Branch is the only gaging station
along the freshwater reaches of the New River. Discrete sampling at Gum Branch occurred
throughout the study period, but sampling at Gaging Station number 020903205 began April
2008.

Nutrient analyses were conducted on water collected from the eight monthly estuarine stations
and from the two USGS gaging stations. All water samples were gently filtered (less than

20 kPa) through 25 mm in diameter Whatman glass fiber filters (GFF; 0.7 um nominal pore
size). Total dissolved nitrogen (TDN), nitrate (NO* + nitrite [NO*], labeled as NO%),
ammonium (NH,4"), orthophosphate (PO,®) and silicate (SiOs?) concentrations were determined
using colorimetric flow injection analyses (Lachat QuikChem 8000, Lachat Instruments,
Milwaukee, WI) and standard protocols (Lachat QuikChem methods 31-107-04-3-B, 31-107-04-
1-C, 31-107-06-1-A, and 31-115-01-3-C, respectively). Detection limits for TDN, NOs’, NH,4",
PO43, and SiO32 were 2.53, 0.04, 0.18, 0.06, and 0.75 pmol L™, respectively.

Concentrations of chromophoric dissolved organic matter (CDOM), a key determinant of light
attenuation, were measured at the eight monthly estuarine stations fluorometrically according to
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methods detailed in Lunetta et al. (2009) and are expressed as quinine sulfate equivalents

(g L™). Water samples were vacuum filtered (less than 25 kPa) using pre-combusted Whatman
glass fiber filters (GFFs) on the day after water sampling. The filtrate was stored in scintillation
vials in the dark at 4°C until fluorometric analysis on a Turner Designs TD-700. Total suspended
solids (TSS) were measured according to Standard Methods 2540 D (American Public Health
Association, 1998): Water samples were filtered on pre-rinsed, pre-dried, tared Whatman GFFs.
Filters were dried at 105°C and then weighed using a calibrated Mettler Toledo AB-S analytical
balance. Solids concentration is the difference in filter weights before and after filtration divided
by volume of water filtered.

Physical and chemical conditions within the NRE were additionally assessed by two autonomous
vertical profilers (AVPs, for complete description, see Reynolds-Fleming et al., 2002) deployed
at one upstream (Morgan Bay near Station 6) and one downstream (Stones Bay near Station 3)
location (Figure 3-1). The AVPs consist of a floating platform that contains a solar powered
computer and winch mechanism that casts a datasonde at programmable time intervals (Figure
3-3). The AVPs were outfitted with YSI 6600 datasondes and were configured to produce a full
water column profile of temperature, salinity, turbidity, pH, dissolved oxygen, and chlorophyll
fluorescence every 0.5 hour with approximately 10 cm depth resolution. Anemometers (RM
Young Marine Wind Monitor 0510) mounted to each AVP measured 6-minute average wind
speed and direction every 0.5 hour. Because the AVPs were deployed in June 2008, they have
provided a nearly continuous record of basic water quality at the two mooring locations.
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Figure 3-3. Schematic diagram and photograph of the AVPs.
Measurement of Freshwater Inputs and Flushing Time

Freshwater discharge to the NRE was continuously quantified by the USGS near Gum Branch
(Figure 3-2; USGS gage number 02093000). Approximately 78% of the watershed of the NRE
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is ungaged (Ensign et al., 2004). Ungaged freshwater inputs were estimated by multiplying the
gauged freshwater discharge by the ratio of ungaged: gaged watershed area, exclusive of the
estuary water surface (Ensign et al., 2004).

Flushing time was calculated using the date-specific freshwater replacement method (Alber and
Sheldon, 1999). Flushing time is the amount of time necessary for the combination of riverine
discharge and seawater inflows to replace the volume of an estuary or estuarine segment
(Sheldon and Alber, 2006). The date-specific version of this traditional measure of transport time
scale was chosen because it accounts for changing river flow conditions and the time lags
between river gage and downstream locations (Alber and Sheldon, 1999). Flushing time, as
calculated here, is also correctly interpreted as the average age of freshwater within an estuary
(Sheldon and Alber 2006). This interpretation is utilized to provide time scales for the biological
transformation of riverine nutrient loads into phytoplankton biomass as freshwater is advected
and mixed downstream within the NRE.

The estuary was divided into nine segments encompassing sampling Stations 1-8 and the USGS
station near Jacksonville (number 0209303205; Figure 3-2). Volumes for each segment were
estimated using raster bathymetry data from the National Geophysical Data Center’s Coastal
Relief Model according to methods detailed by Ensign et al. (2004). Salinity of each segment
was taken as the vertically averaged salinity of the monthly profiles at each of the eight monthly
sampling stations. For the most upstream segment, encompassing the USGS Station number
0209303205, salinity at the approximately 1-m instrument depth was assumed representative of
the entire water column. Flushing time for each segment was taken as the cumulative flushing
times upstream of the downstream boundary of each segment, and represents the average time
freshwater spent upstream of each segment (i.e., average freshwater age within the estuary).
Calculating the cumulative flushing times from the head to the exit of the estuary in this manner
allows use of the discretely sampled snapshots of phytoplankton biomass and nutrient
concentrations to reconstruct the time course of phytoplankton biomass development and
nutrient draw down during downstream transport within the estuary.

Measurements of Phytoplankton Biomass and Community Composition

Chl a was determined from all water samples collected at the routine monthly transect stations
and from the two USGS gaging stations. (Figure 3-1). Fifty mL aliquots were filtered onto

25 mm in diameter Whatman GFFs. Storage, extraction, and fluorometric analyses follow those
described by Wetz et al. (2011a).

Accessory photopigments representing major phytoplankton divisions were measured using
high-performance liquid chromatography (HPLC; Figure 3-4) from surface and bottom water
samples at the eight monthly sampling stations but not at the USGS gaging stations. Samples
were filtered, sonicated, and extracted in 100% acetone and pigment extracts were separated and
quantified by using HPLC (Shimadzu model LC-20AB) equipped with a photodiode array
spectrophotometric detector (Shimadzu SPD-M20AC). The HPLC procedures are described by
Pinckney et al. (1998 and 2001). Photopigments were identified according to their absorption
spectrum, which was determined using a commercially obtained pigment standard (DHI,
Denmark).
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Figure 3-4. Diagram showing the methodology for determining algal community
composition using diagnostic photopigment analyses by high-performance liquid
chromatography.

Causative species of phytoplankton blooms at the eight monthly transect stations were identified
and quantified from preserved samples (1% Lugols solution) using inverted microscoPy
(Utermohl, 1958). A bloom sample was defined as a sample in excess of the 40 ug L™ chl a
water quality standard adopted by the North Carolina Department of Environment and Natural
Resources (NCDENR; 2007). When multiple bloom samples were collected at spatially
contiguous stations on the same sampling date, only the surface water sample with the highest
chl a concentration was examined. Cell abundances and biovolume estimates of the major taxa
followed methods detailed in Hall and Paerl (2011). Because Lugol’s solution distorts the shape
of raphidophytes (Tomas, 1997), identification of raphidophytes beyond the class level was not
possible.

For molecular identification of potentially toxic CyanoHAB species, selected sub-samples from
the eight monthly transect stations (during spring—summer bloom periods) were filtered on Pall
Supor® filters, placed in 2-mL tubes, and maintained at —80°C until further processing. DNA
extraction was performed by chemical and mechanical lysis (glass bead beating), using GeneRite
RWoC3 kits per the manufacturer’s instructions. Extracted DNA was then amplified via
polymerase chain reaction (PCR) using primers designed to detect the 16S rDNA of CyanoHAB
genera and the microcystis toxin producing gene mcyB. The mcyB primers were specific to major
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microcystin-producing genera (Planktothrix, Anabaena and Microcystis) and were utilized to
assess the toxin production potential of CyanoHABSs in the NRE.

The actual quantity of cyanobacterial toxins in the estuary was also determined by direct
measurements of total microcystins via enzyme-linked immunosorbent assays (ELISA)
according to methods detailed in Otten et al. (2012). Total microcystin concentration is a
measure of a broad class of structurally similar microcystin toxins produced by several
CyanoHAB genera, including Microcystis, Anabaena, and Planktothrix. Measurements were
made from surface waters over the period August through November of 2008 at monthly
sampling Stations 5-8 and two additional samples from the USGS gaging stations.

Assessment of Hydrological Impacts on Phytoplankton Biomass and Composition

Vertically averaged (mean of surface and bottom water samples) photopigment concentrations
photopigments indicative of total phytoplankton biomass (chl a) and of individual algal classes
were compared against flushing time. Prior to analyses, photopigment and flushing time data
were log, transformed. In cases where a pigment concentration was undetectable, a minimal
value (0.5 times the lowest measured concentration) was assigned. Transformed pigment
concentrations were binned into 30 equally spaced log, (flushing time) bins. Mean pigment
concentrations within each bin were then compared against the center of each flushing time bin.
Relationships between flushing time and pigment concentrations were fitted using a segmented
linear regression analysis consisting of two segments. Continuity of the segments was assured by
defining the start of the second modeled segment as the end of the first segment. The breakpoint
at which the two model segments meet was determined by iteratively fitting the segmented
model with each observed flushing time and retaining the model with the breakpoint that
minimized the sum squared error of the residuals. Because the breakpoint location was allowed
to vary between all flushing time bins, a single-segment linear regression was possible. Model
fitting was performed using the least squares curve fitting “Isqcurvefit” function in MATLAB
v.7.1, the Mathworks (Natick, CT).

The full segmented empirical model is defined by four parameters: (1) the y-intercept of the first
segment, (2) the slope of the first segment, (3) the breakpoint flushing time, and (4) the slope of
the second segment. Confidence intervals for these parameters were estimated by standard
bootstrapping (Hall et al., 2004). The binning, and segmented regression procedures described
above were repeated with 1,000 resampled data sets each of the same size as the original. The
upper and lower bounds for the 95% confidence interval (Cl) are then defined as the 26" and
975" rankings of each parameter estimate (Hall et al., 2004) and used to infer differences in
class-level phytoplankton community responses.

Measurement of Phytoplankton Primary Productivity

Primary productivity was measured via the **C method (Paerl, 2002) for surface waters from the
eight monthly sampling stations from approximately 09:00 a.m.—13:00 p.m. on the day following
sample collection. Water samples were maintained overnight and incubations were performed
under ambient light and temperature conditions in an outdoor pond at the UNC-IMS with
circulating sea water (Mallin and Paerl, 1992). Light conditions associated with vertical mixing
were simulated using a field light simulator (Mallin and Paerl, 1992). Light availability was
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measured throughout each incubation period with a Li-Cor 2t PAR meter. The average PAR
flux during the incubations was 234 umol photons m? s™ (SD=94). Light-dark “C assay
methods followed those described in Paerl (2002) with the exception that activity of samples was
measured on a Beckman Coulter LS 6500 liquid scintillation counter and dissolved inorganic
carbon concentration was measured on a Shimadzu total organic carbon analyzer (TOC-5000A).

Assessment of Nutrient Limitation via Nutrient Enrichment Bioassays

Nutrient addition bioassays were used to evaluate microalgae (MA) responses to nutrient
enrichment at levels reflecting tributary inputs to the NRE (Figure 3-5). These highly replicated
(quadruplicate treatments), bioassays are designed to identify growth-limiting nutrients and
bloom-threshold input levels, below which water quality (e.g., the State of North Carolina’s chl a
water quality standard and nutrient-sensitive water designation; NCDENR, 2007), EPA and
CWA, and HAB criteria can be met for the NRE (Paerl et al., 1995).

Surface water was collected from Stations 3 and 5 during June and September of 2008-2010.
Subsamples were dispensed into 4-L cubitainers and were amended with a factorial design of
ammonium, nitrate, and phosphate additions to achieve total DIN and P amendments of 20 uM N
and 5 uM P. The two forms of DIN were used to determine the impact of DIN form on
phytoplankton growth response. An unammended quadruplicate set of cubitainers served as a
control for all bioassays. Phytoplankton assemblages were incubated in the outdoor circulating
pond at UNC-IMS under a single layer of neutral density screening to simulate in situ
temperature and light conditions (Piehler et al., 2002). Cubitainers were subsampled on Days 2
and 4 of the incubation and MA photopigments that are indicative of class-level phytoplankton
biomass and primary productivity measurements (as described for the monthly transects) were
used to determine MA growth responses to nutrient enrichment.

Statistical significance of differences in growth responses to experimental treatments were tested
using the Kruskal-Wallis rank sum test (the non-parametric alternative to analysis of variance
[ANOVAY)). In cases in which a significant treatment effect was determined, a non-parametric,
multiple comparison test was used to compare treatment effects to the control (Siegel and
Castellan, 1988).
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Figure 3-5. Photograph of the bioassay incubation setup in the seawater pond
at the UNC-IMS in Morehead City, NC.

Bayesian Belief Network Model

A Bayesian Belief Network (BBN) Model was constructed to probabilistically identify linkages
between climatic and anthropogenic physical and chemical drivers and water quality responses
within the NRE. Physical drivers investigated were light attenuation, wind speed and direction,
temperature, river flow, and vertical water column stratification. Chemical drivers included
concentrations of DIN, phosphate, and the DIN to phosphate ratio. Water quality responses
investigated were total phytoplankton biomass (chl a), four accessory photopigments indicative
of HAB species (peridinin, 19-hex, gyroxanthin, and violaxanthin), and benthic dissolved
oxygen. Detailed descriptions of model methodology and output are provided in Appendix 3-A.

Results and Discussion
Climatic Controls on the Phytoplankton

The study period from October 2007 through December 2011 was a period of dramatic climatic
variability due to extended droughts and rainy periods, and two tropical storm systems that
impacted the region. As a result of this extreme climatic variability, the range of New River
discharge to the NRE encompassed the 0.5% to 99.99% quantiles of daily average freshwater
discharge documented over the past 63 years at Gum Branch. The past few months of 2007 and
most of 2008 and 2011 were exceptionally dry periods (Table 3-2). Due to an extended rainy
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period that extended from fall 2009 through winter 2010 and Tropical Storm Nicole in 2010,
2009 and 2010 had river flows that were closer to long-term average conditions. The extreme
level of hydrologic variability during this period along with seasonal temperature fluctuations
allowed assessment of nutrient and hydrologic effects on the phytoplankton across nearly the full
range of environmental conditions that would be expected within the NRE.

Table 3-2. Comparison of annual average freshwater inflows into the NRE from 2008-2011
with average flows from the long-term record produced by the USGS Gaging Station
number 0209303205 near Gum Branch.

Year 2007° 2008 2009 2010 2011 | 19492011
Ave(;jges_f)"’w 2.56 6.84 12.42 15.34 7.20 14.61

& Data from 2007 is the average flow for the period October 7-December 31, 2007. Data are scaled to account
for ungaged, freshwater inputs downstream of the gaging station (see Methods and Materials).

Water samples analyzed for diagnostic photopigments to quantify the major algal taxonomic
groups show distinct seasonal patterns and shifts in algal community composition and biomass.
Diagnostic photopigments allowed us to detect, quantify, and locate phytoplankton biomass
distribution (as chl a) and functional groups responsible for primary production and algal bloom
formation (cf., Paerl et al., 2003). Results demonstrate differential sensitivities to external
forcings, including freshwater discharge, tidal exchange, water temperature, and nutrient loads.

Temporal and spatial variability of biomass, community composition, and blooms in relation to
the physical-chemical environment

Figures 3-6 and 3-7 show the responses of salinity, nutrients, and phytoplankton indicators to
two principal drivers (e.g., temperature and river discharge) over the period from October 2007
through December 2011. Results are plotted along a transect ranging from near the mouth of the
estuary (Station 1) to the estuarine headwaters near Jacksonville (Stations 7 and 8) using space-
time contour plots, where the space axis is distance upstream from Station 1 (see Figure 3-1 for
exact station locations).
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Figure 3-6. Physical, chemical, and phytoplankton biomass response to changes in
discharge and temperature in the NRE from October 2007 through December 2011.

(A) Time series of daily average freshwater discharge (blue line), and mean (SD) of average surface and bottom
water temperature (red line with error bars) from all stations. Off-scale flows are written above the panel. The x-axis
tick marks represent the first day of every other month. Data in panels B—E are averages of surface and bottom water
conditions except for data from the USGS Station number 0209303205 at 30 km where bottom water data were not
collected. (B) Space-time contour plot of surface water salinity. The y-axis is the distance from New River Inlet
(Station 1). Data at 25 km are means from Stations 6, 7, and 8. Black dots in salinity panel show sampling locations
and times. Rectangular white patches on contour plots represent the unsampled period for the USGS Station number
0209303205. (C) Dissolved inorganic nitrogen, (D) phosphate, and (E) chl a
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Figure 3-7. Temperature, river discharge, and contour plots of the space-time distributions
of accessory photopigments indicative of major phytoplankton taxonomic groups.

Pigment abbreviations follow Table 3-1. Format and data treatment are identical to Figure 3-6.

Phytoplankton biomass varied substantially, and the spatial and temporal scales of chl a
variability suggest a strong dependence on river discharge and associated nutrient loading
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(Figure 3-6). Riverine chl a at Gum Branch was low (mean 1.1 g chl a L™, standard deviation
[SD]=1.2, data not shown) and thus riverine inputs do not appear to be a significant source of
phytoplankton biomass to the estuary. Chl a was generally highest and bloom events (greater
than 40 pg L™ chl a) occurred more frequently at upstream stations that were more directly
impacted by riverine nutrient supplies.

Karlodinium

veneffcum

Raphidophyte

Figure 3-8. Photomicrographs of algal blooms from NRE surface waters.

Top left: Mixed diatom and dinoflagellate bloom on 1 February 2011, Station 7. Bottom left: Raphidophyte bloom
on June 16, 2008 at Station 6. The shape of the raphidophyte cells has been severely distorted by preservation in
Lugol’s solution and the cells have clumped together. Top right: Dinoflagellate bloom on October 3, 2011, Station 3.
Bottom right: Mixed euglenophyte and cryptophyte bloom on March 4, 2009, Station 7.

Biomass was generally lowest and only two blooms were observed during the prolonged drought
periods of 2008 (Figure 3-6). Both blooms occurred 25 km or more upstream of the inlet. The
bloom in June was dominated by raphidophytes (Table 3-2, Figure 3-8) and the one in
September was dominated by raphidophytes and a large dinoflagellate (Table 3-2). Compared to
2008, phytoplankton biomass was considerably higher in 2009 which corresponded with both
higher discharge and N inputs (Figure 3-6). There were 5 bloom events in 2009, with the highest
concentration of chl a observed during the study period (224 ng L) occurring 25-km upstream
from the inlet (Station 7) in March 2009 (Figure 3-8). This bloom was dominated by two
flagellates, the euglenophyte Euglena sp., and the cryptophyte Cryptomonas sp (Table 3-2,
Figure 3-9). Other blooms in 2009 were similarly comprised of dinoflagellates, euglenophytes,
and raphidophytes, all flagellated groups (Table 3-2).
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Table 3-3. Summary of phytoplankton bloom composition in the NRE from October 2007
through December 2011.

Stations % Abundance
Date Impacted | Division or Class Species Biovolume (cells L™
June 16, 2008 6,8 Raphidophyte Undeterminable 92 2.0x 10’
September 8, 2008 7 Raphidophyte Undeterminable 53 2.3 x10°
Dinoflagellate Gymnodinoid 27 2.2 x10°
January 5, 2009 6,7,8 Dinoflagellate Akashiwo sanguinum 51 8.2 x 10°
Euglenophyte Eutreptia sp. 25 45 x10°
February 2, 2009 4 Dinoflagellate Akashiwo sanguinum 74 8.5 x 10°
Dinoflagellate Heterocapsa triquetra 18 1.7 x 10°
March 4, 2009 7 Euglenophyte Euglena sp. 47 3.1x10’
Cryptophyte Cryptomonas sp. 29 1.8 x 10’
June 29, 2009 6,7 Raphidophyte Undeterminable 70 1.3 x 10°
Euglenophyte Euglena sp. 6 1.6 x 10°
August 24, 2009 5,6,7,8 Dinoflagellate Gyrodinium instriatum 68 7.3 x10°
Dinoflagellate Karlodinium veneficum 11 1.1 x 10’
February 17, 2010 5 Dinoflagellate Heterocapsa triquetra 96 8.5 x 10°
May 17, 2010 6,8 Raphidophyte Undeterminable 94 2.6 x 10°
June 14, 2010 7 Raphidophyte Undeterminable 82 2.7 x10°
November 1, 2010 57,8 Dinoflagellate Gyrodinium instriatum 50 9.9 x 10°
Ciliophora Myrionecta rubra 22 8.4 x 10°
Euglenophyte Eutreptia sp. 10 1.8 x 10°
February 1, 2011 7 Diatom Cyclotella sp. 39 2.2 %10’
Dinoflagellate cf. Gymnodinium aureolum 30 1.1 x 10°
Dinoflagellate Heterocapsa triquetra 28 1.5 x 10°
March 2, 2011 6,7 Diatom Cyclotella sp. 83 2.3x10’
May 31, 2011 5,6,7 Raphidophyte Undeterminable 99 5.9 x 10°
August 8, 2011 6 Raphidophyte Undeterminable 87 4.4 x 10°
August 31, 2011 4 Dinoflagellate Pheopolykrikos hartmanii 97 6.6 x 10°
September 7, 2011 3 Dinoflagellate Pheopolykrikos hartmanii 99 1.7 x 10°
September 7, 2011 5,7 Euglenophyte Eutreptia sp. 32 2.1 x10°
Dinoflagellate Gyrodinium instriatum 21 1.6 x 10°
Raphidophyte Undeterminable 18 1.6 x 10°
Dinoflagellate Pheopolykrikos hartmanii 8 1.1x 10"
Chrysophyte Apedinella radians 6 1.0 x 10°
October 3, 2011 34 Dinoflagellate Pheopolykrikos hartmanii 98 3.2 x10°

Taxa listed comprised greater than 70% of total phytoplankton biovolume.

Despite large nutrient pulses to the estuary, chl a biomass was low during the peak discharge
periods in late fall 2009. Chl a was low throughout the estuary during the drought period in
spring 2010 (Figure 3-7). Similar to the peak discharge period in fall 2009, biomass was
extremely low (chl a less than 2 ug L™) in the period immediately following the remnants of
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Tropical Storm Nicole (Figure 3-6). These periods of high flushing and low phytoplankton
biomass are dominant drivers of variability of chl a in the NRE and result in a weak, but
significant negative correlation between discharge and chl a (Pearson’s R=—0.10, p=0.04).
Periods of elevated phytoplankton biomass and blooms generally occurred weeks to a month
after periods of elevated freshwater discharge (Figure 3-6). Thus, blooms appear to follow
pulses of nutrient enriched freshwater inputs to the NRE. For example, blooms were observed
from 20-25 km upstream of the inlet several weeks after the late September 2010 freshwater
discharge event from the remnants of Tropical Storm Nicole. This storm delivered more than 50
cm of rain to the watershed over a 3-day period and resulted in peak daily average river flows in
excess of 600 m* s, a flow level seen on only 4 days since the gaging station near Gum Branch
was established in 1949. As in 2008 and 2009, all blooms in 2010 were dominated by
phytoflagellates (Table 3-2). The flagellate dominated character of NRE blooms has been
previously documented by other researchers (Tomas et al., 2007) and the data presented here
from 2007 through 2010 is currently in review for publication (Hall et al., in review).
Throughout the study period, no blooms occurred at the two stations closest to the inlet (Figure
3-6 and Table 3-2). As a result of upstream phytoplankton uptake and dilution with shelf waters,
nutrient concentrations at these stations were too low to support bloom development except
during the exceptionally high flows during fall 2009 and following Tropical Storm Nicole in
2010.

Table 3-4. Pearson’s correlation (R) matrix for 8 of the 10 most common phytoplankton
photopigments contained within algal divisions microscopically identified in the NRE.

Chla Fuco Peri Zea Chlb Allo Viol
Chla
Fuco 0.79
Peri 0.49 0.13
Zea 0.24 0.18 -0.01
Chlb 0.43 0.16 0.31 0.20
Allo 0.34 0.07 0.31 0.07 0.72
Viol 0.83 0.79 0.22 0.21 0.11 0.07
19-hex 0.50 0.48 0.17 0.32 0.34 0.24 0.42

All of the major accessory photopigments were significantly and positively correlated with chl a
(Table 3-3). The high correlation between fucoxanthin and violaxanthin indicates that
raphidophytes are the dominant fucoxanthin containing phytoplankton in the NRE (Table 3-3).
The strong correlations between both fucoxanthin and peridinin with chl a also confirms the
microscopic analyses which indicate raphidophytes and dinoflagellates are the dominant bloom
forming organisms. Most of the class-level photopigments showed significant, positive
relationships with each other, which suggests a common dominant regulating factor or set of
factors that controls the biomass of most phytoplankton classes.
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Assessment of Hydrologic Control

Comparison of these photopigments with flushing time indicates that one common controlling
mechanism for all phytoplankton groups in the NRE is freshwater discharge. Increases in
freshwater discharge lead to decreases in flushing time that were often associated with rapid
decreases in salinity (Figure 3-9). For each photopigment analyzed, a segmented regression with
an initial increase and subsequent decrease with increasing flushing time resulted in a better fit
than a single, monotonic regression (Figure 3-10).
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Figure 3-9. Relationship between flushing time and salinity in the NRE
from October 2007 through December 2011.

This non-monotonic response to hydrologic forcing is driven by the dual influences of decreases
in biomass losses due to flushing from the estuary with concomitant decreases in growth
stimulating nutrient delivery as river flow decreases. Higher nutrient loads associated with
increased flow enhance nutrient availability within the estuary, which favors biomass
accumulation of all algal classes. However, under high flow conditions flushing time becomes
too short to allow biomass to accumulate. Total phytoplankton biomass (chl a) increased rapidly
from a flushing time of approximately 1 day, up to a flushing time of approximately 9 days (95%
Cl 4.0-11.3 days; Figure 3-10 and Table 3-5), and declined slowly at flushing times greater than
this breakpoint (note the log, scale of the x-axis in Figure 3-10).
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Figure 3-10. Relationship between flushing time and photopigment concentrations
indicative of total phytoplankton biomass (chl a) and
major phytoplankton classes within the NRE.
Pigment abbreviations and phytoplankton groups represented by each pigment are shown in Table 3-1. Data points
are mean log, pigment concentrations within each flushing time bin. Solid lines represent segmented linear

regressions. *19-hex is indicative of dinoflagellates that lack peridinin, primarily Karlodinium veneficum in the
NRE.

The decline in biomass at longer flushing times is likely due to nutrient limitation (particularly N
limitation, see the Assessment of Nutrient Limitation section) driven by nutrient uptake near the
head of the estuary where maximum biomass was usually observed (Stations 6, 7, and 8 and
USGS Station number 0209303205). This strong hydrologic control of phytoplankton biomass
points to the need to consider both freshwater discharge and its nutrient load on seasonal and
inter-annual time scales because the combined effects of these drivers determine whether
blooms, including HABs, develop and where in the estuary blooms are likely to occur. Figure
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3-11 shows the space-time distribution of blooms in relation to freshwater discharge. Blooms
occurred within flows of 0.8-26.8 m*® s™*. Flows on the low end of this range tended to allow
bloom formation further upstream near Jacksonville and conversely flows on the higher end of
this range forced bloom development further downstream.
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Figure 3-11. Space-time location of HAB and non-HAB blooms in relation to freshwater
discharge within the NRE from October 2007 through December 2011.

Red dashed lines indicate the range of flows (0.8-26.8 m®s™) under which blooms occurred.

Diagnostic pigments responded in a similar non-monotonic fashion to increases in flushing time.
Maximum concentrations of all pigments occurred at flushing times ranging from approximately
2 d to 45 d (Figure 3-10). Significant differences in the slopes and breakpoints of these
segmented regressions indicate that these flow effects or additional factors that covary with flow
have differential impacts across phytoplankton groups (Table 3-5). Similar to total
phytoplankton biomass and other phytoplankton groups, biomass of the dominant bloom forming
classes, dinoflagellates and raphidophytes was restricted at short flushing times (Figure 3-11C
and G).

These short flushing time conditions (less than 1 week) were accompanied by salinities that are
generally lower than approximately 10 (Figure 3-9). Because the observed dinoflagellate and
raphidophytes species were brackish-tolerant, marine species, it is likely that low salinity would
have restricted their biomass accumulation even in the absence of restrictive flushing effects
(Sellner et al., 2001). However, as time within the estuary increased (Figure 3-10) and salinity
conditions became more conducive for growth (Figure 3-9), these dominant bloom formers
responded more rapidly to the improved growth conditions than other phytoplankton groups.
This can be seen in the significantly steeper initial slope of the break point regression of
violaxanthin against flushing time (Figure 3-10 and Table 3-5) compared to chl a. Peridinin
exhibited an initial slope that was almost significantly higher than chl a (Table 3-5).

The fact that these groups were consistently the dominant bloom formers suggests some suite of
competitive advantages over other phytoplankton groups that lead to larger net population
growth rates. Intrinsic growth rates of these bloom forming flagellates are generally slower than
other groups and are generally poor competitors under most growth conditions (Smayda, 1997).
However, some species, especially HAB species, may experience lower grazing pressure due to
chemical defenses (Graham and Strom, 2010) or their relatively large size (generally greater than
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20 pum in diameter; Demir et al., 2008), which can enhance net population growth rates. One
commonality among all the observed bloom forming flagellate species is that each species has
well documented DVM patterns (Amano et al., 1998; Hall and Paerl, 2011; Jephson et al., 2011).

Table 3-5. Coefficients for regressions of temperature and flushing time on photopigment
concentrations.

Temperature Effect Linear Flushing Time Effect
Regression Segmented Linear Regression
Btemp Intercept (95% Breakpoint Slope2
Pigment | logy(ua L™ °C | RPemp Cl) Slope1 (95% Cl) (95% CI) (95% CI)

Chla 0.13 0.04" 2.1 0.83 9.4 —-0.50
(1.5,2.9) (0.60, 1.35) (4.0,11.3) (-0.67, -0.34)

Fuco 0.037 0.04" —-2.9 1.15 9.6 -0.33
(-5.0,-1.3) (0.49, 5.03) (2.0, 26.9) (-0.60, —0.08)

Peri —0.009 0.02" -5.9 1.94 10.3 —-0.99
(-8.1,-4.1) (1.18, 2.92) (8.0,13.5) (-1.33, -0.69)

Chlb 0.013 0.12" —4.2 1.16 9.5 -0.39
(-16.8, —2.5) (0.38, 15.6) (2.0,19.0) (-0.59, 0.19)

Zea 0.051 0.43" -3.2 0.32 45.3 —0.87
(-4.1,-2.5) (0.07, 0.60) (19.5, 108) (-9.67, -0.14)

Allo —0.006 0.004 -8.3 3.25 24 -0.20
(-22.0,-2.4) (0.24,19.8) (1.7,11.3) (-0.87,-0.01)

Viol 0.017 0.04" -8.8 2.01 9.5 -1.09
(-11.6, -7.5) (1.38, 6.51) (2.8,11.3) (-1.41, -0.47)

19-hex 0.005 0.05 -8.8 1.13 9.5 -0.25
(-10.6, -5.3) (—1.33,2.69) (2,38.1) (-1.21, 0.56)

Btemp and themp values are the slopes and coefficients of determination from the regressions of pigments on
temperature. Asterisk superscripts over themp values indicate significance at 0=0.001. The regression of

temperature against alloxanthin was not significant at 0=0.05. Intercept, Slopel, Break Point, and Slope2 represent
the y-intercept of the first segment, slope of the first segment, flushing time at the break point, and slope of the
second segment, respectively. For the segmented linear regression coefficients, values in bold indicate a significant
difference between the coefficient for that pigment and total phytoplankton biomass (chl a).

Data from the AVPs confirm that DVM is a dominant mode of variability in the depth

distribution of chl a in the NRE. Figure 3-12 shows high resolution vertical profiles of density
and phytoplankton biomass (in vivo chlorophyll fluorescence) for a 10-day period containing the
raphidophyte bloom detected on September 8, 2008 (Table 3-2). The up (daytime) and down
(nighttime) pattern of DVM is obvious.

To examine the full record of AVP chlorophyll fluorescence profiles, the depth of the
chlorophyll maximum in the water column was used as a metric of temporal changes in
phytoplankton depth distribution. The depth of the chlorophyll maximum is a useful metric of
phytoplankton distribution that is independent of the total phytoplankton biomass within the
water column (Denman, 1977). We analyzed the time series of the depth of the chlorophyll
maximum with a time series analysis technique called wavelet analysis to identify daily cycles in
the depth of the chlorophyll maximum that are indicative of DVM. Similar to traditional Fourier
analysis methods, the relatively new wavelet analysis method provides estimates of the power
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contained within periodic signals contained within a time series. The advantage of the wavelet
analysis method is that it shows where in time a period signal, such as the up-down movements
indicative of DVM, occurred in the data record. Through the use of the Morlet wavelet function,
it also retains the phase information of each frequency component. The phase information of the
diel signal component was processed in a manner such that a phase near zero hours indicates that
the phase of the diel signal has the appropriate phase (up during the day, down at night)
indicative of DVM (Hall, 2009). In the adjacent Neuse River and Newport River estuaries, much
of the variability in physical and biological properties of the water column occur in the
semidiurnal to diurnal band, or in the synoptic scale (2—7 d band) (Hall, 2009; Litaker et al.,
1987; Reynolds-Fleming and Luettich, 2004). Based on these findings, we investigated a range
of frequencies that represent periods from hour up to 14 days to encompass the band likely to be
most important for structuring depth distributions of the phytoplankton community.
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Figure 3-12. Chl a in vivo fluorescence and salinity data from the AVP at Morgan Bay
over a 10-day period in September 2008.
The x-axis tick marks represent midnight of each day. Blank spaces in contour plots represent data gaps. Bottom of

data record is approximately 0.25 m above the bottom of the estuarine floor. Chl a in vivo fluorescence values are
presented as arbitrary units (AUs) because they were not post-calibrated against in vitro chl a values.

Figure 3-13 shows a wavelet power spectrum of the time series of the depth of the chl a
maximum from AVP profiles at Morgan Bay. Most of the time, the dominant frequency
component of the depth of the chlorophyll maximum was the diel component (Figure 3-13).
During periods of high power at the diel frequency, the phase of the signal was close to zero,
indicative of the phase expected from DVM (Figure 3-13). This indicates that DVM is a very
common occurrence in the upper NRE where flagellates are a dominant component of the
phytoplankton community.
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Figure 3-13. Occurrence of DVM patterns of phytoflagellates in relation
to water column stratification.

(A) Water column stratification (Ap = bottom surface density) at the Morgan Bay AVP location from September
2008-December 2010, (B) wavelet power spectrum of the depth of the fluorescence maximum, and (C) the phase of
the diel frequency component. A phase near zero is consistent with DVM. White areas in black bar at top of figure
represent periods of missing data.

Periods when the DVM signal was weak or not apparent coincided with periods of weak
stratification (e.g., October—November 2008 and August—September 2010) or periods of
extremely high river discharge (e.g., early November 2009, early October 2010) despite the high
degrees of stratification that occurred during these flood events. These results are not surprising
because the: (1) swimming velocities of these phytoflagellates are incapable of overcoming the
strong vertical mixing necessary to destratify the water column (Hall, 2009) and, (2) biomass of
these phytoflagellate groups was severely restricted by flushing losses during the highest flow
periods (Figure 3-10).
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Bloom potentials of raphidophytes and other large motile flagellates are enhanced by the ability
to access nutrient rich bottom water or even sediment pore waters at night via their DVM
behaviors (Amano et al., 1998; Handy et al., 2005; Watanabe et al., 1995). These DVM patterns,
coupled with elevated DIN concentrations deeper in the water column, may mitigate nutrient
limitation of the dominant bloom forming groups during periods when riverine nutrient loads are
minimal such as during the observed droughts of 2008 and 2011. Maintaining a relatively high
biomass during periods of low riverine nutrient input may provide these large flagellate groups a
higher inoculum concentration that allows for rapid proliferation following periods of higher
riverine nutrient input. Under nutrient-rich, moderate-flow conditions, their ability to vertically
migrate can still significantly enhance intrinsic growth rates by providing access to saturating
light conditions near the surface (Ault, 2000).

At the population level, daily vertical migration of the dinoflagellates in the water column allows
them to maintain their spatial position in the estuary longer by migrating to the deeper bottom
waters and riding the more saline water upstream (Anderson and Stolzenbach, 1985; Chang and
Carpenter, 1985). In contrast, non-motile drifting species are at the mercy of the surface currents
and can more quickly be swept out of the estuary. Our flushing time estimates are representative
of the flushing of non-motile drifters but do not capture these more complex interactions between
stratified flows and variations in the vertical distribution of motile phytoplankton (Monsen et al.,
2002). The observed co-variations between river discharge, flushing time, and stratification,
indicate that: (1) nutrient concentrations capable of stimulating biomass accumulation, (2) poor
vertical mixing permissive of vertical migration, and (3) two-layer flow conducive to this type of
advective loss reduction mechanism often occur simultaneously. Thus, the physical dynamics of
the NRE likely plays a large role in determining the dominance of blooms by large, highly motile
flagellate species. Results from the BBN model corroborate this assertion by showing a
significantly higher probability of occurrence of HAB species under moderately stratified
conditions when HABs would be capable of vertically migrating but not under the highest
stratification conditions which are accompanied by overwhelming advective losses and
prohibitively low salinities in the surface waters (see Appendix 3-B).

Prior to sewage treatment upgrades, silica was, at times, potentially limiting (approximately

0.5 pmol L™) for the growth of diatoms (Mallin et al., 1997), and silica limitation was suggested
as an explanation for flagellate dominance of the NRE. Current silica concentrations

(3-92 pmol L™ are unlikely to limit diatom growth (Dortch and Whitledge, 1992), yet blooms
are still dominated by flagellates, including some HAB species. Rather than nutrient
stoichiometry, it seems more likely that selective advantages gained by motility explain why
blooms in this estuary are dominated by flagellates. These advantages allow such bloom forming
flagellates to assimilate a large portion of the riverine nutrient load. Nutrient reduction strategies
should limit the levels of biomass attained by these bloom-formers, but phytoflagellates,
including some HAB species, are still likely to be dominant members of the phytoplankton
community.

The picocyanobacteria, indicated by the pigment zeaxanthin, reached a maximum at a
significantly longer flushing time than most groups (Figure 3-11D). The small size and low
nutrient demands of picocyanobacteria make them particularly well suited for growth on low
concentrations of regenerated nutrients that existed under higher salinity and longer flushing time
conditions in the NRE (Wetz et al., 2011b). Cryptophytes, indicated by alloxanthin, were a
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significant, though rarely dominant, component of the phytoplankton community. Cryptophytes
showed maxima under relatively fresh conditions associated with short flushing times (Figure
3-11F). This is consistent with results from the nearby Neuse River Estuary where cryptophyte
biomass is generally highest during high river flow conditions (Valdes-Weaver et al., 2006).
Chlorophytes, indicated by chl b, were relatively minor components of the NRE community and
their response to changes in flushing time was weaker than many of the other groups (Figure
3-11E). This may be due to the wide variety of physiological characteristics exhibited by the mix
of freshwater and marine species within the NRE.

Assessment of Temperature Control

A weak but positive relationship with temperature was also common among phytoplankton
classes as determined by class-level photopigments (Table 3-4). Alloxanthin (cryptophytes) was
the only pigment that did not show a significant temperature relationship (Table 3-4) and
peridinin (dinoflagellates) was the only pigment with a significant negative relationship with
temperature. The positive correlation of zeaxanthin (primarily picocyanobacteria) with
temperature was exceptionally strong, accounting for 42% of its variability, a pattern clearly
visible in the space-time contour plots shown in Figure 3-7E. These results are consistent with
geographically diverse observations that cyanobacteria prefer warmer waters for optimal growth
(Paerl and Huisman, 2009). However, there is some evidence from the nearby Neuse River
Estuary that seasonal changes in grazer populations may produce observed summertime
increases in picocyanobacteria through a trophic cascade mechanism. Summertime increases in
the crustacean mesozooplankton populations (primarily copepods) substantially deplete
microzooplankton grazers of picocyanobacteria with resultant alleviation of grazing pressure and
enhanced population growth of the picocyanobacteria (Wetz et al., 2011b).

Raphidophyte blooms also demonstrated a distinct seasonality with blooms occurring only
during the warmer months from late May through September (Table 3-2 and Figure 3-11). This
is corroborated by the positive relationship between temperature and the pigment violaxanthin
(Table 3-4). During each of the 4 years, the period from mid-May through mid-June exhibited a
raphidophyte bloom (Table 3-2). This repeatable timing likely results from the seasonal
inoculation of the water column by germination of cysts in the sediments as water temperatures
increase during the spring (Imai and Yamaguchi, 2012; Yamaguchi et al., 2008).

Harmful Algal Blooms

The raphidophytes and the dinoflagellate, Karlodinium veneficum, are considered HAB species
(Moestrup et al., 2011) due to the ability of some strains to produce toxins that negatively impact
growth and reproduction of filter feeders and can kill fish (Bourdelais et al., 2002; Lewitus et al.,
2003). K. veneficum produces karlotoxins that cause asphyxiation in fish by destroying the
epithelial cells of the gills (Deeds et al., 2002). K. veneficum was found in low abundances
throughout the NRE but was only a prominent component of an algal bloom on one occasion,
August 29, 2009 (Table 3-2 and Figure 3-11). Even during this bloom, concentrations of K.
veneficum were less than half of the 30 x 10’ cells L™ typically associated with fish kills in North
Carolina estuaries (Fensin, 2004).
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The cell abundances of raphidophytes and regularity of their occurrence within the NRE are of
particular concern. Marine raphidophytes contain an assortment of poorly characterized toxins
that have been responsible large-scale fish-kill events in coastal waters around the world (Jeong,
2011). The highest observed bloom concentration of greater than 20 x 10° cells L™ observed on
June 16, 2008 is 2- to 10-fold higher than concentrations associated with fish kills in Delaware’s
inland bays (Bourdelais et al., 2002).

Cellular toxin levels of Karlodinium veneficum and raphidophyte species vary greatly by strain

and with changes in physiological condition (Adolf et al., 2009; Powers et al., 2012). We are
unaware of any incidences of fish kills or human illness caused by these blooms which may

indicate low levels of toxins within the particular bloom strains. However, fish kills possibly
caused by HABs have occurred in the past within the upper (near Jacksonville) region of the

NRE (Tomas et al., 2007).

Table 3-6. Concentrations of total microcystin toxins in surface waters of the upper NRE

during late summer—early fall 2008.

Date Site Total Microcystins (ug L™)
August 7, 2008 USGS number 02093000 0.030 £0.017
August 7, 2008 USGS number 020903205 0.095 +0.054
August 14, 2008 New River Station 5 0.179 +0.060
August 14, 2008 New River Station 6 0.231 £0.040
August 14, 2008 New River Station 7 0.110 +£0.029
August 14, 2008 New River Station 8 0.090 +0.014
September 8, 2008 New River Station 5 0.122 +0.025
September 8, 2008 New River Station 6 0.123 £0.022
September 8, 2008 New River Station 7 0.093 £0.038
September 8, 2008 New River Station 8 0.142 +0.023
October 7, 2008 New River Station 5 0.111 +£0.045
October 7, 2008 New River Station 6 0.108 £0.022
October 7, 2008 New River Station 7 0.241 +£0.026
October 7, 2008 New River Station 8 0.195 +0.039
November 3, 2008 New River Station 5 0.201 +0.030
November 3, 2008 New River Station 6 0.251 +0.037
November 3, 2008 New River Station 7 0.236 £0.033
November 3, 2008 New River Station 8 0.255 +0.026

Bloom potentials of CyanoHAB genera were assessed using high sensitivity PCR amplification
and sequencing of cyanobacterial 16S rDNA from samples collected from summer through fall
2008 within the upper estuary (Stations 5-8). The resulting 16S rDNA sequence analyses
revealed that potentially toxigenic cyanobacteria, such as Anabaena sp. and Microcystis sp. exist
within the upper reaches of the NRE. Microcystis is a common freshwater bloom forming
cyanobacterial genus that is also relatively salt tolerant, being able to survive in waters with

3-31



salinities up to 17 (Tonk et al., 2007). Anabaena strains are differentially tolerant of salinity,
with some strains being very sensitive to increases in salinity, whereas others thrive in brackish
waters (Fernandes et al., 1993). PCR amplification of the microcystin production gene, mcyB,
routinely failed to amplify DNA extracted from samples collected from these NRE Stations 5-8,
even during the peak summer months. The apparent discrepancy that the 16S rRNA analysis
detected potential microcystin-producing genera, while the mcyB PCR assays failed to yield a
positive result can likely be attributed to differences in copy numbers of these genes within the
cells. Many copies of “housekeeping” genes such as 16S rRNA are present, but only one or two
copies of the mcyB generally occurs (Klappenbach et al., 2000; Tanabe et al., 2004).

The failure to amplify the mcyB gene provides a useful means to quantify the maximum cell
abundances of these CyanoHABSs. The limit of detection for mcyB primer sets is approximately
10 cells. On average, 100 mL of NRE water is passed through each filter. Therefore, the primers’
failure to amplify suggests that these potentially toxic CyanoHAB species are present at
concentrations less than 100 cells L. CyanoHAB concentrations less than 100 cells L™ pose
little risk of negative ecological impacts and no documented human health hazard (Chorus and
Bartram, 1999). Microcystis and Anabaena were not observed during microscopic examination
of blooms (Hall, personal observation), which further corroborates the conclusion that these
CyanoHAB genera are rare in the NRE. However, Anabaenopsis sp., a microcystin containing
CyanoHAB genus closely related to Anabaena (Chorus and Bartram, 1999), was observed at low
concentrations during the raphidophyte bloom detected on June 14, 2010 at Station 7 (Table 3-3)
(Altman and Paerl, 2012).

The average total microcystin concentrations observed at the four least saline stations (5-8) was
0.15 +0.08, 0.12 +0.03, 0.16 +0.06, and 0.24 +0.04 pg I, respectively. These values are
remarkably similar considering that they encompass both wet and warm months (August and
September) and cool and dry months (October and November). The highest one time microcystin
value observed was 0.275 pg L™ and occurred in October 2008 at Station 7 (Table 3-5). All of
the values collected during the late summer—early fall period to date have been well below

1 pg I, the World Health Organization’s recommended maximum exposure limit for
microcystins in drinking water, and far below the 10 pg L™ limit for recreational waters (Chorus
and Bartram,1999). Due to the low observed concentrations, measurement of microcystin toxin
concentration was not continued further. Although these toxin producing CyanoHAB groups are
rare, results suggest that there is the potential for toxic blooms to form because these genera exist
within the NRE system. They are consistently present at very low cell concentrations and their
bloom potentials are presumably controlled by factors other than temperature and rainfall, such
as flushing time, nutrient (N and P) availability, and/or salinity.

Many of the other observed bloom forming species within the dinoflagellates (other than
Karlodinium veneficum), the euglenophytes, the cryptophytes, and the diatoms are not listed as
HAB species (Moestrup et al., 2011). However, high biomass blooms of any type can have major
detrimental consequences on estuarine ecosystems including reduced light penetration (important
for BMA and seagrass communities), and enhanced vertical carbon flux, which fuels bottom
water hypoxia (Paerl et al., 1998).
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Phytoplankton Primary Production
Spatial and inter-annual variability in phytoplankton primary production

Over the period from October 2007 through December 2011, annual average phytoplankton
production for the NRE was 146 g C m™ y™* (Table 3-7). This level of phytoplankton production
is comparable to other systems with similar N loads (Figure 3-14). Between years and between
sections of the NRE, productivity varied approximately 2 fold (Table 3-7). As will be shown
below, both the spatial and inter-annual variability are largely governed by levels of
phytoplankton biomass which is largely governed by the counteractive effects of biomass
stimulating riverine nutrient loads and biomass losses due to enhanced flushing rates.

Table 3-7. Annual areal phytoplankton primary production for segments
of the NRE (g C m?y™).

Phytoplankton
Average

Section of NRE 2007 2008 2009 2010 2011 2007-2011
Whole estuary 85 102 154 156 186 146
Lower

_ 4 4 74 7 122
(Stations 1-2) > 6 0 80
Middle

i 74 89 123 132 168 125
(Stations 3-4)
Upper 96 123 201 198 217 179
(Stations 5-USGS Gage
number 020903205)

Comparison of Phytoplankton Production with Benthic Microalgal and Salt Marsh Production

Estimates of annual primary productivity of the three major primary producer categories,
phytoplankton, BMA, and salt marsh were produced for the lower, middle, and upper estuary
segments. Production by sea grasses and macroalgae were not measured because their areal
coverage is negligible within the NRE. BMA production estimates were produced by Research
Project AE-3. Salt marsh production was estimated by the Coastal Wetlands Module (Research
Projects CW-1 and CW-2) based on measured marsh area and areal production for the two
dominant marsh grasses, Spartina alterniflora (396 g C m?y™) and Juncus romerianus

(450 g C m?y™). The lower estuary is dominated by Spartina alterniflora while the upper and
middle estuary marshes are dominated by Juncus romerianus. Estimates of marsh production
assume 100% dominance by either of the two species within the three estuarine segments, and
include aboveground and belowground production.

On an estuary-wide basis, phytoplankton primary production (12,848 metric tons per year) is
~40% higher than BMA production (9,152 metric tons per year) (Table 3-8). Marsh area is
greater in the lower estuary where it constitutes a sizeable fraction (12%) of total primary
production (Table 3-8). However, the small areal coverage of marshes in the middle and upper
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sections result in salt marshes producing only about 1% of total production for these sections and
only about 3% of the total estuarine production (Table 3-8). It is important to note that only 13%
of the total marsh area within MCBCL lies upriver of the Intracoastal Waterway (i.e. within the
NRE) and that the relative importance of marsh production is much higher along the Intracoastal
Waterway and inlet region.

Table 3-8. Comparison of phytoplankton, BMA, and salt marsh production
for segments of the NRE over the study period® (10° g C y™).

Phytoplankton BMA Salt Marsh

Section of NRE Production Production Production
Whole estuary 12,848 9,152 605
(57) (40) ®)
Lower 760 1,777 348
(Stations 1-2) (26) (62) (12)
Middle 4,654 3,537 113
(Stations 3-4) (56) (43) @
Upper 7,357 3,329 144
(Stations 5-USGS Gage (58) (31) (D)

number 020903205")

Values in parentheses are the percentages of total production by each producer type.
& Average production for the period October 2007 —December 2011.

b Phytoplankton productivity at USGS station number 0209303205 was estimated based on measured chl a
values and the regression between primary productivity and chl a shown in Figure 3-17a.

Collectively, the data indicate that microalgal production (phytoplankton and BMA) constitutes
the vast majority (greater than 99%) of total primary production within the NRE. Spatially, areal
phytoplankton production is nearly double BMA production in the upper sections of the estuary
(Table 3-8) where phytoplankton biomass is higher due to the direct influence of riverine
nutrient inputs. BMA production is more than double phytoplankton production in the lower
estuary (Table 3-8) where waters are clearer and adequate light levels reach a greater portion of
the benthos (Figure 3-14).

Downstream increases in water clarity are the result of decreases in both phytoplankton biomass
and CDOM (Figure 3-14). TSS are highest at the most downstream stations where tidal
velocities are strongest and cause frequent resuspension events (Hall et al., in review). However,
the most upstream stations exhibit higher TSS than mid-estuarine stations which indicates
riverine-derived TSS is also important. Riverine inputs of CDOM occur naturally due to the
swampy head waters of the New River. Tidal resuspension of sediment is also beyond the control
of Base managers. However, chl a and riverine derived suspended sediments may be mitigated
by management actions (on the Base or upstream) that reduce nutrient and sediment loads to the
New River upstream of the NRE.
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Figure 3-14. Down-stream gradients of light attenuation and concentrations
of optically active constituents.

Box plots of (a) the light attenuation coefficient (K ) and the optically active constituents that contribute to light
attenuation, (b) chl a, (c) CDOM in units of quinine sulfate equivalents (ug L), and (d) TSS. Red lines represent
median values. Boxes represent interquartile range and whiskers are 1.5 times the interquartile range.

Relationship Between Phytoplankton Production and Nutrient Loading

River discharge largely controlled N and P loading to the estuary (Figure 3-15), and inter-annual
variability in nutrient loading can partly explain observed inter-annual variability in
phytoplankton productivity. Years of higher flow and loading generally had higher areal
production (Figure 3-16). The exception to this trend was 2011 which had higher productivity
than all other years despite lower N loads (Figure 3-16). This suggests that internally generated
nutrient loads are also highly important, a feature common of shallow eutrophic estuaries (Fisher
et al., 1982). Spatially, upstream regions of the NRE exhibited higher production than
downstream regions (Table 3-7). This trend is directly linked to the higher levels of riverine
nutrient loads that fuel higher phytoplankton biomass in this upstream region (Figure 3-6).
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Figure 3-15. Relationship between New River discharge and instantaneous loads
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Figure 3-16. Annual average areal phytoplankton production versus annual volumetric
DIN load from the NRE and other estuarine systems.

Data other than from the NRE were compiled by Nixon (1992).
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Relationship Between Phytoplankton Productivity and Phytoplankton Biomass

Primary productivity showed a reasonably linear relationship (R*=0.54) with chl a (Figure
3-17A). The slope of the relationship between primary productivity (P°) provides a measure of
the biomass specific productivity of the phytoplankton. The average P® determined by the
regression in Figure 3-17A (P’=1.2 g C g chl a*h™) is within the range of biomass normalized
productivity of other estuarine systems under near light-saturated incubation conditions (Boyer et
al., 1993; Hall and Paerl, 2011). Because phytoplankton primary production was so closely tied
to biomass (chl a; Figure 3-17A), understanding the factors that control phytoplankton biomass
accumulation is critical for a first order understanding of pelagic primary production of the NRE.
Variability in river flow and its dual impact on nutrient delivery and flushing losses of the
phytoplankton community are thus key determinants of both phytoplankton biomass and primary
productivity.

Although it is difficult to see in Figure 3-17A, part of the unexplained variability in productivity
is a trend toward a reduction in P® (productivity normalized to chl a) as chl a increases. This
trend is evident in a plot of P versus chl a (Figure 3-17B). This type of reduced photosynthetic
efficiency has been previously observed during Cochlodinium polykrikoides (Dinophyceae)
blooms in the lower Chesapeake Bay (Mullholland et al., 2009), where it was also suggested that
the cells may have been severely light limited due to self-shading and possibly satisfied their
carbon demand through mixotrophic feeding upon other phytoplankton. Due to the small size of
the productivity incubation bottles (maximum light transmission length of approximately 10 cm)
even large changes in light attenuation associated with bloom biomass would have a minimal
effect on photon flux density. Therefore, it is unlikely that self-shading caused these decreases in
photosynthetic performance. It seems more likely that the reduction in P’ is due to an increasing
level of nutrient limitation under high biomass conditions.
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Figure 3-17. (A) Linkage between chl a and primary productivity within NRE surface
waters. Results are plotted log-log for visualization purposes but the regression was
performed on non-transformed values. R*and p values are from a Pearson’s correlation.
Identity of the dominant phytoplankton class within bloom samples (chl a greater than
40 pg L™ is indicated by symbol color. (B) Biomass normalized productivity (P°) versus
chl a. Rs and p values are from a Spearman’s rank correlation. N=432 for both panels.

Compared to blooms dominated by other phytoplankton classes, blooms dominated by
raphidophytes showed the greatest degree of depression of P® (Figure 3-17A). It is unclear what
caused the anomalously low photosynthetic performance of these raphidophyte blooms. In
culture, maximum P of the raphidophyte Heterosigma akashiwo is approximately 4 g C g chl a"
Y h! (Fredrickson et al., 2011). This is much higher than what we observed and also suggests that
low photosynthetic performance is not a trait common to the class. Artifacts due to handling and
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isolation from the remainder of the water column may be responsible. Raphidophytes are
notoriously fragile, and cells may have been damaged during collection, transport, or dispensing
into bottles associated with *C incubations (Connell and Catollico, 1996; C. Tomas personal
communication). Additionally, isolation of raphidophytes from the remainder of the water
column over the period from sample collection to productivity determination (a time span of up
to 24 hours) may have particularly exacerbated nutrient limitation of the raphidophytes which
vertically migrate deeper into the water column at night where nutrient availability is generally
higher. Within the productivity assay methodology, an extended period of isolation from the
remainder of the water column is unavoidable, due to the fact that only a short period of weak
daylight remains after a sampling trip. However, this artificial isolation of the phytoplankton
community from regenerated nutrient supplies from deeper in the water column may be an
important factor determining the decrease in P® with increasing biomass that was exhibited on a
community level by the phytoplankton.

To determine whether this nearly 24-hour isolation from the remainder of the water column
causes a decrease in P?, a modified primary productivity assay experiment was performed on
May 3, 2012. Surface water samples were collected from Stations 6, 7, and 8 at 07:00, 07:15, and
06:45 in the morning, respectively. This early morning collection allowed sufficient time for
setting up the midday (10:00 a.m. to 14:00 p.m. EST) **C primary productivity assays on the
same day as the water was collected. Sample water was stored in 4-L polyethylene bottles in the
same manner as would be performed after a routine monthly sampling expedition. On the
following day, productivity assays were performed again on the day old water. The comparison
of P° from the freshly collected sample water against P° from the day-old sample water allowed a
direct comparison of the impacts of the nearly day-long storage that accompanies the routine
productivity assay methodology.

A two-way ANOVA with station and day as factors was used to determine whether there were
significant differences in the means of triplicate values of P® produced by the productivity assays
performed on the day of collection (Day 1) and day following collection (Day 2). ANOVA
results showed that the time lapse effect was not a significant factor (p >0.05). Additionally, the
response between stations was not consistent. At Stations 6 and 7, P° actually increased slightly
after a day of sample storage, whereas at Station 8, there was a slight decrease. Light levels
between the 2 days were similar and were actually slightly higher on Day 1 when two of the
three stations had a slightly lower P°. This indicates that differences in light regime were unlikely
to have masked changes in photosynthetic efficiency between the 2 days. In general, the
experiment demonstrated that a 24-hour isolation of the phytoplankton community from the
water column had no significant effect on the photosynthetic efficiency of the phytoplankton
community. However, it should be noted that the samples collected for this experiment were not
bloom samples. Chl a ranged from 9-14 ug L™ between the three stations and did not change
significantly between the 2 days (p value from AVOVA of station and day on chl a >0.05). At
this level of chl a, P values (approximately 4 g C g chl a* h™%) are consistent with those
observed during the routine monthly productivity assays (Figure 3-17B) and depressions in
photosynthetic efficiency are not observed. Similar experiments that capture true bloom
conditions will be necessary to further examine this issue.
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Figure 3-18. Comparison of phytoplankton photosynthetic performance (P°) of samples
incubated on the day of collection and day after collection.

Error bars represent one standard deviation of triplicate values. Circles represent total flux
of PAR during the incubations.

Assessment of Nutrient Limitation

In situ nutrient addition bioassays were conducted during the maximum productivity and bloom
periods, June and September 2008-2010. A complete display of the chl a responses to nutrient
addition bioassays is located in the Supplementary Information. Results indicated that N was the
nutrient most consistently controlling phytoplankton growth (Figures 3-19 and 3-20). At times
(see example data from June 2008, Figure 3-19), N and P additions together yielded slightly
higher degrees of algal biomass stimulation than N alone. However, N usually had to be added
first to obtain co-stimulation with P (Figure 3-19). P additions alone never stimulated algal
production at these bioassays that were conducted from water collected from Stations 3 and 5
(Figure 3-20). However, a single bioassay performed using water collected at Station 7 showed
that heterocystous cyanobacteria (Anabaenopsis sp.) became dominant in the P addition
treatment (Figure 3-21, for further details, see Altman and Paerl, 2012). In this experiment,
cyanobacterial dominance due to P addition was observed only after a lengthy 8-day incubation
period which is consistent with a low original concentration of the cyanobacterium. Results from
this experiment suggest that increases in P loading to this predominantly N-limited estuary may
stimulate growth of these N-fixing cyanobacteria that are currently low in abundance (Altman
and Paerl, 2012).
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Figure 3-19. Example results from an in situ nutrient addition bioassays conducted on NRE
natural phytoplankton assemblages from stations on June 3, 2008.

Bars represent means of each treatment. Error bars are standard error of the mean. Growth responses to various
individual and combined N and P additions were measured as chl a concentrations. Results from all six bioassays
were similar.

Additionally, it is also possible that P limitation occurred during cooler months and therefore
was not detected with the June and September bioassays. Water and surface sediment
temperatures during these warm periods lead to large releases of P from the sediments of shallow
estuaries which can enhance N limitation (Fisher et al., 1982). Seasonal P co-limitation may
occur during winter and spring months as in other shallow, temperate estuaries (Paerl et al.,
1995; Rudek et al., 1991). However, the consistent N limitation during the warm months does
suggest that N reductions will be most effective at mitigating the occurrence of HABs which
were most common during warm months. This result is of particular relevance to inputs from the
NRE watershed upstream of the Highway 17 bridge at Jacksonville, which dominate overall
nutrient loading to the NRE.
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Figure 3-20. Frequency of observed phytoplankton biomass stimulation by nutrient
amendments across all six bioassay time points, at Stations 3 and 5, and on Days 2 and 4 of
each bioassay experiment (N=24).

Significant stimulation responses were defined as a significant (o <0.05) Kruskal-Wallis comparison of between
group versus within group variability followed by a significant post-hoc comparison of median values of treatment
versus control.
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Figure 3-21. Phytoplankton biomass response to nutrient additions in water
collected from Station 7 on June 14, 2010.

Inset image is a photomicrograph of the heterocystous cyanobacteria that dominated
the P addition treatment on Day 8 of the bioassay incubation.
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Comparison of Chlorophyll a with State and National Water Quality Assessment Criteria
North Carolina Criteria

The North Carolina “acceptable” water quality standard for chl a is 40 ug L™ (NCDENR, 2007).
Occasional blooms that exceed this standard are likely to occur, even in pristine surface waters.
Recognizing this fact, NCDENR has adopted the 10/40 criterion for chl a, which allows 10% of
samples from a water body to exceed 40 ng L™ chl a without determining that the water body is
in violation of the standard. Statistical confidence in determining whether observed exceedance
percentages are greater or less than the 10% criterion is not currently considered by NCDENR.
However, statistical confidence is readily calculated from the binomial distribution and is a
valuable tool for assessing the robustness of any compliance determination (McBride and Ellis
2001; Smith et al., 2001).

For samples collected throughout the whole estuary from October 2007 through December 2011,
53 of the total 866 (6.0%) surface and bottom water samples contained a chl a concentration
greater than 40 pg L™. This frequency (6.0%) is significantly lower (p <0.05) than the 10%
criterion established by NCDENR (Table 3-9). However, if just the surface water samples are
considered, the frequency rises to 7.9%, a frequency that is not significantly different from 10%.

Significant spatial variability in the proportion of chl a samples greater than 40 pg L™ existed.
Middle and lower stations (Stations 1-4) met the State standard. However, for the middle estuary
stations, statistical confidence that chl a levels were below the state standard was generally low.
For the upper stations (Station 5 [i.e., USGS Station 0209303205]) during 2009 and 2011, the
percentages of samples above 40 pg L™ were significantly greater than 10% ranging from 15.8%
t0 22.1% during 2009 and 14.5% to 17.7% dependent upon whether surface only, surface and
bottom, or average surface and bottom water chl a values were used in the calculation. Surface
waters contained a greater number of values in excess of the 40 pg L™ standard. As a result, for
the entire study period, the percent of samples from the upper estuary with chl a in excess of

40 pg L™ was significantly greater than 10% if only surface water samples are considered but
was not significantly greater than 10% if either the combination of surface and bottom water
samples or the average of the surface and bottom values were used.

Table 3-9. Percent of samples greater than NCDENR’s water quality criterion for chl a.

Section of NRE Depth 20072 2008 2009 2010 2011 2008-2011
Whole estuary S 0 4.7 13.3 7.3 12.9 9.3
Stations 1-8 and SandB 0 33 117 55 | 109 76
USGS Station number
0209303205 Avg (S,B) 0 3.8 108 | 55 | 105 7.4
Lower estuary S 0 0 0 0 0 0
Stations 1-2 Sand B 0 0 0 0 0
Avg (S,B) 0 0 0 0 0

(continued)
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Table 3-10. Percent of samples greater than NCDENR’s water quality criterion for chl a.
(continued)

Section of NRE Depth 2007 | 2008 | 2009 | 2010 | 2011 | 2008-2011
Middle estuary S 0 0 3.9 0 14.3 4.6
Stations 3-4 Sand B 0 0 7.7 0 10.7 4.6
Avg (S,B) 0 0 7.7 0 3.6 2.8
Upper estuary S 0 8.6 22.1 12.9 17.7 14.9
Stations 5-8 and SandB 0 4.7 158 | 100 | 145 11.0
USngsotg;g’;zg‘;mber Avg (S,B) 0 69 | 162 | 97 | 177 123

Percent of chl a samples greater than 40 pg L™ for surface samples (S), the combination of surface and bottom
water samples (S and B), and the set of means of the surface and bottom water concentrations for each sampling
point (Avg[S,B]). Bold values indicate a significant difference from 10% based on the binomial cumulative
probability distribution function (¢.=0.05).

& Only includes samples from October 7-December 31, 2007.

These results indicate that instances of chl a elevated above the state standard are spatially
variable within the NRE with upstream stations being more likely to have elevated levels
(Figure 3-22). Additionally, compliance determinations are influenced by sampling biases
associated with vertical gradients of phytoplankton biomass. Assessment of the 10/40 criterion
based only on surface samples will lead to higher exceedance percentages and increase the
likelihood of violations. This is not unexpected given the observed commonality of vertical
migration patterns and the flagellate-dominated character of the NRE phytoplankton community.
These types of potential sampling biases are not currently considered within the NCDENR’s
water quality assessment protocols (NCDENR, 2007).
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New River Surface Chlcrophyll a (in vitro)
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Figure 3-22. Chl a concentrations (ug L™) in surface waters for each station in the NRE,
October 2007-December 2011.

Red bars indicate when concentrations were elevated above the State of North Carolina’s
acceptable chl a concentration of 40 pg L™.

National Criteria

As part of the National Estuary Program, EPA has adopted a set of region (e.g., East Coast, West
Coast, Puerto Rico) specific chl a criteria designed to rate estuarine water quality as good, fair,
or poor (U.S. EPA, 2012). The East Coast criteria that are applicable to the New River Estuary
were used. Conditions at each site were rated monthly based on monthly chl a samples and
EPA’s criteria (Table 3-10). Note that the use of the 20 pg L™ cutoff for a poor rating provides a
more stringent standard for water quality than the current State of North Carolina standard of

40 pg L™. Figure 3-23 shows the time series of monthly chl a concentrations by station along
the downstream transect. Note that instances when chl a exceeded 20 pg L™ are very common
throughout the upper and middle sections (Stations 3-8 and USGS Station number 209303205)
of the estuary.
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Table 3-11. Chl a based water quality assessment criteria adopted from EPA’s National
Estuary Program Coastal Condition Report 1V (U.S. EPA, 2012) for rating monthly chl a
levels, and annual or multi-year site conditions.

Criteria Good Fair Poor
Monthly site
condition <5ug Lt 5-20 ug L™ >20 pug L™
criteria
Annual or Less than 10% of the 10-20% of the monthly More than 20% of the
multi-year monthly samples were in samples were in poor monthly samples were
overall site poor condition and more condition or more than 50% in poor condition
condition than 50% of samples were | of the samples were in fair or
criteria in good condition poor condition (combined)

New River Surface Chlorophyll a (in vitro)
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Figure 3-23. Chl a concentrations (ug L™) for each station in the NRE,
October 2007-December 2011.

Red bars indicate when concentrations were elevated above EPA’s 20 pg L-1 criterion for identifying estuarine
waters in poor conditions with respect to elevated chl a concentrations.
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The percentages of total monthly surface water chl a samples that were rated as good, fair, or
poor according to the criteria in Table 3-10 are shown in Figure 3-24 for 2008 through 2011 and
for the combination of all samples collected from 2008 through 2011. The downstream gradient
in water quality is clearly apparent with Stations 1 and 2 near the New River Inlet having the
highest percentage of monthly samples ranked as good. However, during most years, the
majority of monthly chl a samples at these downstream stations were only given an annual rating
of fair condition. Stations 6-8 and USGS station #209303205 consistently showed the highest
proportion of poor chl a conditions. During 2008 and 2011, Stations 68 exhibited no good chl a
conditions and during 2009 and 2010 these stations experienced good conditions only 8-17% of
the time. This resulted in very low (4-6%) frequencies of good conditions at these stations when
the whole study period is considered. USGS Station number 209303205 experienced better chl a
conditions than Stations 6-8 due to the aforementioned effects of high flow periods where
flushing prevents biomass accumulation at this most upstream site.
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Figure 3-24. Percentages of chl a samples that were rated good, fair, or poor from each
station based on criteria from EPA’s National Estuary Program
Coastal Condition Report IV (U.S. EPA, 2012).
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Based on the above rating percentages, criteria designed to provide an overall annual or multi-
year site rating of good, fair, or poor chl a conditions for each station were adapted from the
National Estuary Program Coastal Condition Report IV (U.S. EPA, 2012) as shown in

Table 3-10. The original design of the EPA criteria for determining an overall site rating was
based on the percent surface area of an estuary rated as good, fair, or poor over a single sampling
time typically June through September. The sampling design for which the criteria were designed
utilized a probabilistic, spatial sampling scheme designed to minimize sampling biases that may
occur with more structured sampling designs (U.S. EPA, 2012). The data from this DCERP
project are comprised of a highly-structured, mid-channel, downstream transect of stations with
data collected on a monthly basis year-round. Therefore, the methods used here were modified to
establish annual ratings of the percentage of time each station was in good, fair, and poor
conditions based on monthly samples and an overall rating for each site based on annual
conditions. This method substitutes the percent of monthly ratings over a year or multi-year
period rather than percent of surface area of the estuary represented by each sampling site as
defined by the EPA method.

These overall site ratings for each year and for the entire study period are shown in Figure 3-25.
The upper stations, from Station 6 through USGS Station number 0209303205, consistently
received an overall site rating of poor. Mid and lower estuary Stations 2-5 were generally rated
fair or poor, and only the station closest to the inlet (Station 1) was generally rated as having an
overall good site rating for chl a. In 2008, Site 2 was rated as good despite having only 50% of
the monthly samples rated as good rather than the required greater than 50% rated as good
prescribed by the EPA method. This determination was made due to the fact that there were no
instances of poor conditions at these stations during 2008 at this site, and a strict interpretation of
the EPA criteria (Table 3-10) would provide no site rating for the case of an exact 50:50 % split
of good and fair monthly samples.

Time Period

USGS 2008 2009 2010 2011 2008-2011
#0209303205

Stations
= N WP~ oo N

Figure 3-25. Overall site ratings for chlorophyll a conditions in the NRE based on criteria
adopted from EPA’s National Estuary Program Coastal Condition Report (U.S. EPA, 2012).
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Conclusions and Implications for Future Research

Collectively, water column (phytoplankton) and BMA contribute more than 99% of total
estuarine primary production in the NRE. Other autotrophic components of the system such as
saltmarshes, seagrasses, and macroalgae contribute very little to total system production due to
their limited areal extent. Within the microalgae, phytoplankton production and BMA production
appear to be of comparable magnitude on an estuary wide basis. Spatially, however,
phytoplankton production contributes a greater fraction of total production upstream near
Jacksonville and BMA production is comparably greater nearer the inlet. These trends relate to
the underlying controls on productivity of each microalgal component. BMA community
production is largely limited by light availability to the benthos, which is determined by depth
and water clarity. Phytoplankton biomass, suspended sediments, and CDOM concentrations
govern water clarity and all of the light absorbing and scattering constituents of the water column
are higher at the head of the estuary. The naturally high colored dissolved organic matter
concentrations derived from upland swamps exacerbates light limitation within the NRE. Due to
the positive effects of BMA on limiting sediment fluxes of N and P to the water column, and
providing food for valuable fisheries resources, management actions should aim to maintain or
shift this balance toward BMA production and away from phytoplankton production. To promote
BMA production over phytoplankton production, both nutrient loads which stimulate
phytoplankton and riverine sediment loads should be targeted for reduction.

The upper estuarine region is particularly prone to phytoplankton blooms, especially during
moderate flows. Although blooms occasionally occurred during droughts, very high river flows
always impeded bloom development. This underscores the strong hydrological control of
phytoplankton biomass production in this estuary. For total phytoplankton biomass and for all
phytoplankton classes there is a threshold river flow of approximately 27 m* s™ above which the
residence time within the estuary is too short to allow for bloom development. Under these high
flow conditions, there is insufficient time for phytoplankton to assimilate and process riverine
nutrient inputs and a large fraction of the nutrient inputs are flushed directly into the ocean. In
effect, this phenomenon represents “a purge valve” for the estuary and prevents the accumulation
of nutrient inputs during periods when nutrient inputs are at their highest level. It is worth noting
that periods when this flow threshold is achieved are rare and are usually associated with intense
precipitation events such as the observed tropical cyclones.

Under most flow conditions, riverine nutrient loads are completely assimilated within the
estuary. Both the bioassay data and productivity data suggest that intense nutrient limitation,
particularly N limitation, occurs as riverine loads are depleted by phytoplankton growth within
the upper estuary. Although only one instance of P limitation was observed, this may have been
due to the timing of the experiments to coincide with periods of high internal P loading from the
sediments as seen in other shallow estuaries (Fisher et al., 1982; Rudek et al., 1991). Similar
bioassays during cooler periods would be necessary to determine whether seasonal P limitation
occurs within the NRE. Thus, we caution that this study should not be used to conclude that N is
always the limiting nutrient in an effort to thwart efforts at limiting external P load. In fact,
increased P loading may favor undesirable N-fixing cyanobacteria. In total, this study indicates
that the estuary is highly sensitive to nutrient inputs and that any increases in riverine nutrient
loads that are not accompanied by increased flow (i.e., increased riverine nutrient concentration
or point source inputs directly to the estuary) are likely to lead to higher phytoplankton
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production and bloom potentials in the estuary. Conversely, decreases in riverine nutrient
concentrations or elimination of direct point source loading to the estuary should reduce
phytoplankton biomass. The reductions in phytoplankton biomass following sewage treatment
upgrades in the late 1990s offer further (Mallin et al., 2005) proof of the dramatic sensitivity of
the NRE phytoplankton assemblage to flow-independent changes in nutrient loading.

Phytoplankton blooms in general show little seasonality but are generally linked to elevated
nutrient inputs related to moderate river flow periods. However, HABs, dominated by
raphidophytes, displayed a distinct seasonality being much more common during the warm
period from late spring through early fall. Although enhanced flow and associated loading
generally precedes blooms, some of the HABs occurred during droughts when riverine inputs
were greatly reduced. The source of nutrients fueling these drought period blooms is not
immediately apparent. Mixotrophic feeding on bacteria or picocyanobacteria is a possibility
(Jeong, 2011). Internal nutrient loading from the sediments may also play a critical role in bloom
development of this HAB-forming group. Evidence from Delaware’s inland bays suggests that
raphidophytes undergoing DVMs may even swim into the surficial sediment layer during their
nocturnal descent (Handy et al., 2005). Nutrient concentrations in the surficial sediment layer of
the organic rich silts and muds that dominate much of the NRE bottom are likely to be several
orders of magnitude higher than in the water column (Luettich et al., 2000). Determining
whether these raphidophytes species actually vertically migrate into the sediments is a critical
knowledge gap that deserves further investigation. Additionally, the toxin production potential of
raphidophytes blooms remains to be determined but may have important consequences for the
ecological health of the NRE.

Over the course of this study, it was difficult to clearly separate anthropogenic effects (i.e.,
nutrient, sediment loads) from climatically driven, hydrological effects on the MA community.
This is likely because over a short (4.5-year) duration, nutrient loading is so strongly related to
the extreme variability in freshwater inflow that effects of changes in nutrient or sediment
concentrations due to changes in human activity constitute a negligible component of the
variation in load (Stow and Borsuk, 2003). However, the observed relationships derived between
flushing time and phytoplankton biomass may be useful indicators of the current functional
response of the phytoplankton community to changes in inputs from the watershed (Swaney et
al., 2008). As in-stream concentrations of nutrients or sediments change with alterations in land
use or other anthropogenic activities, the shape of the flushing time- phytoplankton response
curve is predicted to change. For example, higher flow-independent nutrient loads should result
in higher peak biomass that occurs at a longer flushing time (Swaney et al., 2008). Thus the
observed phytoplankton biomass and community compositional responses to flushing times
provides a valuable baseline for detecting future changes in the structure and function of the MA
assemblage. This is particularly important in light of the difficulty of quantifying some of the
diffuse, yet increasingly important sources of nutrients to the estuary-like atmospheric deposition
and ground water inputs (Paerl, 1997).
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