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ABSTRACT

EFFECTS OF REGIME SHIFT ON PHYTOPLANKTON COMMUNITY
COMPOSITION IN GUNSTON COVE OF THE TIDAL POTOMAC RIVER
Brandon Hack, M.S.
George Mason University, 2014
Thesis Director: Dr. R Christian Jones

Numerous shallow aquatic ecosystems worldwide have demonstrated regime shifts from
dominance by submerged aquatic vegetation (SAV) to dominance by phytoplankton
under nutrient over-enrichment. SAV decline under nutrient enrichment involves
feedback mechanisms and is manifested as sudden shifts in many ecosystem components
rather than continuous, gradual changes in parallel with rates of increased nutrient
additions. There are few known examples of SAV recovery following nutrient reduction
in tidal freshwater ecosystems, and the return of SAV to Gunston Cove presents an
opportunity to investigate the response of phytoplankton assemblage to the abatement
efforts of chronic eutrophication.
A thirty-year record of phytoplankton species and water quality data in the tidal Potomac
River was used to evaluate shifts in phytoplankton community composition in response to
a change in environmental inputs. In particular, a clear and sustained increase in SAV in

x

2005 was postulated to represent a regime change. Three years before and after this
change were selected for comparison to determine if a clear pattern of change could be
found in phytoplankton assemblages. PC-ORD software and ordination techniques
including non-Metric Multidimensional Scaling (nMDS) and Multi-Response
Permutation Procedures (MRPP) were used to look for community level response and
specifically rapid shifts in phytoplankton assemblages following the re-emergence of
SAV in Gunston Cove, Va. There were statistically significant alterations in assemblage
structure following the re-emergence of SAV in addition to increases in taxonomic
diversity. Seasonal progression of the assemblage structure was influenced as well. The
use of multivariate analyses in tandem with historical observations, and insights from
resource economics furthers our understanding of the link between the phytoplankton
assemblage structure, SAV, and the ecological status of Gunston Cove.

xi

INTRODUCTION

Cultural eutrophication, the over enrichment of surface water by human activity,
is one of the largest problems facing estuaries and other coastal systems across the world
(National Research Council, 2000). Eutrophication in an estuary or coastal system is
often the result of increased nutrient loading and results in declining light penetration,
increased phytoplankton density, hypoxia, and anoxia (Burkholder et al. 2007). The trend
toward greater eutrophication has been seen in estuaries worldwide and has had a
particularly negative impact on Submerged Aquatic Vegetation (SAV) (Livingston,
2007).
It is well documented that human population growth and the resulting
development has lead to a worldwide decline of SAV in estuaries, coastal lagoons,
freshwater lakes, and streams (Orth et al. 2006b). A recent global study of SAV
abundances shows accelerated rates of decline since 1990 and the current loss rates of 7%
per year are similar to the rates of decline for mangroves, coral reefs, and tropical
rainforest ecosystems (Waycott et al. 2009). Although these losses were attributed to a
variety of factors, the principal factor was declining water quality attributed to
eutrophication (Lotze et al. 2006; Burkholder et al. 2007; Krause-Jensen et al. 2008;
Waycott et al. 2009).
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The eutrophication of an estuary corresponds with dramatic shifts in SAV as well
as alterations to phytoplankton population assemblages (Burkholder et al. 2007). Many
aquatic and estuarine ecosystems once characterized by high SAV abundance and a low
light attenuation have experienced changes in steady state, or regime shifts, characterized
by phytoplankton dominance and increased turbidity. This can be attributed to the loss of
SAV, which provides important structural habitats, nurseries for flora and fauna,
stabilizes sediments, as well as increases water clarity (Frankovich et al. 2010). The
disappearance of these macrophyte beds results in the loss of ecosystem functions and
spurs an increase in relative phytoplankton density and changes in relative abundance.
Although these regime shifts have been attributed primarily to changes in nutrient
availability, the introduction of invasive species and changes in salinity also play an
important role (Burkholder et al. 2007).
Phytoplankton populations in affected systems generally respond to excessive
nutrient input with an overall decrease in variation, an increase in total biomass as well as
a shift in dominance from diatoms to green algae and cyanobacteria (Burkholder et al.
2003). A shift in the availability of light in the water column is an important facet of
transitions from steady states in shallow estuaries because light availability is essential
for the establishment and promulgation of SAV beds (Rothberger et al. 2010).
In shallow water environments attenuation of suspended sediment, phytoplankton
biomass, and dissolved substances plays an important role in determining SAV
distribution (Hemminga and Duarte, 2000). Phytoplankton competes with SAV for light;
therefore an increase in nutrient availability can result in phytoplankton blooms, which
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decrease the total light that reaches the macrophyte beds. As the SAV disappears,
nutrients and sediment can be re-suspended and the SAV no longer preforms a regulation
function. These changes can cause anoxia, produce nuisance algal blooms, and have
other negative impacts on the estuarine community as a whole (Livingston et al. 2007).
The Chesapeake Bay is no exception to cultural eutrophication, and due to human
influence the Bay has undergone significant changes in species composition over the last
century (Ruhl and Rybicki, 2010). These shifts have fundamentally altered the
community structure of the bay grasses and food webs that comprise the Chesapeake
Bay, and therefore altered the functioning as well (Orth et al. 2006a). Eutrophication in
the Bay has greatly affected the SAV, which plays an important role in the trophic
structure in this coastal ecosystem. In the Bay, these grasses sequester nutrients, decrease
erosion and sedimentation, as well as providing a nursery for juvenile crab and fish (Orth
et al 2006b). They are also important because they are sensitive to disturbances, and may
respond quickly when the water quality conditions improve (Chesapeake Bay Program,
2014). These features make the SAV not only an essential component of the food web,
but also a very helpful indicator species, specifically for the Bay.
The degradation of the Potomac River as well as the Chesapeake Bay has not
gone unnoticed, and in fact many efforts by state and local government have been made
to reverse the effects of eutrophication (Borja et al. 2008). Those who have been critical
of the effort to restore the seagrass have cited a lack of significant changes as a main
reason for not wanting to push forward. Recently, however, sites such as Gunston Cove
have begun to show community level signs of recovery (Jones and DeMutsert, 2008).
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The ongoing ecological study being conducted by Potomac Environmental
Research and Education Center (PEREC) and GMU provides evidence of significant
changes in water quality, which can be attributed to the efforts made by the County of
Fairfax, the Commonweath of Virginia, and other regional and national initiatives. GMU
and the PEREC have monitored Gunston Cove since 1984. During this time, data
suggests that this site is transitioning from eutrophic conditions toward mesotrophic
conditions (Jones and DeMutsert, 2012). This change is associated with a decrease in
phosphorus loading, a decrease in total phosphorus, a decrease in phytoplankton
chlorophyll, an increase in secchi depth, and the re-establishment of SAV beds to a
substantial portion of the cove. The improvement to water quality has been quite
substantial despite the increase in population and increase in wastewater.
In an ecosystem that has been degraded so extensively due to eutrophication it is
important to understand how the system behaved historically to accurately assess the
need for intervention, design effective site-specific strategies for restoration, set
attainable goals, and measure restoration success.
A limited number of studies have characterized the response of phytoplankton
communities during eutrophication (Rothenberger et al. 2009). Even fewer have used
long-term data to characterize the recovery of a phytoplankton community following
prolonged and consistent eutrophication. The macrophyte communities of the Potomac
River and Gunston Cove have been documented for over a century (Orth and Moore,
1983). During this time the upper tidal Potomac River experienced multiple transitions in
community composition preceding state and county intervention that began in the 1970’s
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(Orth et al. 2010b). These historic observations coupled with the 30 year data set
collected by PEREC provides a novel insight into the community level recovery,
resulting in regime shift and the corresponding transition in phytoplankton community
composition.
Concern over the degradation of ecosystems such as the Chesapeake Bay has
prompted policy makers to consider the implications of this change for both human
welfare and environmental decision-making (Hanley and Barbier, 2009). This has
resulted in coordination by ecologists, economists, and others highlighting the need for
the valuation of the goods and services provided by essential global ecosystems
(Millennium Ecosystem Assessment, 2005). Interdisciplinary coordination has resulted
in the development of concepts such as ‘ecosystem services’. The concept of ecosystem
services is important to Gunston Cove because it provides valuable insight for
quantifying the benefits that have resulted from the effort by both Fairfax County and
Virginia.
Cultural eutrophication has, and continues to be a widespread environmental and
economic problem for the regions adjacent to the Chesapeake Bay (Orth et al. 2010b).
Beginning with the sudden and rapid decline of eelgrass in the 1930’s, the loss of SAV
has resulted in significant consequences for many ecosystem services. The Millennium
Ecosystem Assessment, 2005 defined ecosystem services as the benefits people obtain
from ecosystems. This definition has since been expanded upon to propose that
“ecosystem services are the aspects of ecosystems utilized (actively or passively) to
produce human wellbeing” (Fisher et al. 2009). Ecosystem functioning refers to all of the
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biogeochemical processes occurring within an ecosystem, such as the cycling of
nutrients, matter, or energy (Naeem, 1998). Ecosystem function has a causal relationship
with ecosystem services, therefore in order to fully understand the services received it is
imperative to determine the functioning that supports the services provided. The
disturbances that this estuary was subjected to have been succeeded by numerous indirect
effects that further impact the surrounding ecosystems. Crab, oyster, and shad catches are
around 1% of their historic levels and many native species are being pushed out due to
resource competition from better-equipped non-native species (Ermgassen et al. 2012;
Orth et al. 2006b; Lotze et al 2006). This is particularly important because the
Chesapeake Bay plays a large role in the socio-economic structure in adjacent regions.
Recently the Chesapeake Bay Foundation released a report stating that currently the
Chesapeake Region provides $107.2 billion in natural benefits. The study concludes by
stating that the implementation of the Chesapeake Bay Clean Water Blueprint will result
in a $22 billion dollar increase per year (CBF, 2014).
Interdisciplinary tools such as the valuation of ecosystem services are an
important component of efforts to understand the cumulative impact of cultural
eutrophication. Structuring and implementing policy with an understanding of the
behavior of an ecosystem and the societal services they provide is both necessary and
prudent.
A recent development in ecology has been the theory of ecosystems as complex
adaptive systems that in certain cases can undergo drastic changes (Scheffer et al. 2002).
Ecosystems are described as entities in which the patterns that emerge on higher levels
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are the manifestation of processes operating at lower levels (Levin, 1998). This theory
has been widely used to investigate ecosystem stability, the vulnerability to regime shifts,
positive feedback mechanisms, and resilience (Folke et al. 2004). The use of complexity
theory can supplement methods of ecosystem service valuation that are unable to fully
characterize the relationship that exists between ecosystem function, ecosystem services,
and human welfare. This approach supports many of the main principles behind
ecosystem-based management and has become an integral tool in ecology.
There are a number of positive feedback loops that can negatively affect SAV
communities, including sediment re-suspension from SAV loss, increased system
respiration, and resulting oxygen stress (Frankovich et al. 2011). Studies have suggested
that SAV populations are disrupted, slowed, or indefinitely blocked by cultural
eutrophication, and due to the indirect effects and negative externalities associated with
SAV disappearance, recovery is uncommon (Orth et al. 2006b) The positive feedback
loop associated with eutrophication and the loss of macrophytes is potentially one of the
driving mechanisms behind the transition in steady states that has occurred frequently in
coastal systems across the globe (Burkholder et al. 2007; Scheffer et al. 2002). By better
understanding how these factors influence one another and the system as a whole we can
more appropriately address the issue of cultural eutrophication in the Chesapeake Bay.
The structure and function of individual ecosystems are widely varied and formed
at a micro level, to which management practices must be tailored. The complex systems
approach is a perspective which seeks to understand how relationships between parts
aggregate and are expressed as the collective behavior of the whole, and how this system
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interacts and influences its environment (Bar-Yam, 2004). The potential regime shift that
has occurred in Gunston Cove provides an opportunity to understand how steady states
differ in their resilience and the capacity to generate ecosystem services.
The continued use of complexity theory to bridge gaps in knowledge associated
with the valuation ecosystem services can also provide a framework for appropriate
management and effective intervention in a system such as the Chesapeake Bay. In doing
so, this multidisciplinary approach fosters sustainability between the economic,
ecological, and social systems of this region.
Using the historic observations and the data gathered by PEREC in tandem with
PC-ORD provides a novel insight into the interplay between water quality, phytoplankton
assemblage structure, SAV recovery, and eutrophication. PC-ORD is able to
communicate robust patterns in species composition by graphically representing
ecological relationships in low-dimensional space (McCune et al. 2002). This unique
perspective is able to address which environmental factors best explain dominant species
composition and overall phytoplankton assemblage structure over time. Understanding
regime shifts is essential for assessing the ecological status of the Potomac River.
Additionally this methodology can be used as an indicator of the ecological status of
Gunston Cove and its capacity to generate ecosystem services at each respective state.
By attempting to answer these questions, this study looks to obtain a more robust
understanding of the systemic mechanisms that dictate phytoplankton assemblage, both
during chronic eutrophication and also post-intervention. The improved understanding of
these relationships will allow for policy makers to consider the ecological status of the
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tidal Potomac, and the implications of this transition for both human welfare and
environmental decision-making.

9

ALTERATIONS IN NUTRIENT CYCLING

The cycling of nutrients such as carbon, phosphorous, and nitrogen is an essential
feature common to all ecosystems (Smith and Smith, 2012). The manner in which these
nutrients are captured and incorporated in an ecosystem dictates cellular respiration as
well as primary productivity. Although the cycling of nutrients, or biogeochemical
cycles, varies drastically between terrestrial and aquatic ecosystems they represent a
general process that is common to both.
In a coastal or estuarine setting the cycling of nitrogen is a complex pathway that
plays a fundamental role in ecosystem functioning (Ansari and Gill, 2013). Nitrogen is an
important nutrient because it is an essential component of protein, which is the building
block of all living tissue. Two forms of uptake control the nitrogen cycle. The first
pathway, atmospheric deposition, is represented by either wetfall such as rain and snow
or dryfall, represented by particulate matter (Smith and Smith, 2012). The second form,
nitrogen fixation, is expressed in two ways. The first expression of fixation is the result of
solar radiation and sometimes lightning that is able to combine atmospheric nitrogen with
oxygen and hydrogen. These high-energy events make nitrogen available for uptake once
it comes in contact with the surface of the Earth. The second method of nitrogen fixation
is exclusively biological, and represents roughly 90% of the fixed nitrogen every year
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(Smith and Smith, 2012). This method is the summation of the collaboration between
groups of bacteria, plants, and cyanobacteria.
The manner in which nitrogen is cycled is relatively similar from ecosystem to
ecosystem; however, the means and quantity of nitrogen that enters a system is widely
varied. A flux in nitrogen input can alter some ecosystems so substantially that previously
non-existent species of flora and fauna become dominant (Scheffer et al. 2001). The
overabundance of nutrients such as nitrogen causes a process known as eutrophication.
Broadly, eutrophication is “an increase in the rate of supply of organic matter to an
ecosystem” (Nixon, 1995).

Eutrophication	
  
Nutrient cycling is an integral aspect of all ecosystems. When the cycling is
disturbed, such as with eutrophication, the affected ecosystem is often drastically altered.
These changes propagate through ecosystems differently based on the characteristics of
each individual system (Khan and Ansari, 2005). For example, the flow of water plays a
large role in nutrient cycling. In a system characterized by streams the continuous and
unidirectional flow of water impacts nutrient cycling differently than in a tidaldominated, coastal system (Smith and Smith, 2009). Therefore, each respective
ecosystem tends to produce highly varied sets of changes (Nixon, 2009).
Eutrophication occurs naturally. For example, many lakes with high surface area
to volume ratios, surrounded by highly productive deciduous forests, are naturally
eutrophic (Smith and Smith, 2009). Nutrients such as nitrogen are essential for biotic
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components of all ecosystems in order to maintain growth. Nitrogen cycling is a
controlling factor that influences species diversity, composition, and the functioning of
many marine and freshwater ecosystems (Khan and Ansari, 2005). A majority of the
native plant species living in these ecosystems is adapted to function optimally in soils
with specific ranges of available nitrogen (Vitousek et al. 1997).
The supply of biologically available nitrogen limits the productivity and dynamics
of many terrestrial and marine ecosystems, in addition to a majority of agricultural and
managed-forestry ecosystems. Small amounts of nitrates occur in all aquatic ecosystems
and help maintain a stable and constant growth (Khan and Ansari, 2005). Although
eutrophication is a naturally occurring process, human activities such as urbanization,
discharge of wastewater, and farming practices can drastically accelerate this process
(Smith, 2003). The over enrichment of surface waters by human activity is known as
cultural eutrophication. Recent studies have concluded that managing nitrogen inputs to
estuaries, such as the Chesapeake Bay, is a critical step to maintaining ecosystem
integrity as well as water quality (Smith, 2006).

Cultural	
  Eutrophication	
  
Research has shown that human activity strongly influences almost every major
aquatic ecosystem (Smith, 2003). Cultural eutrophication has become a primary water
quality issue for most freshwater and coastal ecosystems worldwide (Smith and
Schindler, 2009). Despite a large increase in eutrophication research during the past five
decades, a number of important questions have yet to be answered (Nixon, 2009). Our
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understanding of the interactions that can occur between changes in nutrient input and
ecosystem stability is incomplete (Smith and Schindler, 2009).
Humans play a large role in speeding up the eutrophication process. The most
influential anthropogenic alteration to the global nitrogen cycle is a doubling of the rate
of nitrogen fixation. The unavailable and immense atmospheric nitrogen stocks have been
converted into available forms of nitrogen at Earth’s surface (Vitousek et al. 1997). This
modification has resulted from the extensive draining of wetlands, an escalation in
fertilizer use, the combustion of fossil fuels, as well as the dissemination of nitrogen
fixing crops such as soybeans and alfalfa (Nixon, 2009).
Human activity can also directly accelerate rates of eutrophication by increasing
nutrient input(Nixon, 2009). Development and land use changes have doubled the rate of
nitrogen input into the terrestrial nitrogen cycle, which in turn alters the input in coastal
and marine ecosystems (Nixon, 1995). Anthropogenic alteration of nitrogen levels has
caused the loss of soil nutrients such as calcium and potassium, which are essential to the
long-term maintenance of soil fertility. Human involvement has contributed to the
acidification of soils and streams, which has increased the transfer of nitrogen to estuaries
and coastal regions. Increased nitrogen has lead to a decrease in biodiversity, especially
to plants sensitive to specific ranges of nutrient levels and the organisms dependent on
these plants (Vitousek et al. 1997).
The trend toward greater eutrophication has been seen in ecosystems worldwide,
but has had a particularly negative impact on estuarine and coastal marine ecosystems
(Livingston, 2007). Eutrophication can result in predictable, direct impacts such as an
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increase in total biomass in estuarine ecosystems, which can produce a number of
ancillary problems (Smith, 2003). Increased primary productivity and biomass of
phytoplankton results in shifts in phytoplankton composition to bloom-forming species,
which can be toxic or may be consumed by aquatic grazers and disseminate to higher
trophic levels. This phenomenon can also produce changes in the species composition of
periphyton, macro algae, and aquatic vascular plants (Nixon, 1995).
Due to the diverse habitats and high levels of complexity the symptoms of
nutrient over-enrichment are expressed in a number of ways (Borja et al. 2008). The
shifts in phytoplankton and other macrophyte communities leads to a decrease in light
penetration, water clarity, and loss of SAV. Additionally, there can be a decrease in
dissolved oxygen in both shallow and deep water, leading to hypoxia and even anoxia.
These symptoms in turn have negative economic impacts, such as declines in the yields
of desirable fin-fish and shellfish species, a decrease in the perceived aesthetic value of
the water body, diminished property values, filtration problems in drinking water
supplies, as well as reduced recreational use (Smith, 2003). It is important to note that
moderate increases in nutrient inputs to coastal areas can support economically important
ecosystem services, such as fishery support services (Knowler and Barbier, 2002).
Cultural eutrophication has become a serious problem for terrestrial and aquatic
ecosystems on a global scale. This alteration to the nutrient cycles is now viewed as a
primary water quality issue for a majority of freshwater and coastal ecosystems
worldwide (Smith and Schindler, 2009). Despite extensive research over the past 40
years, and substantial advances in our understanding of eutrophication, there are still
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many questions to be answered. Nitrogen plays an integral role in the eutrophication of
estuaries. This role is complicated due to the effects of variable salinity and the wide
variety of algal composition. By furthering scientific understanding of the relationship
between nitrogen inputs and key biological and chemical characteristics, we can more
effectively manage estuarine ecosystems.
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PHYTOPLANKTON ASSEMBLAGE STRUCTURE

As humans continue to occupy coastal watersheds, they alter the formation and
therefore the functioning of the occupied areas. One primary symptom of eutrophication
in these settings is the stimulation of high biomass algal blooms correlated with increased
nutrient availability (Cebrain et al. 2001). Although this phenomenon can occur naturally,
over the past three decades the occurrence of toxic or otherwise harmful algal blooms has
increased in frequency and geographic distribution (Van Dolah et al. 2012). Harmful
algal blooms (HABs) include autotrophs and heterotrophs that contain either toxin
producing species or high biomass producers that can cause mortalities of marine life
after reaching dense concentrations, even in cases where toxins are not produced (Heisler
et al. 2008). This definition points out that the harmful effects of algal blooms are not
confined to toxic species (Ansari and Gill, 2013).
The proliferation of HABs resulting from eutrophication is an increasingly
frequent threat to aquatic ecosystems worldwide (Ansari and Gill, 2013). General
consensus has been reached that there have been more coastal algal blooms, often of
greater spatial extent and/or longer duration, with more toxic species, more fisheries
effected and higher associated economic costs in the last decade as compared to the past
(Heisler et al. 2008). This trend has been answered with a significant increase in research
and a greater understanding of the relationship between eutrophication and HABs.
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The first and most obvious effect of eutrophication is an increase in nutrient
pollution leading to degradation in water quality. This process promotes the development
and persistence of algal blooms worldwide (Heisler et al. 2008). The presences of these
algal blooms has a severe negative impact on ecological communities, poses serious
human health concerns, and leads to substantial socioeconomic losses.

Effects	
  of	
  HABs	
  on	
  Coastal	
  and	
  Marine	
  Environments	
  
The deleterious effects of HABs can be seen in both marine and estuarine
environments. In marine settings, coral experiences a number of negative consequences
such as collapse of a coral community, decreases in diversity and skeletal density, as well
as restriction of overall growth (Ansari and Gill, 2013; Scheffer and Carpenter, 2003).
This can be the result of particular species being outcompeted or shifts in the trophic
structure of the community. In some areas of The Great Barrier Reef, algal overgrowth
promotes outbreaks of the Crown of Thorns starfish (Acanthaster planci), which is an
active predator of coral polyps (Fabricius et al. 2010). Decreases in biodiversity can be
seen in the loss of species considered sensitive to eutrophic conditions. HABs restrict
growth and inhibit reproduction of sensitive species of coral such as Acropora palmata
resulting in significant population declines (Bell and Tomascik, 1993). The negative
effects of these blooms can echo through multiple trophic levels as well. In the Gulf of
Oman HABs comprised of dinoflagellates have resulted in a complete loss of two
branching coral species and a significant decline in abundance and diversity of associated
coral reef fish communities (Bauman et al. 2010).
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In an estuarine setting, algal blooms can be substantial enough to decrease water
clarity as well as light penetration (Bricker et al. 2007). SAV is unable to receive the light
it requires and is no longer able to survive. In addition, once the phytoplankton has
depleted all available nutrients in the water column they begin to die off. The algae are
then consumed by bacteria that require dissolved oxygen for respiration. In many cases
large algal blooms and the resulting decomposition causes hypoxia and even anoxia.
These conditions can be substantially more problematic for invertebrates that are
incapable of movement in instances of hypoxia and anoxia (Bricker et al. 2007).
HABs also pose a serious threat to human health in addition to disturbing marine
and coastal ecosystems. Globally, toxins produced by algae are responsible for more than
60,000 incidents per year (Van Dollah, 2000). Exposures to these toxins can result in
paralytic shellfish poisoning, neurotoxic shellfish poisoning, ciguatera fish poisoning,
amnesic shellfish poisoning, diarrhetic shellfish poisoning, and putative estuary
associated syndrome. In the U.S., the Centers for Disease Control (CDC) has reported
that approximately 20% of all food borne outbreaks are a result of the consumption of
seafood, and half are the result of algal toxins (Ahmed, 1991). Although the consumption
of toxins produced by algae is a significant health risk, contact with bloom water or
aerosolized toxins results in human poising as well (Van Dolah, 2012).
In addition to causing HABs, the effect of eutrophication can be seen in large
sudden shifts of dominant phytoplankton species (Jochimsen et al. 2013). Understanding
the way in which algal communities respond to nutrient flux is be an extremely valuable
tool for management. Changes in available nutrients are further complicated by factors
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such as salinity, tides, sunlight, temperature, and seasonal dynamics that regulate the
location and abundance of phytoplankton (Cebrain et al. 2001).

Phytoplankton	
  Assemblage	
  Structure	
  
Phytoplankton behavior is extremely complex and highly varied. The wide variety
of environmental factors and human inputs manifest themselves in such a way that has
made prediction and comprehension of community dynamics extremely difficult. This
had lead to the development of a number of ecological concepts that help describe the
ways phytoplankton dynamics and environmental inputs manifest themselves (NaselliFlores et al. 2003). One such concept is the idea of a phytoplankton population
assemblage. Phytoplankton assemblage refers to the summation of species present in a
respective area. The concept of assemblage has been used because it accounts for
physical factors such as advection or flushing which are responsible for the presence of
specific species (Reynolds et al. 2002).
The type of phytoplankton expected to be found in any system will be dictated by
a number of environmental variables such as nutrient and light availability, salinity, and
seasonal changes (Fonseca and Bicudo, 2007). Understanding what types of variables are
the most dominant for specific ecosystems is necessary for accurately assessing
assemblage dynamics. The most influential variables in an estuary include light and
nutrient availability, salinity, as well as seasonal and annual variation (Harding et al.
1997; Bricker et al. 2007).
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Environmental	
  Factors	
  Influencing	
  Phytoplankton	
  Assemblages	
  
Estuaries are highly unique in that they experience freshwater inputs from rivers,
while also receiving input from tidal influence. As a consequence of this distinction, very
different bloom dynamics are observed in estuaries as compared to lakes and open oceans
(Cloern, 1991). In particular, variations of phytoplankton can be the result of seasonal or
annual fluctuations in river flow and tidal stirring. In the San Francisco Bay research has
suggested that the mixing of the water column is controlled by tidal variation, which
causes diurnal changes in the phytoplankton assemblages (Cloern, 1991). However, in the
Chesapeake Bay assemblages are heavily influenced by the flow of freshwater from the
Susquehanna River. The high variability of this flow dictates nutrient and light
availability, which are strongly correlated with seasonal shifts in dominate taxa (Harding
et al. 2002).
Salinity also plays an important role in determining both abundance and
composition of phytoplankton communities (Harding and Perry, 1997). Salinity
concentrations in estuaries and coastal lakes are highly variable, both spatially and
temporally. This variable can reflect freshwater inputs from watersheds and tidal water
intrusion, patterns of circulation, as well as mixing processes (Redden and Rukminasari,
2008). In estuaries such as the Chesapeake Bay, brackish water with low salinity tends to
favor cyanobacteria and chlorophytes, whereas dinoflagellates and diatoms are more
successful in mid to high levels of salinity (Adolf et al. 2006). Phytoplankton found in
estuaries are relatively tolerant to changes in salinity, however taxa vary greatly in their
ability to deal with large, abrupt changes. For two species of Scenedesmus, a rise in
salinity has been shown to increase respiration rate and decrease photosynthetic
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functioning. Anabaena circinalis, a nitrogen-fixing and potentially toxic cyanobacteria
has also been shown to be severely negatively impacted during periods of increased
salinity (Redden and Rukminasari, 2008). When subjected to increases in salinity,
cyanobacteria show increases in N2 fixation, which increases their energy demands and
can potentially regulate their blooms (Moisander and Paerl, 2002). Some species of
phytoplankton, such as Chroococcus are known to be abundant across a wide range of
salinities, and can even respond positively to such increases (Redden and Rukminasari,
2008).
Seasonal dynamics represent a large portion of the variation found in
phytoplankton assemblages. This can be attributed to changes in temperature, grazing,
nutrient and sunlight availability, as well as alterations in mixing processes. In Gopalpur
Creek, a tidal backwater ecosystem in India, both total phytoplankton biomass and
species composition varies in three different seasons (Baharsingh et al. 2013). In this area
the timing of the monsoon elicits a transition in water temperature, dissolved oxygen, and
salinity. Monsoonal rainfall substantially alters water temperature while also increasing
turbidity. This results in distinctly different populations before the monsoon, during the
monsoon, and after the monsoon.
In addition to influencing physical factors, seasonal variation can also alter foodweb dynamics such as grazing. In a tidal salt marsh estuary in South Carolina seasonal
variation played a large role in determining assemblage structure. During the summer
months, zooplankton grazing exerted top-down pressure on the nanoflagellate blooms,
whereas in the winter months the assemblage was characterized by a higher presence of
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diatoms and limited by nutrients (Lewitus et al. 1998). A similar seasonal transition in
food web dynamics has been observed at the Ria de Averio, an estuary in Portugal. In this
estuary the phytoplankton assemblages were dependent on the grazing capacity of the
pelagic community. This resulted in diatoms dominating the assemblage from late
autumn until early spring, while chlorophytes bloomed during late spring and summer
(Lopes et al. 2007).
Generally the phytoplankton species composition and production in the
Chesapeake Bay follow predictable season patterns dictated by streamflow, light, and
temperature (Najjar et al. 2010). Precipitation expressed as an increase in river discharge
dictates both the timing and extent of the bloom (Harding, 1994). In the winter and early
spring the low light and cold turbulent water allows centric diatoms to dominate (Sellner,
1987). As the season progresses, nutrients delivered by the spring freshet are utilized and
a substantial portion of the spring diatom bloom sinks down through the picnocline. This
is succeeded by the summer months, during which nutrient supply from below the
picnocline are introduced via wind or picnocline tilting (Najjar et al. 2010). During the
height of summer the algal communities shift to a mixture of picoplankton, small centric
diatoms, and flagellates (Malone et al. 1996). During the summer months it is not
uncommon to experience dinoflagellate blooms and the proliferation of some taxa
resulting in harmful or toxic algal blooms (Place et al. 2008). At this time primary
productivity is high due rapid nutrient recycling, resulting in increased zooplankton
productivity, microzooplankton grazing, and fish production (Najjar et al. 2010).
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Community	
  Dynamics	
  Influence	
  on	
  Assemblage	
  Structure	
  
Alterations in phytoplankton population assemblages are also influenced by
community dynamics. The attributes that define community dynamics include species
richness, relative abundance, taxonomic and functional group structure, as well as species
interactions (Jochimsen et al, 2013; Smith and Smith, 2012). The term functional group is
used to define a number of species based on their common response to the environment,
life history characteristics or niche within the community (Smith and Smith, 2012). A
commonly used example of this in ecology is for plants to be classified into different
functional groups based on their photosynthetic pathway. C3, C4, or CAM plants are
differentiated based on their means of photosynthesis and growth under different heat and
moisture conditions. This concept is based on the idea that individual species respond to
environmental conditions, therefore assemblages are expected to be largely determined
by local conditions. Specific conditions should favor groups that share similarly adaptive
features (Kruk et al. 2012). Easily observable traits that help classify phytoplankton into
functional groups include features such as volume, surface area, and the presence of
mucilage, flagella, or exoskeletal structures. The classification of phytoplankton into
different functional groups has not reached an overwhelming consensus, however this
approach allows researchers to simplify the structure of communities as well as better
identify factors that shape these communities in specific settings. The type of interactions
that exist between these groups is essential for a better understanding of the responses of
phytoplankton to environmental change (Jochimsen et al. 2013).
Although the link between nutrient pollution and stimulation of algal biomass is
known, the dynamics and behavior of phytoplankton assemblages in estuaries is still not
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well understood. The behavior of these assemblages in response to shifts in nutrient input
is governed by the combination of environmental factors and community dynamics. The
response of phytoplankton population assemblages to shifts in nutrient input is
fundamental to not only understanding the relationship between nutrients and nuisance
algal blooms, but imperative for predication and mitigation of these blooms.
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SUBMERGED AQUATIC VEGETATION

Eutrophication plays a substantial role in determining the health and status of
aquatic environments. Consensus has been reached that eutrophication is able to cause
dramatic shifts in the floral and faunal regimes of the effected areas (Jochimsen et al.
2013). There have been significant advances in understanding how various aspects of
these systems are affected (Painting et al, 2007). However the impact of nutrient flux on
the functioning of estuaries and similar coastal environments is not fully grasped. In order
to accurately assess the health or shift in overall health of an affected system is it
imperative to take into account the structure and functioning of the biota that dominate
these settings under various conditions. Linking habitat structure to ecosystem function is
essential for effective decision-making regarding management, preservation, and
restoration of valuable habitats (Findlay et al. 2006)
Rooted vascular plants, generally referred to as seagrasses in marine
environments and submerged aquatic vegetation (SAV) in estuarine environments have a
profound impact on the physical, biological, and chemical aspects of the ecosystems they
occupy (Orth et al. 2006b). Collectively, seagrasses and SAV alter water flow, nutrient
cycling, and food web structure (Hemminga and Duarte 2000). They provide an essential
source of food for species such as green sea turtles, swans, crabs, manatees, as well as
many other animals. Additionally, they serve as a nursery habitat for many commercially
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and recreationally important fishery species, are able to stabilize sediments, and produce
large sources of organic carbon (Orth et al. 2006b).

The	
  Role	
  of	
  SAV	
  in	
  Estuaries	
  
In coastal settings areas dominated by SAV plays a disproportionate role in terms
of ecosystem functioning (Wigand and Nieder, 2006). In the Chesapeake Bay, due to the
extensive loss of SAV there have been a number of studies aimed at the roles that SAV
plays in trophic structure. Ralph et al. 2013, investigated the relationship between SAV
cover and juvenile blue crab density. This study showed an exponential relationship
between SAV cover and juvenile crab density in the Chesapeake Bay, which emphasizes
the role played by SAV as a nursery for this organism. The presence of SAV provides
physical structure that is able to substantially increase de-nitrification rates (Piehler and
Smyth, 2011). Being that the largest threat to estuaries and coastal systems is
eutrophication via increased nutrient loading, this function is essential for the health and
preservation of these systems. The presence of SAV can also significantly modify water
currents and light penetration. The physical structure is able to reduce the capacity of
moving water to transport particles or keep particles in suspension (Findlay et al. 2006).
This leads to decrease rates of sedimentation and re-suspension, which increases light
penetration and prevents the release of sequestered nutrients. Recently, the presence of
SAV has been shown to mitigate climate change by means of gas regulation. Tokoro et
al. 2014, suggested that the presence of SAV such as Z. marina is able to function as a
CO2 sink by directly absorbing and sequestering atmospheric CO2. Although the rate at
which CO2 is absorbed is regulated by other factors such as ecosystem characteristics and
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carbon input, the authors believe that in coastal settings SAV can be a means for CO2
mitigation. Seagrasses and SAV have been described as “coastal canaries’’ or biological
sentinels of enhanced anthropogenic influences in coastal ecosystems (Orth et al. 2006b).
Additionally because the disappearance of SAV is viewed as a symptom of
eutrophication, these species can function as an indicator of significant nutrient
enrichment. The loss of SAV an indicator of eutrophication is particularly valuable for
management of estuaries and coastal ecosystems in the Mid Atlantic (Bricker et al. 2007).

SAV	
  in	
  the	
  Chesapeake	
  Bay	
  
The Chesapeake Bay supports a diverse assemblage of marine and freshwater
species of SAV whose broad distributions are generally constrained by salinity (Orth et
al. 2010b). An annual SAV monitoring program and a bi-monthly to monthly water
quality monitoring program has been conducted throughout Chesapeake Bay since 1984,
vastly enhancing our comprehension of the variety and location of SAV. Orth et al.
2010b has grouped SAV in the Bay into three broad scale community types based on
salinity regime, each with their own distinct group of species.
Low salinity regions including the upper sections of the bay’s main tributaries as
well as the head of the bay. This area supports the most diverse array of species of all
salinity regimes, with up to 13 species found in a specific location in any single year.
During the 23 year study the species present in low salinity areas include M. spicatum, H.
dubia, H. verticillata, V. americana, C. demersum, E. canadensis, S. pectinata, N.
guadalupensis, P. crispus, P. perfoliatus, P. pusillus, Z. palustris, and N. minor. Of the
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13 species found, N. minor, P. crispus, M. spicatum, and H. verticillata are all invasive
species. The low salinity regions have shown a 166% increase in SAV bed area from
1984 to 2006 and did not include large annual variation. The medium salinity region
extends from Bloodsworth Island up to Main Creek in the mainstem, and includes the
Patuxent and Rappahannock Rivers in addition to the lower Potomac River. This region
was characterized by high year-to-year variability but bed area increased by 261% over
the 23 years, the most significant of the respective areas. The species found present in the
medium salinity zone include R. maritima, P. perfoliatus, Z. marina, S. pectinata, and Z.
palustris. Recently, the R. maritima has been the only dominate species in most field
surveys. The high salinity zone is comprised of the mainstem south of Bloodsworth
Island, the lower York and James River and a number of tributaries in this area. The
species found present in the high salinity zone consist of Z. marina and R. maritima, both
of which are considered to be true seagrass. SAV expanded in bed area from 1984 into
the early 1990’s however after the peak in 1993 substantial losses have resulted in a 22%
loss over the 23-year period. Although all three of these zones are characterized by
distinct grouping of species, regional influence, and salinity, all three show a clear
negative correlation with respect to nitrogen loads or concentrations (Orth et al. 2010b).

Global	
  SAV	
  and	
  Seagrass	
  Trends	
  
Over the last few decades, there have been global declines in seagrass abundance
resulting widespread deleterious effects on coastal and estuarine ecosystems (Waycott et
al. 2009). Lotze et al. 2006, report a 65% and 48% loss of seagrasses and other
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submerged angiosperms, in 12 estuaries and coastal seas since Western European
settlement. Pandolfi et al. 2003, reported that approximately ~50% of seagrasses have
been lost in coral reef ecosystems coinciding with the loss of seagrass and angiosperms.
A recent worldwide study of SAV abundances shows accelerated rates of decline since
1990 and the current loss rates of 7% per year are similar to the rates of decline for
mangroves, coral reefs, and tropical rainforest ecosystems (Waycott et al. 2009). Scheffer
et al. 2001, reported changes in submersed vegetation in shallow lakes associated with
increased phytoplankton and turbidity as “one of the best-studied and most dramatic
shifts” from a clear to a turbid state. Sand-Jensen et al. 2000, reports that in Denmark the
seagrass population is almost entirely non-existent. Although these losses were attributed
to a variety of factors, notably principal factor was declining water quality attributed to
eutrophication (Lotze et al. 2006; Burkholder et al. 2007; Krause-Jensen et al. 2008;
Waycott et al. 2009).

SAV	
  Trends	
  in	
  the	
  Chesapeake	
  Bay	
  
The Chesapeake Bay is not an exception to the trend of both chronic and periodic
loss of SAV. Evidenced by bio-stratigraphic records, the first major shift coincides with
the settlement of the Europeans due to extensive land clearing (Davis, 1985). This trend
has continued into recent history and lead to community level shifts that have occurred
frequently over the last 100 years (Orth et al. 2010b). At the turn of the 20th century
submersed macrophytes occupied all shallow water in the Chesapeake Bay, including
Gunston Cove (Carter et al. 1985). The first documented large scale disappearance of
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SAV involved the pandemic decline of Zostera marina L., also known as eelgrass, in the
1930’s (Orth et al. 2010a) This loss is attributed to the presence of a marine slime mold,
Labyrinthula zosterae, which is known to cause the death of Z. marina on local scales as
well as a hurricane that occurred in 1933. The hurricane resulted in widespread changes
in salinity as well as increased sedimentation rates. Populations of eelgrass were almost
completely eliminated in the western Atlantic in the span of just a few years (Orth et al.
2010a). This change resulted in the complete loss of the mollusk Lottia alveus as well as
a reduction in the commercially valuable brant (Branta bernicla) and bay scallops
(Argopecten irradians) populations. The loss of eelgrass lead to a further increase in
sedimentation due to shorelines no longer being stabilized by the presence of the SAV.
Although recovery has occurred at varying rates for some areas, no recovery has been
observed in the Virginia coastal bays (Orth et al. 2006a).
More recently, shifts in SAV has been documented in the late 1960’s and early
1970’s. The previous large-scale reduction in SAV was characterized by the loss of
eelgrass, however the more recent decline resulted in significant reductions in all species
of SAV across all sections of the Chesapeake Bay (Orth and Moore, 1983). This
transition resulted in many river systems becoming totally devoid of any rooted
vegetation and the lowest distribution and abundance of SAV in the Bay’s recorded
history. These changes have been attributed to environmental degradation of major
proportions and hastened by Tropical Storm Agnes in 1973. It was noted even in 1983
that the areas of greatest lost were also the areas of greatest nutrient enrichment. The
nutrient enrichment lead to accelerated phytoplankton growth and a diminishing of light

30

quality and quantity. In addition, Tropical Storm Agnes resulted in shifts in salinity and
massive quantities of suspended sediment input, further detracting from light availability.
The shift that occurred in the 1960’s and 1970’s resulted secondary effects similar to
those in 1930. The loss of habitat for waterfowl and commercially important
invertebrates as well as increased shoreline erosion was experienced soon after.
SAV and seagrasses can thrive in a number of coastal settings and have
successfully colonized all but the most polar seas (Orth et al. 2006b) However due to
rapid development in coastal areas and other anthropomorphic influence these
ecosystems are in a state of rapid decline. This is very problematic because the unique
physiological and ecological characteristics of these plants make them valuable for a
wide variety of reasons. From being able to mitigate climate change through carbon
sequestration to providing a nursery for economically valuable invertebrate and fin-fish
populations, SAV is both directly and indirectly beneficial for estuaries as well as the
human populations that are reliant on them. Studies aimed at understanding the decline of
SAV have been able to improve on our understanding of the mechanisms that dictate
SAV community dynamics.
In the Chesapeake Bay there has been significant evidence that over the last half a
century a decline in SAV abundance is a sign of significant environmental stress (Orth
and Moore, 1983). This has lead to further investigation into the dynamic relationship
that exists between nitrogen loading, SAV, and phytoplankton assemblages. Although
our understanding of this relationship is not completely developed, continued efforts to
understanding this complex, dynamic system is required for successful management.
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SAV	
  and	
  Regime	
  Shifts	
  
The expected state of affairs for any given ecosystem is one of shifting
populations dependent on some trend or steady average (Scheffer and Carpenter, 2003).
Occasionally, however, this course of events is interrupted by an abrupt shift into a
drastically different regime, termed a “regime shift.” One recent example of this involves
the shift of the Caribbean reefs from a live-coral to a coralline-algae dominated state. For
decades specialists from the Smithsonian Institute in Panama and other research groups
had studied the reefs, and many aspects of these ecosystems became very well
understood. This change took researchers by surprise; however, in hindsight they were
able to understand the probable mechanisms responsible. Increased nutrient loading had
promoted algal growth, but the herbivorous fish that fed on the algae suppressed this
trend. Over time, overfishing reduced the fish populations and the sea urchin Diadema
antilliarum took over as the primary herbivore. Eventually a pathogen hit the sea urchin
populations and algal no longer were subdued by grazer control.
The pre-algal and post-algal conditions are known as alternative stable state.
These states, under some conditions, can arise from positive feedback mechanisms that
exist in any given system. A straightforward explanation for these changes is the
occurrence of a large external impact or variable that underlies the overall functioning of
the system. However, theoreticians in many fields have stressed that this is not the case
(Bar-Yam, 2005; Scheffer and Carpenter, 2003). In many cases marginal incremental
changes can trigger a large shift if a critical threshold is passed. This phenomenon can be
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seen in strain building up in the Earth’s crust resulting in an earthquake or the proverbial
straw that breaks the camel’s back.
Threshold effects with regime shifts from one basin of attraction to another have
been documented in a variety of ecosystems (Folke et al. 2004). Passing a threshold
marks a sudden change in feedbacks in the ecosystem, such that the trajectory of the
system changes toward a different attractor. One particularly persistent steady state
involves the occurrence of floating plants in freshwater environments. The invasion of
free-floating plants is among the most important threats to the functioning and
biodiversity of a range of freshwater ecosystems (Scheffer et al. 2002). Dense mats of
free-floating plants have an adverse effect on freshwater ecosystems because they create
anoxic conditions that severely reduce both animal biomass and diversity. Floating plants
rely on high nutrient concentrations in the water column, which suggests that their
appearance is a result of eutrophication.
In the Chesapeake Bay, extensive phytoplankton blooms often expressed as thick
algal mats inhibit advective water exchange and decrease light availability (Burkholder et
al. 2006). This leads to a positive feedback loop in which the decline of SAV results in
further expansion of the phytoplankton blooms and accelerated loss of the SAV. This
process is evidence to the notion that many seagrass dominated ecosystems (or previously
dominated ecosystems) exist as one of two alternate ecosystem steady states. The first
state is a SAV dominated system, characterized by abundant grazers and a low biomass
of epiphytes and macro-algae. The second state occurs when large algal blooms inhibit
SAV growth and is characterized by a high efficiency of small predators and algal
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biomass and a low abundance of grazers (Burkholder et al. 2006; Bricker et al. 2007;
Ansari and Gill, 2013). Shifting from SAV dominated estuarine system to the algal
dominated system significantly alters the trophic structure and nutrient cycling of the
system. In addition this shift improves the resilience of adjacent systems and therefore
must be considered in the valuation process.
The alteration of ecosystem functioning in coastal systems is problematic not only
because these areas provide disproportionately more services than most other systems but
also due to growing population and exploitation pressures. Nearly 40% of the global
population lives within 100 kilometers of the coast and demographic trends suggest that
coastal populations are increasing rapidly (Millennium Ecosystem Assessment, 2005).
Population densities in coastal areas are almost three times that of inland areas leading to
increased exploitation of fisheries, oil, natural gas, and waste disposal services.
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POLICY RESPONSE

Marine and coastal environments possess high levels of complexity, a multiplicity
of habitats, and support high levels of biodiversity (Beck et al. 2001). These elements in
tandem provide goods and services that support different use and non-use values, and
should be managed in a way that best supports the socioeconomic structure that utilizes
the respective services. Coastal, marine, and particularly estuarine environments are
facing substantial impacts including physical and chemical alteration, habitat destruction,
and shifts in biodiversity (Halpern et al. 2008). This problem is the result of land
reclamation, dredging, pollution, exploitation of marine resources, tourism, introduction
of invasive species, and climate change (Halpern et al. 2007). These actives and practices
are driven by socioeconomic pressures for development, as well as access to marine
resources such as commercial fishing, aqua cultural, recreation, and maritime transport.
To remedy these problems, policy makers worldwide have begun to develop and
implement strategies to protect, conserve, and manage the marine and coastal
environment. The United Nations Convention on the Law of the Sea (UNCLOS, 1982) is
a global initiative that established a basic legal framework that governs the uses of the
oceans and seas. UNCLOS establishes an international obligation to protect and use
marine resources in a sustainable manner (Borja et al. 2008).
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U.S.	
  Policy:	
  Water	
  Quality	
  and	
  Coastal	
  Health	
  
In the United States, responsibility for monitoring and assessing waster quality is
divided among several agencies. The two primary agencies are the Environmental
Protection Agency (EPA) and the National Oceanographic and Atmospheric
Administration (NOAA). The primary legislation pertaining to the management and
continued study of pollution is dependent on the Clean Water Act (CWA) of 1972, Air
Pollution Prevention and Control Act of 1977, Coastal Zone Management Act of 1972,
Harmful Algal Bloom and Hypoxia Research and Control Act of 1998, and Oceans Act
of 2000 (Borja et al. 2008).
The EPA is responsible for managing most aspects of water under the CWA,
which establishes that wherever possible water quality must provide for the protection
and propagation of fish, shellfish, and wildlife, for recreation in and on the water, and/or
protection of the physical, chemical, and biological integrity of those waters (US EPA,
1998). States as well as tribes are required to designate uses for their water with the
consideration of the CWA goals and establish water quality criteria to protect the
integrity and uses derived. The CWA states that reporting requirements need to include
sustained monitoring aimed at identifying waterbodies that do not meet criteria for
designated use. Waterbodies that do not meet criteria are listed under impaired waters,
which establishes a number of protocols that must be follows in order to mitigate the
impacts of effected areas (US EPA, 2003).
The EPA and NOAA also utilize several methods to evaluate the integrity or
ecological status of coastal waters. NOAA’s National Status and Trends Program
(NS&T) measures the distribution and temporal trends of chemical contaminants and
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produces indicators to gauge contaminant exposure. Data gathered from NS&T is used to
assess the distribution, concentrations of, and extent of chemical impacts at a specific
location over time (NOAA, 1996). Additionally, the NS&T includes the Mussel Watch
Project, Bioeffects Assessments, and the National Estuarine Eutrophication
Assessment/Assessment of Estuarine Trophic Status (NEEA/ASSETS), which is
designed to address the requirements set forth by the CWA.
Another program used to monitor the condition of the nation’s coastal resources is
the EPA’s National Coastal Assessment program (NCA). Data gathered from the NCA is
used in tandem with data from the NS&T program as well as other programs in order to
provide regional and national results from five indices: Water Quality (WQI), Sediment
Quality (SQI), Benthic Integrity (BI), Coastal Habitat (CHI), and Fish Tissue
Contaminants (FTCI). These indices are used to provide information on the ecological
condition as well as the human uses of an estuary (US EPA, 2001).
The eutrophication assessment preformed by NOAA examines nutrient related
water quality problems at system, regional, and national scales. Recent updates have
examined changes that have occurred since the early 1990s (US EPA, 2005). The NEEA
is complimentary to the National Research Program for Nutrient Pollution in Coastal
Waters and supports efforts to fulfill the requirements of the CWA. This assessment
combines criteria Pressure-Influencing Factors (IF), State-Overall Eutrophic Condition
(OEC), and expected Response-Future Outlook (FO) into a single rating for each estuary
(Bricker et al. 2007).
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Pressure-Influencing Factors (IF) are identified by a function that merges the
magnitude of nutrient inputs from the watershed with a measure of the system’s
susceptibility or resilience to nutrient inputs. Monitoring data, model estimates, and
background concentrations are used to determine the magnitude of a specific load. StateOverall Eutrophic Condition (OEC) is a synthesis of five variables that are divided into
two groups. The first group is known as primary symptoms that indicate early stages of
eutrophication and includes measures of chlorophyll a and macro algae. The second
classification, secondary symptoms, is indicative of advanced stages of eutrophication
and includes low dissolved oxygen, loss of SAV, and occurrence of nuisance and/or toxic
algal blooms. The OEC for each location is determined by a matrix that combines all five
categories resulting in a classification the eutrophic condition.
Response-Future Outlook (FO), or future condition, is determined by considering
two variables; the susceptibility of the system, and the expected changes to nutrient loads.
Future loading is predicted based on changes in population or watershed use and planned
mitigation actions. Finally, all three of these metrics, (IF, OEC, and FO) are combined
into a single rating of either Bad, Poor, Moderate, Good, or High.
A second policy measure aimed at managing eutrophication in coastal settings is
the EPA Nation Coastal Assessment, which divided into a water quality index (WQI) and
a benthic index (BI)(US EPA, 2001).
The WQI is used as an indicator that characterizes nutrient related conditions.
This metric combines ratings of five indicators; dissolved inorganic nitrogen (DIN),
dissolved inorganic phosphorus (DIP), Chl, water clarity, and DO. It is intended to
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describe acutely degraded conditions in coastal settings as opposed to determining sitespecific details. The WQI indicators are measured at each site and combined to determine
an overall rating. A regional rating for each NCA indicator is developed based on a
synthesis of the results from all the sites within the region. The regional results are then
combined in order to assess estuarine status on a national level.
Each WQI indicator is assessed for the specific site. The five indicators are given
equal weight and are combined to give an overall rating for the site. A regional rating for
each NCA indicator is developed based on combined results for individual sites within
the region. A national picture is then developed from regional results.
The BI is a set of either site specific or regionally based benthic indices of
environmental conditions used to reflect alterations in diversity or population size of
indicator species. These changes are used to distinguish degraded benthic habitats. The
measures indicate changes in community diversity and the abundance of pollution
tolerant or pollution sensitive species. Higher BI ratings express a greater diversity of
species, a low proportion of pollution toleration species, and a high proportion of
pollution sensitive species. A low BI rating is used to indicate conditions with a lower
diversity of species, higher proportion of pollution-tolerant species, and smaller
pollution-sensitive species. Eutrophication assessment results from the two
methodologies described above (NEEA and NCA) are designed to evaluate conditions
and address causes of impacts with the intent to inform management.
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Chesapeake	
  Bay	
  Policy	
  
National and regional efforts to address the degradation of coastal and estuarine
ecosystems are integral for current and future management of these systems. However,
more localized efforts have also manifested themselves as the concern over these
ecosystems continues to build.
The Chesapeake Bay was the first estuary in the nation targeted by congress for
restoration and protection (Chesapeake Bay Program, 2014). In the 1970’s, U.S. Senator
Charles Mathias sponsored a five year, $27 million dollar study to analyze the Bay’s
rapid loss of aquatic life. This study identified excess nutrient pollution as the main
source of degradation and led to the formation of the Chesapeake Bay Program (CBP).
The CBP is a regional partnership aimed at the protection and restoration of the
Chesapeake Bay (Chesapeake Bay Program, 2014). Established in 1983, this program
involved the cooperation of Maryland, Pennsylvania, Virginia, the District of Columbia,
the EPA, and the Chesapeake Bay Commission. This program enables a unique system of
governance that involves input from citizens, local governments, and the scientific
community. This initiative is periodically reviewed, amended, and added to by new
agreements. The Chesapeake Bay Agreement of 1987 set the first numeric goals to
reduce pollution and restore the Bay. Alongside a number of other goals, the agreement
was aimed to reduce nitrogen and phosphorous loads by 40% by 2000. In 2000, the
headwater states of New York, Delaware, and West Virginia officially joined the
restoration efforts with the signing of Chesapeake 2000. This agreement has received
mixed reviews in terms of success, however was integral for laying groundwork for
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management in the 2000’s and beyond. In more recent years the program has
implemented short-term goals or Two-year Milestones, established a “pollution diet” or
TMDL, and in June of 2014 signed the Chesapeake Bay Watershed Agreement. Although
the Chesapeake Bay still remains degraded, the program has become a regional, national,
and international leader in ecosystem science, modeling, and restoration partnerships.
Additional efforts, such as the Blue Plains Advanced Wastewater Treatment
Plant, have been beneficial to the Potomac River and the Bay. In 1938, the Blue Plains
Wastewater Treatment Plant operated exclusively as primary treatment, and was designed
to service 650,000 people (DC Water and Sewer Authority, 2014). Since this time the
plant has undergone a number of changes including implementation of a nitrification
system in 1980, installing phosphorus-effluent filters in 1982, and a new nitrificationdenitrification system between 1998 and 2001. In 1987 the plant became a partner of the
CBP and currently has the capacity to treat 370 million gallons of sewage a day. Recent
studies have suggested that nutrient reduction efforts such as the Blue Plains Advanced
Wastewater Treatment Plant have been significantly correlated with increases in SAV
abundance and diversity in the Potomac River (Ruhl and Rybicki, 2010).
The Chesapeake Bay is a unique and valuable natural resource. It provides a range
of benefits and services for over 15 million people that reside in the watershed (Morgan
and Owens, 2001). The chronic degradation of the Bay has been recognized and
responded to by policy on a national, regional, and local level. One factor, excessive
nutrient delivery, has increased dramatically over time and has been the primary focus of
research and policy efforts related to restoring the Chesapeake Bay. These combined
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efforts have resulted in reduced loads of nitrogen and phosphorous. In 1985 nitrogen
loads were 370 million pounds per year and phosphorous loads were at 25 million pounds
per year. As of 2013, these levels dropped to and 262 million and 17 million pounds per
year, respectively (Chesapeake Bay Program, 2014). Although the Bay is still degraded,
these efforts have resulted in the re-establishment of SAV in some areas. In order to
ensure the continued success of these efforts it is imperative we understand how the
watershed responds to changes in nutrient flux. By identifying critical thresholds of
nutrient input or nutrient reduction we can more effectively assess the benefits stemming
from projects and implement more effective policy in the future.
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ECOSYSTEM SERVICES AND FUNCTIONING

Anthropogenic alteration of the natural environment has been, and continues to be
a major global challenge. Demand for water resources due to increasing human
population and development has lead to new environmental and social challenges for
global sustainability. Increasing threats to freshwater resources and ecosystems include
eutrophication, acidification, sedimentation, and contamination by toxic substances
(Ansari and Gill, 2013). The integral role that natural systems play in underpinning socioeconomic activity is a growing concern as evidence mounts of the increasing pressures
being placed upon such systems by human activity (Bateman et al. 2011). The effects of
anthropogenic eutrophication to freshwater and coastal system are a growing public
concern and have spurred interest in the scientific community. One response to this
growing concern has been the economic valuation of these ecosystems.

Valuation	
  of	
  Ecosystem	
  Services	
  
The global decline of many ecosystems has prompted policy makers to consider
the implications of this loss for human welfare as well as decision making that further
impacts the environment. This has resulted in ecologists, economists and other scientists
working together in attempt to provide a “value” to the goods and services provided by
key global ecosystems (Millennium Ecosystem Assessment, 2005). The valuation of
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ecosystem services provides novel insight into the classification and quantification of the
benefits that arise from the normal functioning of ecosystems (Hanley and Barbier,
2009). The Millennium Ecosystem Assessment, 2005 defined ecosystem services as the
benefits people obtain from ecosystems. This definition has since been expanded upon to
propose that “ecosystem services are the aspects of ecosystems utilized (actively or
passively) to produce human wellbeing (Fisher et al. 2009) While an understanding of the
environmental processes are a necessary aspect of any ecosystem assessment, it is the
transitioning of the function of the natural world to benefiting human wellbeing that is
central to the concept of ecosystem services (Millennium Ecosystem Assessment, 2005).
In current literature the term ecosystem services aggregates benefits, which fall into three
different categories; goods, services, and cultural benefits (Hanley and Barbier, 2009).
Goods are generally products obtained from ecosystems such as harvestable resources,
water, and genetic material. Services are benefits received from recreation and tourism or
regulatory functions such as climate change mitigation via CO2 sequestration or water
purification. Cultural benefits include any type of spiritual or religious significance,
teaching, and education or heritage.
Regardless of the definition of ecosystem services, the fundamental challenge
involved with the valuation of ecosystem services lies in the adequate description and
assessment of the link between the functioning of natural systems, the benefits humans
receive, and the subsequent value of these benefits. In fact the failure to properly consider
the values provided by ecosystem in policy and management decisions is a major reason
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for the widespread disappearance of ecosystems and habitats across the world
(Millennium Ecosystem Assessment, 2005).

Ecosystem	
  Functioning	
  
Ecosystem functioning refers to all of the biogeochemical processes occurring
within an ecosystem, such as the cycling of nutrients, matter, or energy (Naeem, 1998).
Ecosystem function has a causal relationship with ecosystem services therefore in order
to fully understand the services received it is imperative to determining the functioning
that supports the services provided. Oftentimes functioning in certain ecosystems is
linked to adjacent ecosystems. With coastal systems, the functioning is intimately linked
to that of adjacent marine, freshwater, and terrestrial systems. Indirect sources of
pollution in coastal systems are delivered by rivers, from runoff and through atmospheric
deposition, and these indirect sources account for a majority of pollutants (Millennium
Ecosystem Assessment, 2005).

Valuation	
  Techniques	
  
There are vast arrays of techniques that attempt to provide a value to nature. Each
of these concepts possesses strengths and weakness, but provide unique insight into the
larger issue. One commonly used concept, the stated preference approach, requires
researchers to directly ask people about their willingness to pay (WTP) or willingness to
accept (WTA) compensation for changes in environmental quality (Hanley and Barbier,
2009). Van Houtven et al. 2013, linked levels of eutrophication with detailed descriptions
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of perceivable outcomes. They combined water quality modeling, expert elicitation, and a
stated preference survey to quantify the linkages between changes in nutrient loadings,
changes in ambient concentrations, changes in ecosystem service levels, and ultimately
non market values for quality improvements. This technique is advantageous in that it can
be used for the valuation of a wide range of environmental changes and is applicable for
both use and non-use value. This method suffers from a number of shortcomings. One
problem is that many stated preference approaches suffer from an inability to link
quantitative measures of ecosystem health to the services that are provided by said
improvement.
A second commonly used technique is the revealed preference method. Similar to
the stated preference approach, revealed preference seeks to determine WTP or WTA.
However this approach varies in that it does not require researchers to directly ask people
in order to derive these values. One commonly used technique is the hedonic pricing
(HP) method. HP identifies environmental service flows as characteristics that are used to
“describe” a market good. Michael et al. 1996 examined the relationship between water
clarity and the selling prices of houses on 34 different lakes in Maine. The prices were
regressed on size, number of stories, neighborhood characteristics, and Secchi Depth. The
authors found that decreased Secchi depth of 1m was associated with significant declines
in property values, and that property values are lower on lakes with reduced water clarity.
This method is commonly used for housing, but can be used to estimate the price of any
observable “characteristic” on any good as long as adequate data is available. HP can
therefore be used to estimate the value of a “green premium” on environmentally friendly
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products or use differential wages to value environmental risk on human health in
specific jobs. However this method is restricted in the kinds of environmental goods it
can be applied.
A third method known as the production function (PF) method, attempts to derive
value by classifying the environment, ecosystem, or species as an input. Barbier et al.
2007 used this method to estimate value in terms of expected damages avoided resulting
from the presence of mangroves. This method is useful because it characterizes how
environmental change that supports or protects economic activity, property, or human life
can be valued. However this method does have limitations and issues in terms of
implementation. One such problem is that economic complexities such as market
distortions, regulatory policies, and complete absence of markets all effect how the
environment is valued as an input.

Problems	
  Associated	
  with	
  the	
  Valuation	
  of	
  Ecosystem	
  Services	
  
The economic valuation of services provided by ecosystems is widely viewed by
scientists as well as policy makers as an attractive and important approach to support
management decisions (Costanza et al. 1997; Admiraal et al. 2013) Techniques such as
production-function approach, contingent-valuation, and stated preference methods have
all been utilized in attempt to provide an estimate for the total value provided by a
specific ecosystem or area. The interdisciplinary use of economic valuation is appealing
in that it enables the capital provided by nature to be taken into account in social
development, research, and policy and promises sustainable use of natural resources,
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landscape restoration, and efforts of conservation. While assessing the economic value of
ecosystems has been become popular valuation methodology still requires adaptation.
One significant problem that has been identified is the information gap that exists
between ecosystem functioning, resilience, and the provision of ecosystem services.
Resilience has been defined as the amount of perturbation an ecosystem can withstand
before relations between organism cause local extinctions and as a consequence cause a
ecosystem to shift to another state (Admiraal et al. 2013). This problem is steeped in a
lack of information concerning the amount of perturbation an ecosystem can withstand
before a shift to another state occurs. Ecosystems are complex, adaptive systems that are
characterized by historical dependency, nonlinear dynamics, threshold effects, multiple
basins of attraction, and limited predictability (Levin 1999). This is problematic for
economic valuation methods because they track marginal changes in ecosystem benefits
to humans, therefore this methodology is unable to account for the behavior of
ecosystems. Loss of resilience can occur while ecosystem functioning itself can remain
largely unchanged. In order to address this problem, the concept of ecosystem resilience
and regime shifts need to be included in the total valuation of ecosystem services.

Improving	
  Valuation	
  Techniques	
  in	
  the	
  Chesapeake	
  Bay	
  
Ineffective management of watersheds can often lead to the degradation of
estuaries. The urbanization of watersheds can influence the natural flows of freshwater
and nutrients, oftentimes leading to increased pollution. Nitrogen from agriculture often
lead to excessive nutrient loading, which in turn can cause large coastal areas to become
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hypoxic or even anoxic (Boesch et al. 2001). Eutrophication is pervasive in most of the
world’s large estuaries and all centers of human population. The resulting ecosystem
changes are difficult to reverse once algae take over or cause large shifts in trophic
structure (Millennium Ecosystem Assessment, 2005).
The Chesapeake Bay is the largest estuary in the United States with a length of
more than 300km and a total area 11,000 km2 in tidal waters. The watershed extends
167,000 km2 and includes six states and the District of Columbia and accommodates a
population of more than 15 million (Boesch et al. 2001). The Bay is a highly productive
estuary that has long been recognized for its social and economic importance to the
region. Problems stemming from anthropogenic influence such as over-harvesting,
industrial pollution, wetland loss and dredging have drawn the attention of scientists,
policy makers, and the general public for most of the 20th century. More recently, it has
become understood that eutrophication has degraded the entire Bay ecosystem and has
had profound consequences on the Bay’s resources (Malone et al. 1993). Eutrophication
significantly alters the ecosystem functioning of the Bay, and therefore directly impacts
the services that are made available by this functioning. An ecological approach to
valuation of ecosystems emphasizes maintenance of an ecosystem’s complexity,
structure, capacity for self-renewal, and resilience (Gamborg and Rune, 2004). The total
economic value by itself cannot be considered an indication of an ecosystem's ability to
maintain provision of services, as collapse of an ecosystem may be only one marginal
change ahead (Fisher et al. 2009). Therefore, undertakings that utilize economic
valuations to inform decisions on whether or not to take a certain action, fail to take into
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consideration ecosystem functioning for future benefit. A more robust knowledge of
ecosystem resilience and the potential for regime shifts are intimately linked to the
concept of ecosystem sustainability and have a potential to fill the information gap in
economic valuation.
Understanding the effects of different nutrient sources to the Chesapeake Bay
watershed can inform the policy makers and the public about the trade-offs and ancillary
benefits that are associated with respective actions. Due to the inability to sum up all
ecosystem services it is almost certain that the societal benefits from pollution abatement
are underestimated. This is an important point because value is largely determined by
society, which is influenced by perception. As we are able to better estimate the total
value of pollution mitigation or strategies aimed at recovery additional insights and
refinements will enhance the utility of an ecosystem services approach.
Economic damages occur from the release of reactive nitrogen (Nr) into the
Chesapeake Bay watershed both directly and indirectly (Birch et al. 2010). Significant
sources of Nr include agricultural runoff, livestock, and sewage treatment plants.
Additionally, emissions of NOx from combustion of fossil fuels and industrial processes
results in ozone, particulate matter, and acid rain and eventually release nitrate into the
Bay. NOx released into the atmosphere via combustion of fossil fuels or resulting from
industrial processes has a significant impact on human health and leads to increased
morbidity and mortality (Birch et al. 2010).
Across the entire Bay, consistent negative correlations between measures of SAV
abundance and nitrogen loads or concentrations suggest that meadows are particularly
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sensitive to changes in inputs of nitrogen (Orth et al. 2010a). Due to their high light
requirement, and rapid response to alterations in available light, SAV are also considered
biological sentinels (Orth et al. 2006b). The loss of SAV problematic because it has been
identified as an ecological engineer that provides a diverse array of ecosystem services
such as nutrient sequestration, alteration of hydrodynamics, sediment stabilization as well
as provision of nursery and refuge habitat (Hemminga and Duarte, 2000). SAV plays a
large role in both structure and function and by utilizing community dynamics, regime
shifts and resilience to characterize levels of ecosystem health we can make more
informed policy decisions. Understanding what level of policy intervention is associated
with a regime shift and how that alters the system functioning and therefore the class of
benefits produced by this system is essential for effective management across the entire
Bay.
The decline of oysters in the Chesapeake Bay is staggering as there populations
are estimated to be at less than 1% of their historic levels (Chesapeake Bay Oyster
Management Plan, 2004). This has resulted in a loss in income for water-dependent
families and communities, as well as a loss of revenue from processing shipping and
secondary sales of oyster products. In addition to these obvious economic losses, the
oysters are valuable because of the services they provide. Oyster reefs are able to
improve water clarity, remove algae, and filter out additional nutrients or contaminates.
Additionally, abundance, biomass, and species richness of fin-fish is higher at oyster
reefs than in unstructured estuarine habitats (Coen et al.1999). However oysters are
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negatively affected by sedimentation, turbidity, and anoxic conditions, all of which are
symptoms of eutrophication.
Substantial loss in SAV and other ecological engineers like the oyster creates a
positive feedback loop which reinforces the deleterious effects of eutrophication.
Decrease in the total biodiversity and key species influences the system in a number of
ways. Some ecosystems are initially insensitive to species loss or changes in abiotic
factors because ecosystems contain multiple species that preform a similar function, such
as nutrient sequestration (Hooper et al. 2005). Specific combinations of species that are
complimentary in their functional characteristics can result in an increased rate of
productivity and nutrient retention. However if abiotic or other factors alter this
relationship, the community structure will change and the functioning and service will no
longer be provided. Although uncertainty about the mechanisms and circumstances under
which biodiversity effects ecosystem services does exist, consensus has been met that
incorporating diversity effects into policy and management is essential especially for
decisions involving large temporal and spatial scales (Hooper et al. 2005).
An ecosystem services perspective can better inform managers and policy makers
the true costs and benefits associated with a specific course of action. This approach
allows for a more complete presentation and analysis of the effects on the public benefits
being utilized. Identifying regime shifts or a shift in steady state and the resulting
improvement in ecosystem functioning can be incorporated into the calculations of
mitigation or restoration benefits. Improved understanding of the linkages between
human actions, biophysical factors, ecosystem services and economic values will
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improve our understanding of the true costs and benefits associated with pollution
abatement or mitigation allowing for more effective management.
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METHODS

This study will employ data collected by the Gunston Cove study conducted by
the Potomac Environmental Research and Education Center (PEREC) at George Mason
University in collaboration with Fairfax County Department of Public Works and
Environmental Services. The data are summarized in annual reports, the most recent of
which are accessible on the PEREC website (perec.gmu.edu). The data are from the
Gunston Cove area of the tidal Potomac River and include phytoplankton counts from
one sampling site between the years of 1994 and 2014.This study site, Station 7, is
located inside Gunston Cove, adjacent to the mainstem tidal Potomac River (Figure 1).
The re-emergence of SAV in Gunston Cove became evident in 2005, so years before and
after the resurgence were selected as follows: 1995, 1997, 2002, 2009, 2010, and 2013.
These six years were chosen to obtain three representative years before and after 2005.
For each period, the years covered a similar range of climatic variation. By using multiple
years before and after the SAV resurgence regime change, the impact of interannual
climactic variability could be factored into the comparison.
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Figure 1 Gunston Cove of Tidal Potomac River

Phytoplankton species composition and abundance was determined using the
inverted microscope-settling chamber technique (Lund et al. 1958). This procedure was
described in detail in the annual Gunston Cove reports ( e.g. Jones and de Mutsert, 2013).
Ten milliliters of well-mixed algal sample were added to a settling chamber and allowed
to stand for several hours. The chamber was then placed on an inverted microscope and
random fields were enumerated. At least two hundred cells were identified to species and
enumerated on each slide. Counts were converted to number per mL by dividing number
counted by the volume counted. Biovolume of individual cells of each species was
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determined by measuring dimensions microscopically and applying volume formulae for
appropriate solid shapes. All counts utilized in this study were conducted by the same
analyst, Dr. Saiful Islam.
The next step involved preparing the data for analysis. All species were grouped
at the genus level and any species that did not occur in all seasons and years were
eliminated (Appendix B). The “Sample Units” (SU’s) were established by labeling each
population by Year, Month, and Season, in order to control for all variables during
analysis. There were 10 samples collected each year and these were grouped into two
seasons: spring (April, May, and June) and summer (July, August, and September). The
SU’s were further grouped by whether they occurred before or after 2005. Thus, four
groups were created: Spring-Before 2005 (SpB), Spring-After 2005 (SpA), SummerBefore 2005 (SuB), Summer-After 2005 (SuA), each group containing 15 SU’s. This
allowed comparisons among the four groups to determine if regime change effects were
detectable. The 15 SU’s in each group allowed intergroup variation to be quantified and
visualize. To execute the analyses, all species counts were double square root
transformed prior to input into PC-ORD.
In a tidal freshwater system like the Potomac River, river flow entering from
upstream is important in maintaining freshwater conditions and also serves to bring in
dissolved and particulate substances from the watershed. High freshwater flows may also
flush planktonic organisms downstream and bring in suspended sediments that decrease
water clarity.
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Precipitation plays an important role in flushing as well as nutrient delivery for
Gunston Cove, and will alter the stream discharge for Accotink and the Potomac. Total
monthly precipitation for most years was consistent with the 68-year mean, with the two
largest deviations being in May of 2009 and June of 2013(Figure 1). These two variations
in precipitation were compared to the other spring months after 2005 in order to detect
significant shifts in total assemblage or specific species.
In the Gunston Cove region of the tidal Potomac, freshwater discharge enters
from both the major Potomac River watershed upstream and from immediate tributaries.
The cove tributary for which stream discharge is available is Accotink Creek. Accotink
Creek delivers over half of the stream water, which directly enters the cove. The two
major deviations in discharge occurred in May of 2009 and in June and July for 2013, but
for most years discharge stayed slightly below the 66 year mean (Figure 3). These
variations in discharge were compared to other spring and summer months in order to
detect significant shifts in total assemblage or specific species.
In a shallow, well-mixed tidal system such as Gunston Cove the water
temperature closely tracks daily changes in air temperature. Water temperature affects
both water quality and aquatic life therefore significant deviations are important to note.
Most of the years selected followed fairly close to the 68 year mean except for 2010,
which consistently experienced high levels in five out of the six months (Figure 4). These
variations in temperature were compared to other spring and summer months in order to
detect significant shifts in total assemblage or specific species.
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Figure 2 Total Monthly Precipitation (cm) at Reagan National Airport
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Figure 3 Greatest 24-Hr Precipitation Event (cm) at Reagan National Airport
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Figure 5 Average Monthly Air Temperature (°C) at Reagan National Airport
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The two methods used in PC-ORD were the Multi-Response Permutation
Procedure (MRPP) and Non-Metric Multidimensional Scaling (NMDS). NMDS is an
ordination technique well suited for datasets that are non-normal such as community data,
whereas MRPP is able to provide a value of effect size for various groupings. Unlike
other ordination techniques NMDS is able to “see” a much wider range of structures.
This technique avoids the assumption of linear relationships among variables and allows
the use of any distance measure or relativization. NMDS is an iterative search for the best
positions of n entities on k dimensions that minimizes the stress of the k-dimensional
configuration. The calculations are based on an n x n distance matrix calculated from the
n x p-dimensional data matrix, where n is the number of entities and p is the number of
attributes. Stress is a measure of departure from monotonicity in the relationship between
the dissimilarity in the original p-dimensional space and distance in the reduced kdimensional ordination space. NMDS used the Sorenson distance measure and the
starting coordinates were random numbers (Appendix A). The parameters included 2
axes utilized with 50 runs of real data. The stability criterion was 0.00001 and used 15
iterations to evaluate stability. The maximum number of iterations was 250 and no
rotation was utilized for the output.
MRPP is a nonparametric procedure for testing the hypothesis of no difference
between two or more groups of entities. This method requires pre-existing groups of
entities or sample units. MRPP used the Sorenson distance measure and the weighting of
the groups used n/sum(n) (Appendix A). The distance matrix was rank transformed and
pairwise comparisons were made between all groups.
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RESULTS

NMDS and MRPP revealed ecologically interpretable patterns of assemblage
structure. Comparing all seasons and years simultaneously with NMDS allowed for a
comprehensive look at both regime shift and seasonal progression effects. MRPP
provided a measure of similarity among the assemblages, which confirmed that
assemblages were significantly different.
NMDS revealed how the assemblages behaved before and after 2005, and how
the six years progressed from spring to summer. Figure 6 compares all four groups in the
same two-dimensional space, allowing for examination of both the regime shift effects
and seasonal progression simultaneously. Comparing all assemblages identified the shifts
that occurred between the spring and summer months, while also identifying which
species were associated with the change in assemblage structure. Compared to all other
groups, SpB was the smallest of all the polygons suggesting the samples that make up
this grouping are the most similar. The assemblages in this grouping were associated with
the presence of Sennia and the absence of Anabaena and Microcystis. SuB is much larger
than SpB, which indicates that the summer months prior to 2005 possessed a higher
degree of variability than the spring months. Additionally, SuB was characterized by high
levels of Merismopedia, Chroococcus, and Aphanocapsa and a decrease in the
occurrence of Sennia. SpA is a larger polygon than SpB, suggesting higher variance in
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the spring months after 2005. The SpA grouping is characterized by high levels of
Sennia, Anabaena, and Microcystis. SuA is the largest of all the four polygons and
therefore possesses the greatest variance. These assemblages are characterized by high
levels of Sennia, Anabaena, and Microcystis, and low levels of Merismopedia,
Chroococcus and Aphanocapsa. The spring months are more closely associated and
possess higher levels of Sennia compared to the summer months. The summer months
possess higher levels of variance and a higher occurrence of Anabaena and Microcystis.

Figure 6 NMDS Output Phytoplankton Assemblage in all Groups
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Table 1 MRPP P Values

Before

MRPP
P-Value
Before

After

Spring
(SpB)
Summer
(SuB)
Spring
(SpA)
Summer
(SuA)

Spring
(SpB)

After

Summer
(SuB)

Spring
(SpA)

Summer
(SuA)

< 0.001

-

0.021

< 0.001

0.078

-

The difference between the four groups that is suggested in Figure 6 is confirmed
by the MRPP. Table 1 shows all the p-values and provides a numeric value for the
similarity between the four groups. SpB and SuB have a p-value of <0.001 identifies a
significant seasonal effect prior to 2005. SpA and SuA have the highest p-value of 0.078,
which shows that these two groupings are different, but substantially more similar than
SpB and SuB. SpB and SpA have a p-value of 0.021, which indicates a transition in the
spring phytoplankton assemblages following 2005. SuB and SuA have a p-value of
<0.001 indicating a drastic transition between these assemblages.
On average, the spring assemblages possess higher levels of diversity than the
summer assemblages (Figure 7&8). The spring months possessed a greater percentage of
diatoms and cryptophytes, whereas the summer months possessed a greater percentage of
cyanobacteria. Compared to the spring months after 2005, the spring months before 2005
experienced lower a percentage of both diatoms and cryptophytes. The summer months
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before 2005 had a lower percentage of diatoms and cryptophytes compared to the
summer months after 2005.
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Figure 7 Composition of Phytoplankton Assemblage During Spring Months
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Figure 8 Composition of Phytoplankton Assemblage During Summer Months

Climate	
  Variables	
  
Climactic variables such as rainfall, temperature, and river discharge play an
integral role in determining the phytoplankton assemblage Gunston Cove. Rainfall and
discharge are interrelated and for most of the months these numbers stayed close to the
66-year mean. May of 2009, June of 2013, and July of 2013 are the three outliers and
therefore the phytoplankton assemblages from these three months were compared to the
remaining months each there respective groups in order to detect a significant deviation
in assemblage composition as a result of climactic variability. MRPP and NMDS were
used to determine if the differences between these groups were significant. The NMDS
did not indicate that months with unusual discharge and rainfall were different from the
other months in the groupings (Figure 9&10). Additionally the p-score for these months
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were .521 and .503 for SpA and SuA respectively. These values in tandem with the 2dimensional output confirm that the high levels of rainfall and discharge did not result in
significant changes to the assemblages.

Figure 9 NMDS 2-D Output Comparing Rainfall and Discharge Outliers in SpA
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Figure 10 NMDS 2-D Output Comparing Rainfall and Discharge Outliers in SuA

Air temperature was another climactic variable that was controlled for. Of the six
years, five were congruent with the 68-year mean, however 2010 experienced the highest
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temperature for five of the six months. In order to determine if the increased air
temperature significantly impacted the assemblage, the year 2010 was compared against
2009 and 2013 in both seasons. The NMDS showed that the year of 2010 was different
during both the spring and summer months (Figure 11&12). During the spring months,
the year of 2010 was characterized by a greater occurrence of Chroococcus and
Scenedesmus. During the summer months, 2010 possessed higher levels of Aphanocapsa
and Melosira and lower levels of Chlamydomonas and Pennate. The p-values for the
spring and summer months were .144 and .004 respectively. These numbers from MRPP
confirmed that these groups were significantly different.
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Figure 11 NMDS Output Comparing Temperature Outliers in SpA
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Figure 12 NMDS 2-D Output Comparing Temperature Outliers in SuA

Regime	
  Shift	
  Effects	
  
The effects of the return of SAV in 2005 on phytoplankton populations were
further investigated by comparing SpB to SpA and SuB to SuA. By comparing two
groupings at a time we were able to further develop the patterns of assemblage structure
resulting from the regime shift and the seasonal progression. NMDS was used to
exclusively compare SpB to SpA (Figure 13). The 2-D output shows that the SpB
polygon smaller and possesses a lower degree of variance. Compared to SpB, SpA is
characterized by higher levels Anabaena and Sennia. The p-score between these two
groupings is .021, which confirms a change in the phytoplankton in the spring months.

70

The summer months were also compared using NMDS and MRPP. SuB and SuA have a
p-score of <0.001 and are more different than the spring months. SuA is characterized by
high occurrence of Chroococcus, Merismopedia, Microcystis, Anabaena, and Sennia
(Figure 14).

Figure 13 NMDS 2-D Output Phytoplankton Assemblage in Spring Months
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Figure 14 NMDS 2-D Output Phytoplankton Assemblage in Summer Months

Seasonal	
  Effects	
  	
  
In addition to being influenced by the return of SAV and climactic variables,
assemblages are also heavily impacted by seasonal effects. This is evidenced by the
transition in assemblages from the spring to the summer months (Figure 15&16). SpB
and SuB were dramatically different, which is reflected in the p-score of <.001. SuB
experienced higher occurrences of Merismopedia, Chroococcus, Microcystis, and
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Aphanocapsa. SpA and SuA were the two most similar groupings and the p-score was
.078. SpA experienced a greater occurrence of Chroomonas.

Figure 15 NMDS 2-D Output Phytoplankton Assemblage in Spring and Summer Before 2005
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Figure 16 NMDS 2-D Output Phytoplankton Assemblage Structure in Spring and Summer Months After 2005

Table 2 Species with the Highest Levels of Correlation Between Seasons

Strongest
Positive
Associations

Strongest
Negative
Associations

All

SpB vs. SuB

SpB vs. SpA

Merismopedia
sp.

-

Anabaena sp.

Anabaena sp.

-

Oscillatoria
sp.

Merismopedia
sp.
Chroococcus
sp.

Chroococcus
sp.

-

-

Sennia sp.

-

Sennia sp.

Microcystis
sp.

Chroomonas sp.

-

Anabaena sp.

-

-

Merismopedia
sp.

-

Sennia sp.
-

Chroococcus
sp.
Merismopedia
sp.
Microcystis sp.
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SuB vs. SuA

SpA vs. SuA
Anabaena sp.
Oscillatoria sp.

DISCUSSION

There have been a number of changes in recent years that have evidenced a
dramatic shift in both environmental variables and community structure in Gunston Cove.
The mean summer chlorophyll a dramatically decreased from 120 µg/L in 2000 to 20
µg/L in 2006. Following the decrease in chlorophyll a, Secchi depth rose significantly.
Between 1994 and 2004 Secchi depth ranged from 40 to 60cm, however following 2004
this range increased to between 60 and 80cm. As expected, the substantial increase in
Secchi depth preceded the dramatic resurgence of SAV. Between 1994 and 2005 SAV
coverage fluctuated between 50 and 100 hectares, whereas post 2005 the range in
coverage increased to between 150 and 200 hectares. The changes in SAV, Secchi depth,
and chlorophyll a evidence the sustained partial recovery of Gunston Cove suggest a
transition from an algal dominated system to an SAV dominated system.
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Figure 17 Levels of SAV, Secchi depth, and chlorophyll a in Gunston Cove (Jones and de Mutsert, 2013)

In addition to the changes mentioned above, Gunston Cove has also seen a
transition in the species composition and community structure of fish as evidenced by
trawl and seine catches (Figure 17). Between 1993 and 2004 fish community was
characterized by a high abundance of bay anchovies and other open water species,
whereas following 2004 the community has been dominated by banded killifish,
largemouth bass, and several species of sunfish. The shift in fish community structure
was clearly linked to the shift in SAV cover with a community structure analysis (Jones
and de Mutsert, 2012). The community level changes occurring in Gunston Cove is
further evidenced by the shift in the phytoplankton assemblage.
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Figure 18 Fish Assemblage in Gunston Cove from 1985-2011 (Jones and de Mutsert, 2012)

There are a number of studies that have used multivariate analyses to document
seasonal and interannual variability that occurs in phytoplankton population assemblages.
Edson and Jones, 1987 investigated how spatial, temporal, and storm run-off related
variations altered phytoplankton assemblage structure in Lake Fairfax. Seasonal influence
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resulted in summer months being dominated by cyanobacteria and green algae, whereas
diatoms and chrysophytes dominated during the spring and fall. In this study we found a
clear seasonal change that resemble the results from Edson and Jones (1987). There was a
significantly higher occurrence of cyanobacteria in the summer months, with more
diatoms and chrysophytes during the spring months.
Çelik and Tugba (2006) examined the relationship between physical and chemical
variables and the seasonal dynamics of phytoplankton assemblages in two inlets of a
shallow hypertrophic lake. This study showed that different levels of water discharge can
play a large role in the elimination of diatoms and the rise of cyanobacteria in warm,
nutrient rich lakes. Additionally, water discharge, turbidity, water temperature, and
conductivity were critical variables for predicting seasonal patterns in phytoplankton.
The effects of significant variations in rainfall, river discharge, and temperature
on phytoplankton assemblages were investigated using NMDS and MRPP. The months
with abnormal rainfall and discharge did not show significant variance in overall
composition or species. However the year with the abnormally high air temperature did in
fact show variation in both the spring and summer months. The year of 2010 was warmer
than all other years in five out of six months. This resulted in 2010 being characterized by
a higher occurrence of Chroococcus and Scenedesmus in the spring months compared to
2009 and 2013. The summer months of 2010 experienced a higher occurrence of
Aphanocapsa and Melosira, with a lower occurrence of Chlamydomonas and Pennate.
McIntire et al. (2007) used multivariate analyses to investigate the spatial and
temporal patterns in species composition in Crater Lake, Oregon. Multivariate test
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statistics indicated that there were significant relationships between species composition
of phytoplankton and a number of chemical variables. Specifically total phosphorus,
ammonia, total Kjeldahl nitrogen, and alkalinity were associated with interannual
changes in phytoplankton species. In Gunston Cove the changes in nutrient input,
chlorophyll a, and Secchi depth in 2005 coincided with dramatic shifts in phytoplankton
in both the spring and summer months.
Gunston Cove was more eutrophic prior to 2005 than after. SpB and SuB were
different from SpA and SuA, with changes in both species composition and seasonal
progression. The return of SAV had a significant impact on long-term changes in
phytoplankton assemblages. The MRPP values confirmed that the spring and summer
months before 2005 were statistically different from the spring and summer months after.
Prior to 2005, the spring months experienced less variation and were more closely
related. Compared to SpB, SpA was characterized by a greater occurrence of Sennia,
Anabaena, and Oscillatoria and experienced greater variance and diversity of species.
SuA experienced high levels of Merismopedia, Chroococcus, Microcystis, Anabaena,
and Sennia whereas the SuB was not strongly associated with any species.
The seasonal progression was also effected by the regime shift in Gunston Cove.
SpB and SuB were the most different suggesting a dramatic seasonal shift. SuB was
characterized by high levels of Merismopedia, Microcystis, Aphanocapsa, and
Chroococcus, whereas SpB had no strong species correlations. Following the shift in
2005, the seasonal progression was less drastic. SpA and SuA were the two most related
groups with no strong species correlations. This change in a seasonal progression of
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phytoplankton assemblages is congruent with the results found by Anneville et al. 2004.
Multivariate methods were used to examine phytoplankton assemblage patterns in three
peri-alpine lakes over a 28-year period. These three lakes were monitored during periods
of recovery as a result of management programs. The reduction of phosphorous had a
significant influence on long-term changes in phytoplankton composition. However, the
phytoplankton assemblage structure of the most eutrophic lake differed strongly from the
other two lakes, suggesting that the local environmental variables were primarily
responsible for changes in composition between the lakes. Seasonal forcing induced
changes in all lakes, but not with the same species. In the most eutrophic lake, the
seasonal pattern was characterized by a succession of more stages.
Anthropogenic alteration of the natural environment has been, and continues to be
a major global challenge. In Gunston Cove, the return of SAV changed the phytoplankton
assemblages and altered the seasonal progression of these assemblages. In addition we
were able to see how periods of intense rainfall and temperature affected the
assemblages. Demand for water resources due to increasing human population and
development has lead to new environmental and social challenges for those managing
available natural resources. In order to effectively and efficiently manage these resources
we need to strengthen our understanding of the link between ecosystem functioning and
services. By continuing to monitor the recovery of Gunston Cove and studying the
community level alterations that are occurring we can make more informed management
and policy decisions for the Potomac River.

80

APPENDIX A

********************* Nonmetric Multidimensional Scaling *********************
PC-ORD, 6.08
2 Oct 2014, 12:52:05

NMS
Ordination of SU in Variable space.

30 SU

30 Variable

The following options were selected:
ANALYSIS OPTIONS
1.
SORENSEN = Distance measure
2.
6 = Number of axes (max. = 6)
3.
250 = Maximum number of iterations
4.
RANDOM = Starting coordinates (random or from file)
5.
1 = Reduction in dimensionality at each cycle
6.
NO PENALTY = Tie handling (Strategy 1 does not penalize
ties with unequal ordination distance,
while strategy 2 does penalize.)
7.
0.20 = Step length (rate of movement toward minimum stress)
8.
USE TIME = Random number seeds (use time vs. user-supplied)
9.
50 = Number of runs with real data
10.
249 = Number of runs with randomized data
11.
NO = Autopilot
12.
0.000001 = Stability criterion, standard deviations in stress
over last 15 iterations.
OUTPUT OPTIONS
14.
NO = Write distance matrix?
15.
NO = Write starting coordinates?
16.
YES = List stress, etc. for each iteration?
17.
YES = Plot stress vs. iteration?
18.
YES = Plot distance vs. dissimilarity?
19.
NO = Write final configuration?
20.
UNROTATED = Write varimax-rotated, principal axes, or unrotated
21.
NO = Write run log?
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22.
NO = Write weighted-average scores for Variable?
-----------------------------------------------------------------------------575 = Seed for random number generator.
STRESS IN RELATION TO DIMENSIONALITY (Number of Axes)
-------------------------------------------------------------------Stress in real data
Stress in randomized data
50 run(s)
Monte Carlo test, 249 runs
------------------------- ----------------------------------Axes Minimum Mean Maximum Minimum Mean Maximum
p
-------------------------------------------------------------------1 34.543 44.891 55.756 38.659 51.640 55.805 0.0040
2 17.189 19.038 25.895 24.333 29.408 39.145 0.0040
3 11.086 11.242 12.128 17.445 19.912 22.247 0.0040
4 6.933 6.961 6.999 12.706 14.905 20.638 0.0040
5 3.489 3.494 3.497 10.033 11.575 13.071 0.0040
6 1.937 1.952 1.979 7.575 9.181 10.786 0.0040
-------------------------------------------------------------------p = proportion of randomized runs with stress < or = observed stress
i.e., p = (1 + no. permutations <= observed)/(1 + no. permutations)

Conclusion: a 3-dimensional solution is recommended.
Selected file CONFIG3.GPH for the starting configuration for
the final run.

NMS
Ordination of SU

in Variable space.

30 SU

30 Variable

The following options were selected:
ANALYSIS OPTIONS
1.
SORENSEN = Distance measure
2.
3 = Number of axes (max. = 6)
3.
250 = Maximum number of iterations
4.
FROM FILE = Starting coordinates (random or from file)
5.
3 = Reduction in dimensionality at each cycle
6.
NO PENALTY = Tie handling (Strategy 1 does not penalize
ties with unequal ordination distance,
while strategy 2 does penalize.)
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7.
8.
9.
10.
11.
12.

0.20 = Step length (rate of movement toward minimum stress)
USE TIME = Random number seeds (use time vs. user-supplied)
1 = Number of runs with real data
0 = Number of runs with randomized data
NO = Autopilot
0.000001 = Stability criterion, standard deviations in stress
over last 15 iterations.
OUTPUT OPTIONS
14.
NO = Write distance matrix?
15.
NO = Write starting coordinates?
16.
YES = List stress, etc. for each iteration?
17.
YES = Plot stress vs. iteration?
18.
YES = Plot distance vs. dissimilarity?
19.
YES = Write final configuration?
20.
UNROTATED = Write varimax-rotated, principal axes, or unrotated
scores for graph?
21.
NO = Write run log?
22.
NO = Write weighted-average scores for Variable?
------------------------------------------------------------------------------

MRPP
Groups were defined by values of: Group C
Input data has:
60 SU
by 26 Species
Weighting option: C(I) = n(I)/sum(n(I))
Distance measure: Sorensen (Bray-Curtis)
Distance matrix was rank transformed.
GROUP: 1
Identifier: 1
Size: 15
0.29980484 = Average distance
Members:
95AP1S7 95MY1S7 95MY2S7 95JN1S7 95JN2S7 02AP1S7 02MY1S7
02MY2S7 02JN1S7 02JN2S7 97AP1S7 97MY1S7 97MY2S7 97JN1S7
97JN2S7
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GROUP: 2
Identifier: 3
Size: 15
0.53503253 = Average distance
Members:
10AP1S7 10MY1S7 10MY2S7 10JN1S7 10JN2S7 09AP1S7 09MY1S7
09MY2S7 09JN1S7 09JN2S7 13AP1S7 13MY1S7 13MY2S7 13JN1S7
13JN2S7
GROUP: 3
Identifier: 2
Size: 15
0.25204528 = Average distance
Members:
95JL1S7 95JL2S7 95AU1S7 95AU2S7 95SP1S7 02JL1S7 02JL2S7
02AU1S7 02AU2S7 02SP1S7 97JL1S7 97JL2S7 97AU1S7 97AU2S7
97SP1S7
GROUP: 4
Identifier: 4
Size: 15
0.54460317 = Average distance
Members:
10JL1S7 10JL2S7 10AU1S7 10AU2S7 10SP1S7 09JL1S7 09JL2S7
09AU1S7 09AU2S7 09SP1S7 13JL1S7 13JL2S7 13AU1S7 13AU2S7
13SP1S7
Test statistic: T =
-10.070441
Observed delta =
0.40787145
Expected delta =
0.50000000
Variance of delta =
0.83693449E-04
Skewness of delta = -0.62037551
Chance-corrected within-group agreement, A = 0.18425709
A = 1 - (observed delta/expected delta)
Amax = 1 when all items are identical within groups (delta=0)
A = 0 when heterogeneity within groups equals expectation by chance
A < 0 with more heterogeneity within groups than expected by chance
Probability of a smaller or equal delta, p =
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0.00000000

-----------------------------------------------------------------PAIRWISE COMPARISONS
Note: p values not corrected for multiple comparisons.
Groups (identifiers)
Compared
T
A
p
1 vs.
3 -2.36380842 0.04700461 0.02168226
1 vs.
2 -9.83789838 0.20923707 0.00000162
1 vs.
4 -3.91237129 0.07877112 0.00212726
3 vs.
2 -11.56835855 0.24315413 0.00000006
3 vs.
4 -1.52604594 0.03266769 0.07831926
2 vs.
4 -6.15538440 0.11324117 0.00008206
------------------------------------------------------------------
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