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Abstract

Estuary management is limited by lack of consensus on operational tools for handling multiple
conflicting management objectives. One critical step to this goal is a shift from individual
problems to a focus on maintaining ecosystem functions that benefit humans. If function is
maintained, then the ecosystem is said to be functionally equivalent to its unimpacted state, which
is sufficient for management. We propose an adaptation of a functional equivalency (FE)
assessment approach from marine fishery management and use a case study demonstration to
address how this approach can be integrated into existing ecosystem assessment tools. The
functional equivalency framework has three components for implementation: definition of target
ecosystem functions, measurable metrics of ecosystem functions, and policy-based thresholds for
each metric that indicate when functional equivalency is lost and must be restored. Each case study
is an application of available data, models, and management policy to define these ecosystem
function components. We intend to foster discussion and future work on integrating the FE
approach into existing ecosystem assessment tools. Data requirements are high, as is the necessary
integration between science and policy. The results can be a more integrated management
approach focused on maintenance of ecosystem functions most beneficial to humans.
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1. Introduction

1.1. Background

Resource management at the level of ecosystems has long been a goal for promoting
sustainable human use of multiple ecosystem resources (Hein, 2010; O’Higgins et al., 2014).
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Yet, this goal remains elusive due largely to the complexity of ecosystems and the lack of
consensus on an operational approach that effectively connects policy objectives to the
available scientific information on ecosystem dynamics. Nowhere is this issue more apparent
than in coastal estuaries where disparate and often conflicting management issues, such as
nutrient management, habitat alteration, and fishery production, must be considered (Yanez-
Arancibia et al., 2013). In most cases, these are managed as independent issues with the goal
of reversing long-term degradation (Greening and Janicki, 2006; Lewis et al., 2016). The
interrelationships among these issues have been evaluated as a part of integrated
management approaches (Batiuk et al., 2009; Harvey et al., 2017), but this effort has not yet
reached its full potential (EPA, 2004; Fulton et al., 2011), and one of the primary reasons for
this is a need to transition from a paradigm of solving problems to one of achieving and
maintaining functional targets that measure how ecosystems benefit people. Our goal here is
to consider how to operationalize ecosystem functional targets, based on an existing
assessment framework currently used in marine fishery management, and ask whether this
framework can help shift management towards a more integrated ecosystem approach to
decision making.

Ecosystem-based management (EBM) does not imply individual ecosystems are the
management unit, rather it acknowledges that any management decision (e.g., nutrient
loading limits) will have impacts on the entire ecosystem. In an EBM framework,
management objectives and assessment metrics directly address this reality by seeking trade-
offs among multiple parts of the ecosystem with the broad goal of maximizing ecosystem
services (Harvey et al., 2017; Weijerman et al., 2018). Ecosystem-based management
objectives are typically set based on one of three principles (Table 1). The first and most
common is the use of historical reference points (Fulford et al., 2007; Greening and Janicki,
2006; Wilberg et al., 2013), which are easy to understand, but the realized benefits and
achievability of historic targets can be secondary considerations (EPA, 2000). The second
type of EBM objective is ‘no/reduced harm’ standard that seeks to re-establish a more
pristine condition of the system and are usually based on important relationships, such as
between nutrient loads and eutrophication (Greening and Janicki, 2006) or incidence of
hypoxia (Breitburg et al., 2009), and water clarity or chl-a concentration (EPA, 2010a;
Janicki and Wade, 1996). No harm targets are more closely aligned with the present state of
the managed system than historic targets, but there remains a gap between the goal of
reducing apparent harm and the desired outcome of maintaining ecosystem services.

The third type of EBM objectives are functional management objectives that are designed to
maintain a set of conditions defined as optimal to preserve a desired ecosystem service (e.g.,
sustainable harvest). We will refer to such a managed ecosystem service as an ‘ecosystem
function’ to clearly delineate it as a management target. For example, in marine fishery
management, sustaining the ecosystem function (fishery harvest) has overtaken the concept
of ‘no harm’ to the harvested population as the standard for management action (NOAA,
2007). Allowable harvest is based on the population replacement rate adjusted for reasonable
uncertainty about future events (Methot, 2009). In a sense, a reasonable amount of harm is
allowed as a necessary part of fishery exploitation, the managed system is said to be
functionally equivalent to an unfished ecosystem if the harvest is sustainable. This
management objective is not based on equivalency of the entire ecosystem. The concept of
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“functional equivalency’ (FE) is a compromise of sorts that acknowledges the ecosystem has
changed and management goals based on achieving a previous state of ecosystem health,
while desired, are not practical due to the dynamic nature of ecosystems. We then replace
the objective of a ‘previous state’ with the objective of an ‘equivalent state” in defining
decision rules. The FE approach is then based on managing the ecosystem to preserve a
specific set of functional endpoints while allowing for general change in the ecosystem. If
the functional endpoints are achieved then the system is said to be equivalent, which is the
policy-based objective. The FE concept has been explored in evaluating habitat restoration
(Kentula, 2000; La Peyre et al., 2007), evaluating the health of aquatic food webs (Kang et
al., 2008; Llewellyn and La Peyre, 2011), as well as marine fishery management. The FE
approach has two equally important parts: a measure of function and a threshold beyond
which functional equivalency is said to be lost. Together, these open the management
question to more integration between scientific information and policy in that science is
directly involved in both the resource assessment, as well as defining management
thresholds that preserve the desired ecosystem function.

A focus on a desired ecosystem function, as well as the development of management
thresholds based on functional equivalency, has clear advantages over both the historical and
the no harm models described above; not because this approach is radically different, rather
because both the decision rules and the assessment of ecosystem state are linked directly to
the desired outcome of maintaining ecosystem services. The function is tied to ecosystem
services and therefore the endpoint of management is maintenance of human benefit derived
from the ecosystem and this is far easier to justify to stakeholders. Further, the use of an
equivalency threshold ensures that multiple aspects of the ecosystem are taken into
consideration in setting targets, including current conditions of the ecosystem and
interactions with other management targets (e.g., fishery harvest in the context of shoreline
development and nutrient loading). For instance, managers may be successful in reducing or
eliminating hypoxia (i.e. harm) from excess nutrient loading, but if that outcome comes with
the functional cost of reducing fishery production (i.e., function) then that should be
considered as a part of an ecosystem approach to management. The functional equivalency
framework currently used in marine fishery management provides a clear roadmap for
setting functional targets, as well as a suite of quantitative tools (Methot, 2009) designed to
use the resulting information to make decisions. This framework can also be a viable
approach for broader application in other components of ecosystem management, such as
water quality management or habitat protection, if the appropriate assessment models,
metrics, and thresholds can be identified. Our objective here is to examine how available
tools and data can be used in a functional equivalency framework and expanded to other
management sectors in estuaries, and to suggest that function provides a better currency for
management that either historical or no-harm standards.

1.2. Functional equivalency approach

A functional equivalency (FE) approach to management has clear advantages over other
alternatives for target setting because it is based on ecosystem services to people (e.g.,
harvest, recreational use). Both the “historic’ and ‘no harm’ management objectives are
generally favored because they are based on readily available data about iconic ecosystem
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structures (e.g., reduce hypoxia, increase SAV coverage). A focus on preservation of an
ecosystem function is more complicated, but potentially more versatile, as it sets a
functional target that is not dependent on recreating the past (e.g., Maintain target level of
fishery harvest not restoring fish population). The FE approach also maximizes the utility of
mechanistic models, which can potentially provide estimates of ecosystem function under a
suite of conditions and under a wider range of data availability (Fulford et al., 2014; Wu et
al., 2015).

Functional equivalency assessments have two important components (Box 1: items i and ii):
Assessment metrics that define system state for the target function, and associated thresholds
that define when function has dropped sufficiently that managment action should to be taken
(i.e., equivalency has been lost). We use the term “equivalency’ here to draw a connection to
some previous desired state of the system, while keeping assessment focused on the
ecosystem function we wish to maintain. The ecosystem is managed to maintain an
equivalent functional state, and when equivalency is lost, then action must be taken to
recover it. Metrics of a desired ecosystem function then become the measure of interest for
assessment. In fisheries management, fishing mortality and spawning stock biomass are
metrics used to maintain the function of a stable, fishable population (Southeast Data
Assessment and Review; SEDAR, 2016). For assessment in other sectors, such as nutrient
management, functional metrics would likewise be chosen based on tradeoffs between the
functional costs and benefits of nutrients (e.g., excess nitrogen removal vs. carbon
production). This expansion to other multiple sectors will be explored in detail in the two
examples.

Decision thresholds that define when equivalency is lost are the second key component for
ecosystem assessment as they define actionable change in ecosystem function. For example,
a common ecosystem assessment metric is biological condition gradients (BCG, Davies and
Jackson, 2006). A BCG is a compilation of data that measure ecosystem state and can be
used to track degredation or restoration progress (Gerritsen et al., 2017; Shumchenia et al.,
2015). Based on the FE framework, this is only half the needed information for managment.
We would also use available data, model simulations, and a policy-driven level of acceptable
risk to establish the BCG value at which desired ecosystem functions, such as primary
production from seagrass, are considered impaired and use that as a threshold for
management action. The BCG then shifts from its typical role of a ‘report card’ for the
ecosystem to a formal assessment tool tied to desired functional outcomes. A BCG typically
has no absolute meaning, which makes functional thresholds hard to define. We shall
endeavor to expand on this approach and look for more suitable metrics in our case study
examples. We will use two well-established case studies to explore how the functional
equivalency approach taken from a fishery sustainability framework can be used for setting
meaningful functional metrics and equivalency thresholds for assessment. This assessment
will be based on the target of functional equivalency for multiple management sectors as
defined in each case. The message in both case studies is that while current management has
been viewed as successful this view is strongly related to either their choice of structural
assessment metrics or the deliberate treatment of multiple management issues as
independent. The desired outcome is a roadmap for formal assessment with functional
metrics, integrated across management sectors, and based on both science and policy.
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2. Functional equivalency case studies

2.1. Fishery assessment framework

The concept of functional equivalency is highly developed in the arena of marine fisheries
stock assessment (MFSA). In MFSA the target mandated by U.S. law (NOAA, 2007) is a
sustainable fishery, meaning the stock can replace biomass lost to fishing through
reproduction and growth of individual fish, and this target is reevaluated regularly as a part
of the assessment following a structured process (Box 1). There have been extensive efforts
to broaden the scope of fishery management from assessments of single stocks to an
ecosystem-based fishery management framework (Fulton et al., 2011) including the
development of the integrated ecosystem assessment process (IEA; Levin, 2013) and
ecosystem level fishery indicators (Link, 2018; Link et al., 2002). These efforts have borne
important fruit including a focus on ecosystem function that we advocate here, yet the legal
mandate for fishery decision making remains at the scale of single stock and we begin at that
scale as most relevant for a practical expansion of the functional approach to other important
areas of estuarine assessment. For fishery assessment, sustainable harvest is the target
function, a loss of functional equivalency occurs when the harvest becomes unsustainable
for any reason. This is a complicated objective as managers typically have control over only
one life history process (i.e., harvest mortality), but must account for variation in other
processes (recruitment, growth, natural mortality) as a part of setting functional thresholds.
For this purpose, quantitative models are highly useful to account for other measurable
facets of functional variability (Methot, 2009). However, even model output is seldom useful
for making management decisions without the input of policy makers to set decision
thresholds for model-derived functional metrics. These equivalency thresholds represent an
understanding of fish stock dynamics, collective uncertainty in the available data, and a
policy-derived level of acceptable risk regarding the loss of harvest sustainability. All three
pieces: models, indices, and decision thresholds must be clearly defined and accepted for
management to succeed. Historical targets might be easier to define and measure but may
not be achievable under current ecosystem conditions, which is a consideration of
assessment under the FE approach.

Marine fishery assessment models, measurable indices of sustainable harvest, and policy
thresholds all vary stock to stock, but generally focus on two broad assessment metrics:
measures of spawning stock size, and measures of harvest mortality rate (Miller and
Swanson, 2001). For example, in the South Atlantic Red Snapper Fishery (South Atlantic
Fishery Management Council; SAFMC, 2009), decision thresholds are set by comparing the
current and projected spawning stock size to a Minimum Spawning Stock Threshold
(MSST) and likewise the harvest mortality rate to a Maximum Fishing Mortality Threshold
(MFMT) (Fig. 1). Both values are derived from quantitative analyses of population
dynamics adjusted for uncertainty and a level of acceptable risk of overfishing, and are
vetted in a public process (SEDAR, 2016). In the case of Red snapper, a clear trend exists
from the 1950’s to the 2000°s that crosses over both the threshold for fishing mortality and
for spawning stock biomass (Fig. 1) indicating this fishery is currently far from functional
equivalency and management decisions are made annually to reverse this situation (Cowan,
2011). The South Atlantic Red Snapper fishery has a long assessment history and is a good
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example of the challenges faced by single-species management strategies. Yet, the current
focus on functional metrics combined with stakeholder engagement (Fig. 1 inset) has borne
fruit and shows that assessment can provide a clear decision roadmap to sustainability.
Policy implementation, however, is a separate challenge that is beyond the scope of this
paper. Marine fishery management is also a good example of how challenges faced in single-
sector management are being addressed through efforts to broaden the scope of management
to include community-level and biotic-abiotic interactions (Link, 2002). For that reason, it
represents a good place to start for an examination of transferable assessment approaches.
We will next explore how this functional equivalency assessment approach, well-established
in fishery management, can be translated to other management questions, such as the
assessment of coastal nutrient loading and conservation/restoration of coastal habitat.

2.2. Chesapeake Bay ecosystem

The first example explores adaptations to the ‘No harm’ standard for decision making (Table
1). Eutrophication is a common problem in estuaries (Howarth, 2008) often caused by
excess nutrient loading (Rabalais et al., 2010). Eutrophication leads to higher primary
production, which can stimulate production in higher trophic levels, but also yields unstable
dynamics yielding episodic hypoxia, and in extreme cases increased mortality of fish and
invertebrates (Breitburg et al., 2009). Chesapeake Bay, U.S. (CB; Fig. 2) has experienced
long standing issues with eutrophication resulting from increased nutrient loading from it’s
watershed (Boynton et al., 2014), as well as documented reductions in grazing by oysters
from over-harvesting and disease (Wilberg et al., 2011). In response, federal managers, as
well as managers from the five states in the CB watershed, have developed plans to limit
nutrient loading into the Bay and restore oyster biomass (EPA, 2000). Human benefit from
increases in water quality and oyster biomass include multiple ecosystem services such as
habitat improvement, fishery productivity, aesthetics, and the economic value of the Bay,
both for residential property values and as a recreation destination (Phillips and McGee,
2014). Targets exist for reducing loading of nitrogen and phosphorus into CB (EPA, 2010b),
concentrations for cAl a (EPA, 2010a), and oyster biomass (EPA, 2000). Extensive work has
also been done in defining integrated water quality metrics based on a suite of designated
uses and derived from a combination of aquatic life requirements, a “no harm” construct,
and historical habitat use (Batiuk et al., 2009). The current designated use approach is
focused on reducing harm via hypoxia and phytoplankton blooms and provides a clear
benchmark for improvement, but it is not explicitly connected to other management sectors
or directly to benefits to people.

In a review of interrelated impacts from management in estuaries, the relationships between
reductions in nutrient loading/hypoxia and key services, such as fishery productivity, were
sometimes negative suggesting important tradeoffs may exist (Breitburg et al., 2009; Nixon
and Buckley, 2002; Riemann et al., 2016). This is a particularly important consideration for
the oyster fishery in Chesapeake Bay, which is both highly valuable and directly dependent
on pelagic primary productivity (Wilberg et al., 2013). A provision of services approach,
such as FE, would focus on these trade-offs to maximize both water quality and secondary
production to support high priority services like fisheries, recreational use, and economic
value. A comprehensive ecosystem model with functional endpoints can be used as part of

Glob Ecol Conserv. Author manuscript; available in PMC 2021 March 02.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fulford et al.

Page 7

an FE framework to assess nutrient loading and oyster biomass based on their impact on
ecosystem function. As in the fishery assessment model, we must identify the target
functions, functional metrics, and decision thresholds for those metrics useful for decision
making. Our target functions will be a sufficient level of both primary and secondary
productivity, and our first metric is the rate of primary production (g C . d™1). The
managment goal is to maintain sufficient primary productivity to support optimal secondary
production, which in turn supports multiple ecosystem services. The threshold of
phytoplankton replacement rate supports a target of reducing pelagic primary productivity
below potentially harmful levels while maintaining sufficient production (Fulford et al.,
2007). In this case, we define functional equivalency as a stable but non-blooming
phytoplankton population, which reduces the likelihood of eutrophication while not
sacrificing pelagic primary productivity necessary to secondary production. A reasonable
first-order decision threshold for phytoplankton primary productivity in this example is to
‘remove’ sufficient biomass to limit production to 35% of phytoplankton standing stock,
which is the annual mean for daily replacement rate (g C . g C . d™1) of phytoplankton in CB
(Harding et al., 2002). The removal of phytoplankton biomass necessary to achieve this rate
can occur either as reduction in the daily replacement rate via nutrient limitation or through
management of secondary foraging (e.g., oysters). This definition is highly complementary
to existing standards for ¢h/a concentration, but by focusing on a sustainable rate of pelagic
primary productivity, this decision threshold considers influence on multiple functional
objectives, and nutrient loading can be examined in models alongside phytoplankton grazing
and important measures of secondary production.

The second FE metric, based on secondary production impacted by eutrophication, is
biomass and distribution of oyster populations in CB (Brumbaugh et al., 2000; Newell et al.,
2005). Current oyster biomass is less than 1% of historic levels and oyster restoration is a
major fishery management objective in the Bay (Wilberg et al., 2011). Restoration of
oysters, in addition to benefiting the oyster fishery, impacts water clarity, stimulates
important benthic secondary production, and has potentially significant impacts on pelagic
primary production through the direct filtration of phytoplankton from the water column. For
this example, we deviate from the year by year approach in the fishery assessment example
and adopt a spatial-based assessment for proposed management actions by mechanistically
examining different spatial decision options at a fixed timepoint. This assessment makes use
of the two functional metrics (phytoplankton daily replacement rate and oyster biomass) and
decision thresholds. The target for oyster restoration Bay-wide is a 10-fold increase in
biomass but this is not implicitly tied to a functional index. We therefore will use it as a
general decision threshold, but we will use the model results to evaluate the oyster biomass
needed to achieve our functional equivalency threshold of reducing phytoplankton
production at or below annual mean replacement. A full FE evaluation would include a
formal equivalency threshold for oyster biomass as well, but this is the subject of future
work.

This example assessment was based on a mass balance model for examining the functional
equivalency of phytoplankton production in the Bay under different oyster population
scenarios currently under consideration. This is an FE threshold-based comparison of
different approaches to directed increases in oyster filtration and a comparison between
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oyster and nutrient management. The assessment employed a model-based food web
analysis that included a full suite of phytoplankton grazing effects, as well as physical
habitat features such as hypoxia (Fulford et al., 2007, 2010). Models such as these are
critical tools for informing managers on the relative impacts of multiple potential decision
options, and allow for the inclusion of a wide array of scientific data into the decision
process beyond direct measures of nutrient concentration, phytoplankton biomass, or
concentrations of chlorophyll a. The analytical outcome was that eutrophication can be
contained (i.e., stable pelagic primary production) with either a 50% reduction in nutrient
load or a 25-fold increase in oyster biomass. Yet, the reduction in pelagic primary
productivity at least partially through grazing is more likely to support functional endpoints
for secondary productivity (Fig. 3).

The current target for oyster restoration is a 10-fold increase but this increase will not impact
all CB sub-estuaries the same way. Nutrient load reduction is more effective at achieving the
FE target Bay wide, but also results in large predicted reductions in secondary production
that may negatively impact secondary production important to achieving functional targets
(Fig. 3; Fulford et al., 2010). Evaluation of oyster management options shows restoration at
the 10-fold biomass target can achieve our functional threshold for phytoplankton removal
overall under limited harvest conditions and locally in only three sub-estuaries of CB. A 25-
fold increase is needed in most sub-estuaries of CB to achieve the threshold (Fig. 4),
however in several sub-estuaries 25X increases are too high in terms of oyster filtration and
far exceed the functional target for limiting primary production suggesting a reduction in
filtration benefit and possibly negative production effects similar to nutrient load reductions.
The results of oyster restoration are spatially specific in that comparable restoration in
certain sub-estuaries of Chesapeake Bay will result in different optimal functional responses
based on current state of the local oyster population and water exchange dynamics (Fulford
et al., 2007). Sub-estuaries predicted to achieve functional equivalency can be a focal point
for functional restoration, and productivity dynamics in these sub-estuaries can be studied to
explore how to achieve similar results in other parts of CB.

Examination of management actions within an FE-based assessment allows managers to
compare Bay-wide nutrient reduction targets to restoration targets for oysters on a local scale
and evaluate where and how management decisions are most likely to contribute to
functional equivalency for primary and secondary production. This is an improvement over
existing approaches as oyster harvest and nutrient load reduction are assessed as interrelated
issues and the dependencies can be integrated into decisional guidance. Using our
assessment approach, specific sites would be recommended for oyster restoration investment
based on functional targets and an integrated model-based evaluation of effects on both
primary and secondary production. Looking Bay wide, nutrient load reduction combined
with successful oyster restoration with specific spatial targets is more likely to support
achievement of functional thresholds. Further, limited oyster harvest scenarios do not
improve functional outcomes, suggesting reef location is more important than reef quality to
production of ecosystem services. Overall, an FE assessment framework for CB would be
most useful if it included both nutrient loading and oyster biomass functional thresholds and
evaluated the collective effect of these two actions on the ecosystem function of stable
primary and secondary productivity.
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2.3. Tampa Bay ecosystem

The second example explores adaptations to the “historic target’ approach to decision
making. Tampa Bay is a shallow estuary located on the central Gulf Coast of Florida and the
Tampa area is one of the fastest growing communities in the U.S. (Fig. 2). The watershed for
Tampa Bay is comparatively small (5617 square km, 5 times the Bay surface area; Greening
and Janicki, 2006) and as a result freshwater delivery into the Bay is highly variable and
strongly correlated with recent rainfall (Yates et al., 2011). Since the late 1970’s, Tampa Bay
has been in recovery from years of high nutrient loading from both point and non-point
sources resulting in reduced water clarity, numerous harmful algal blooms, and large-scale
loss of submerged vegetation. High priority ecosystem services in Tampa Bay include water
quality and clarity, recreational fishing opportunities, and economic impacts of tourism and
coastal property values. From this point of view, ecosystem function can be best defined
based on a balance between Bay productivity and water quality. Full recovery of the lost
seagrass areal coverage was declared in 2014 (Greening et al., 2014). This recovery involved
reductions in nutrient load into the Bay and was accomplished through extensive efforts to
engage the public in reducing nutrient load sources and monitoring the recovery of the Bay.
Monitoring centered on several structural metrics for a healthy estuary developed by experts,
namely mean c//a level in the Bay and total light predicted to reach the bottom. These are
indices of recent health rather than measures of function so represent a ‘report card’
approach for gauging near-term health based on an historical target. Decision thresholds
associated with these indices exist but are not used directly for management. Rather,
evaluation takes the form of reporting progress through time, which represents assumptions
about how these indices are related to functional recovery. This is not to say the report card
approach cannot have an effect. In fact, structural recovery targets set based on historic
reference points for the Bay, including restoration of submerged vegetation, have largely
been met in recent years (Tampa Bay Estuary Program; TBEP, 2017). Nonetheless, a focus
on structural indices rather than function has two important limitations. First, with no formal
connection between indices and human benefit, the value of achieving these targets can be
hard to relate to benefits for stakeholders. Second, and more importantly, the optimal value
of these indices is hard to communicate once restoration targets have been met making them
less informative for gauging system resilience and sustainability over the long term. In
particular, the known delay in seagrass response to changes in eutrophication means that
functional targets are needed to anticipate impacts before they are observable (Cardoso et al.,
2010; Petraitis and Hoffman, 2010). Functional metrics are an improvement over structural
or empirical metrics because they can be directly linked to manageable services provided by
the ecosystem and allow for identification of potential trade-offs between management goals
such as the impact of reduced pelagic productivity on fishery production (Hondorp et al.,
2010; Riemann et al., 2016). In the case of Tampa Bay, we maintain the core goal of
improving both water quality and aquatic vegetation as a key driver of overall productivity,
but focus on a key function provided by submerged vegetation: removal of anthropogenic
nitrogen via denitrification (Seitzinger et al., 2006). Submerged vegetation has many other
values, such as fostering secondary fishery production and stabilization of bed sediment,
however the functional equivalency approach does not require all services to be included to
effectively inform management. As with the fishery example, we are interested in measuring
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function in multiple ways that are linked directly to manageable elements of the system and
have clear function-relevant thresholds to inform decision making.

In the case of Tampa Bay, the function targeted for assessment is processing excess nitrogen
delivered into the Bay, and the proposed functional metrics are annual mean anthropogenic
nitrogen load and an assessment of the amount of this annual N load removed naturally by
sea grass present in the Bay (Fig. 5). We could approach the choice of metrics in TB in the
same way we did in CB, but here SAV restoration goals have been achieved and the future
management objective is to maintain function rather than how to restore it, and this is best
achieved with a slightly different set of metrics. Seagrass denitrification rates were estimated
based on a nitrogen budget model for the Bay with published rates of nitrogen exchange
assembled by benthic habitat type (Table 2). The model output is not a restatement of SAV
coverage in different units, but accounts for spatial distribution, as well as abiotic factors
such a salinity and temperature. Nonetheless, while it is sufficient for this example, the
estimates of denitrification are a first cut estimate that can and should be improved in
practice through application of available models (Fulford et al., 2016; Rogers et al., 2017;
Tomasko et al., 2001). As in the functional assessment framework, the first metric measures
the direct outcome of a management action (i.e., controlling nitrogen load), and the second
measures its longer-term outcome in terms of ecosystem function (i.e., seagrass functional
benefits). A decision threshold for these two functional measures is the target proportion of
annual nitrogen load removed by seagrass (Fig. 5). An examination of a functional
equivalency plot over the period from 1976 to 2006, shows that the primary change over that
period has been in annual nitrogen load with a distinct reduction from 1976 to 2006.
However, if, we examine the estimated proportion of the load removed by seagrass we see
that the estimated value was lowest in 1976 at less than 10% and stabilized out during the
recovery period (2001-2006) between 20 and 30%.

This is still well below an estimated historical reference point of 46% for seagrass coverage
and nutrient loading in the 1950’s (Russell and Greening, 2015; Tomasko et al., 2005)
compared to mean nitrogen loading rates 1996-2006, but the Bay is currently considered to
be functionally equivalent to historical conditions, so achieving historic maximums may be
an unnecessarily conservative restoration target similar to achieving an unfished biomass
level in an exploited fish population. Neither is necessary to achieve management goals for
the system. In this example, we propose an annual functional target based on estimates of
nitrogen load and sea grass nitrogen removal using a lower decisional threshold of 20%
removal. This can be achieved through a reduction in nitrogen loading as is indicated by the
data in Fig. 5, but this is a low productivity solution as indicated by the location of the data
relative to the overall functional equivalency threshold. Potential exists to structure recovery
of seagrass so to achieve functional equivalency at a higher level of nitrogen loading (Fig.
5), which would allow for higher pelagic secondary productivity supported both by higher
nutrient and habitat availability. Secondary productivity in Tampa Bay is historically low in
comparison to other similar estuaries (Breitburg et al., 2009) and this suggests that
reductions in nutrient delivery into the Bay may have an important impact on pelagic
production and recreational yield, particularly for pelagic species (Hondorp et al., 2010). In
this case, the goals shift away from a water clarity metric towards a broader focus on
achieving and sustaining desired levels of ecosystem services from seagrass restoration
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based on a functional metric. This would be a clear improvement to current assessments, as
it better informs long-term sustainability of function. A shift to the ‘right” inside the
functional equivalency zone (Fig. 5) might be achieved by shifting the target from total
seagrass coverage to site specific restoration in places where nitrogen removal is predicted to
be maximized. This shift would be a viable trade-off to overall productivity in Tampa Bay
and spatially explicit models are a valuable tool for this sort of multi-sector restoration
planning.

Nitrogen removal by sea grass is a value that is best estimated with a model (e.g., Giordani
et al., 2008) and such tools exist, as do the data to inform their use. Application of functional
thresholds require model-based synthesis, and this is a more effective long-term choice than
structural indices that lack clear decisional guidance for longer term sustainability. The
chosen threshold is an example of unifying scientific information with policy. Assessment
models allow for the comparison of possible threshold values in the context of desired
outcomes and the resources necessary to achieve them. A full FE assessment in this case
would include model-based evaluation of the sea grass-nutrient load balance based on
alternative management actions. This better informs the goal of balancing nutrient loading
with Bay-wide productivity to support other services like recreational fishing and abundance
of iconic species.

3. Discussion

In these two examples, we demonstrate an approach for operationalizing integrated
ecosystem assessment based on functional endpoints. A functional equivalency approach can
be contrasted with historic and no-harm standards and opens the assessment process to better
consider trade-offs among management outcomes by keeping management objectives
focused on the desired benefits. The differences between the FE approach and more
traditional methods for defining management thresholds can be subtle and are not
represented in a simple change in metrics. The differences are reflected in the emphasis on a
policy-driven functional outcome for decision rules, increased use of model-based
prediction, and the examination of broader suite of data as a part of restoring or maintaining
function. This is a shift towards the concept of ecosystem services (Engle, 2011; Heck et al.,
2008) as a management endpoint and is easily integrated into ecosystem assessment
frameworks like the NOAA Integrated Ecosystem Assessment (Harvey et al., 2017), as well
as more general decisional frameworks like Structured Decision Making (Gregory et al.,
2012). In their description of marine ecosystem assessment in a fisheries management
context, Link et al. (2002) developed clear examples of ecosystem metrics for assessment,
but also highlighted the need for “less arbitrary” ecosystem reference points so that clear
actions can be associated with these reference points. The functional approach we advocate
here as described in Box 1 is intended to do exactly that.

The fishery assessment framework provides a transparent approach, but more importantly
includes identification of meaningful thresholds for decision making that are amenable to a
model-based assessment. The limitations of marine fishery management based on the current
single species approach is apparent in Fig. 1 and efforts to improve the process are a large
part of the model for assessment we showcase in this study. Link et al. (2002) in their
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discussion of operationalizing ecosystem-based fisheries management highlight the need for
reference points clearly tied to policy, the value of mechanistic modeling, and the need to
take a cross-disciplinary approach. Reliance on complex model-based assessment has been
criticized based on the perceived increase in uncertainty resulting from model output and
this issue has been well-studied in the application of models in fishery stock assessment
(Carmichael, 2010). The consensus view is that such uncertainty exists as risk in policy
setting, whether it is quantified or not, and model-based tools are an important aspect of
increasing transparency of this issue and focusing effort on reducing its impact on
management decision making (Lehrter and Cebrian, 2010; Martin and Johnson, 2019). The
use of FE as described in Box 1 in marine fishery assessment has demonstrated that the
acceptance of uncertainty associated with model-based assessment by policy makers and
stakeholders is strongly tied to transparency and early stakeholder engagement. These are
two steps we strongly advocate in application of a functional equivalency approach to multi-
sector assessment.

These case studies are meant to be informative examples, but the application of the
functional framework to multi-sector assessment is highly flexible to other potential metrics.
It will be most informative if these metrics are quantifiable either empirically or through
model-based assessments, sensitive to management actions under consideration, and
measure change in functional endpoints important to people (e.g., secondary productivity
can be linked to improvements in iconic species biomass). Such metrics are best established
through a collaboration of science and policy considerations, such as practiced in marine
fishery assessment (e.g., SEDAR, http://sedarweb.org/cooperator/gmfmc). The data needs
are high, and this approach will not apply equally in all systems and for all issues, yet the
use of model-based assessments aids in the process where direct empirical data are limited.
In both cases described here, management decisions had to be made based on the best
information available, and a formal assessment based on the functional equivalency
paradigm that makes full use of a model output allows for management continuity across
management sectors, while also getting the most value from all the available data.

More specifically, the functional metrics chosen in both cases include a dynamic metric
sensitive to inter-annual variability and a more stable metric responsive to longer term, more
permanent change in the ecosystem. This approach is consistent with the base approach in
that fishing mortality measures annual behavior towards sustainability and spawning stock
biomass reflects the functional change over multiple years. Both metrics are individually
informative about the state of the managed stock, but combined they provide an integrated
picture of how management affects stock sustainability. The two ecosystem examples both
include management of nutrient loads into the respective estuaries as a metric with annual
variability, but also consider a suite of long-term functional metrics (e.g., seagrass/oyster
services) that reflect how nutrient load and these other managed ecosystem elements
combine to provide functional value to human stakeholders including delays and feedback
issues such as hysteresis. These more stable metrics consider the functional value of a
reduced nutrient load and in some cases, may suggest a loading rate higher than expected is
needed to preserve biological or ecological function of the system.
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Multiple frameworks have been developed for coastal ecosystem management specifically
and complex decision making more generally (Gregory and Keeney, 2002; Harvey et al.,
2017). These frameworks have been referred to as ‘organized common sense’ as they greatly
aid the process of organizing disparate scientific information and linking it to important
management questions. Yet, it has been noted that operationalizing these frameworks for
decision making requires a clear translation of science into the language of policy (Harvey et
al., 2017). This is an area where the FE approach can greatly contribute to the utility of these
frameworks in real-world applications by defining metrics and decision thresholds strongly
supported by both scientific data and public policy objectives. Such an integration has
already occurred in Marine Fishery Management through the SEDAR framework (SAFMC,
2009) and we have demonstrated here that it can be expanded to consider other multiple
management issues.

4. Conclusions and way forward

A functional equivalency approach to estuarine ecosystem assessment has the potential to
advance the sophistication of decision making beyond single-sector assessment and allow
for the maximum use of available scientific information in the decision process. This is an
improvement over more traditional assessments, which employ approachable indices (e.g.,
spatial coverage) but fail to assess improvement in sustainable ecosystem services (e.g.,
nitrogen sequestration and productivity) or important trade-offs between management
sectors (e.g., nutrients and fisheries). The data requirements of the FE approach are high, yet
the use of assessment modeling greatly aids in estimation. Model-based assessments are
commonly used and accepted for decision making in marine fishery management, and while
the same is not generally true for nutrient management, the modeling tools are available
(Hagy and Murrell, 2007; Stow et al., 2003). The dependence of an FE approach on
stakeholder input for determining thresholds is also high, but this provides an opportunity
for improving both management outcomes and stakeholder acceptance. The functional
equivalency approach includes five important steps that we see as critical to a successful
transfer to ecosystem management (Box 1). Future work will involve an application of the
approach and a full vetting of both FE metrics and the associated functional thresholds with
stakeholders. The application of the functional equivalency approach to sustaining the
ecosystem services of estuaries can help to operationalize existing ecosystem management
frameworks for decision making.

Acknowledgements

We acknowledge all those who aided in data collection and analysis, as well as those involved in the development of
the models used in this study. In particular, we acknowledge Michael Lewis and Holly Greening for their comments
and assistance. This paper was greatly improved by the comments of two anonymous reviewers and we thank them
for their efforts. The views expressed in this paper are those of the authors and do not necessarily reflect the views
or policies of the U.S. Environmental Protection Agency.

References

Batiuk RA, Breitburg DL, Diaz RJ, Cronin TM, Secor DH, Thursby G, 2009 Derivation of habitat-
specific dissolved oxygen criteria for Chesapeake Bay and its tidal tributaries. J. Exp. Mar. Biol.
Ecol 381, S204-S215.

Glob Ecol Conserv. Author manuscript; available in PMC 2021 March 02.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fulford et al.

Page 14

Boynton WR, Hodgkins CLS, O’Leary CA, Bailey EM, Bayard AR, Wainger LA, 2014 Multi-decade
responses of a tidal creek system to nutrient load reductions: mattawoman creek, Maryland USA.
Estuar. Coasts 37, S111-S127.

Breitburg DL, Craig JK, Fulford RS, Rose KA, Boynton WR, Brady DC, Ciotti BJ, Diaz RJ, Friedland
KD, Hagy 111 JD, Hart DR, Hines AH, Houde ED, Kolesar SE, Nixon SW, Rice JA, Secor DH,
Targett TE, 2009 Nutrient enrichment and fisheries exploitation: interactive effects on estuarine
living resources and their management. Hydrobiologia 629, 31-47.

Brumbaugh RD, Sorabella LA, Garcia CO, Goldshorough WJ, Wesson JA, 2000 Making a case for
community-based oyster restoration: an example from Hampton Roads, Virginia, USA. J. Shellfish
Res 19, 467-472.

Cardoso PG, Leston S, Grilo TF, Bordalo MD, Crespo D, Raffaelli D, Pardal MA, 2010 Implications
of nutrient decline in the seagrass ecosystem success. Mar. Pollut. Bull 60, 601-608. [PubMed:
19963229]

Carmichael J, 2010 Characterizing and Presenting Assessment Uncertainty: SEDAR Procedural
Workshop IV. Southeast Fishery Management Council Charleston, SC

Cowan JH, 2011 Red snapper in the Gulf of Mexico and US South Atlantic: data, doubt, and debate.
Fisheries 36, 319-331.

Davies SP, Jackson SK, 2006 The biological condition gradient: a descriptive model for interpreting
change in aquatic ecosystems. Ecol. Appl 16, 1251-1266. [PubMed: 16937795]

Engle VD, 2011 Estimating the provision of ecosystem services by Gulf of Mexico coastal wetlands.
Wetlands 31, 179-193.

EPA, 2000 Chesapeake 2000 Bay Agreement US EPA Chesapeake Bay Program, Annapolis, MD.

EPA, 2004 Environmental Protection Agency - Technical Support Document for Identification of
Chesapeake Bay Designated Uses and Attainability - 2004 Addendum EPA 903-R-04-006 U.S.
Environmental Protection Agency, Region 3 Chesapeake Bay Program Office, 31 pp.

EPA, 2010a Environmental Protection Agency - Ambient Water Quality Criteria for Dissolved
Oxygen, Water Clarity, and Chlorophyll a for Chesapeake Bay and its Tidal Tributaries - 2010
Technical Support for Criteria Assessment Protocols Addendum EPA 903-R-10-002. Region 3
Chesapeake Bay Program Office Annapolis, MD.

EPA, 2010b Environmental Protection Agency - Chesapeake Bay Total Maximum Daily Load for
Nitrogen, Phosphorus, and Sediment U.S. Environmental Protection Agency, U.S. EPA Region 3 -
Chesapeake Bay Program Office Annapolis, Maryland, 93 pp.

Fulford RS, Breitburg DL, Luckenbach M, Newell RIE, 2010 Evaluating ecosystem response to oyster
restoration and nutrient load reduction with a multispecies bioenergetics model. Ecol. Appl 20,
915-934. [PubMed: 20597280]

Fulford RS, Breitburg DL, Newell RIE, Kemp WM, Luckenbach M, 2007 Effects of oyster population
restoration strategies on phytoplankton biomass in Chesapeake Bay: a flexible modeling approach.
Mar. Ecol. Prog. Ser 336, 43-61.

Fulford RS, Peterson MS, Wu W, Grammer PO, 2014 An ecological model of the habitat mosaic in
estuarine nursery areas: Part l1-Projecting effects of sea level rise on fish production. Ecol. Model
273, 96-108.

Fulford RS, Russell M, Rogers JE, 2016 Habitat restoration from an ecosystem goods and services
perspective: application of a spatially explicit individual-based model. Estuar. Coasts 1-15.

Fulton EA, Link JS, Kaplan IC, Savina-Rolland M, Johnson P, Ainsworth C, Horne P, Gorton R,
Gamble RJ, Smith ADM, Smith DC, 2011 Lessons in modelling and management of marine
ecosystems: the Atlantis experience. Fish Fish 12, 171-188.

Gerritsen J, Bouchard RW, Zheng L, Leppo EW, Yoder CO, 2017 Calibration of the biological
condition gradient in Minnesota streams: a quantitative expert-based decision system. Freshw. Sci
36, 427-451.

Giordani G, Austoni M, Zaldivar JM, Swaney DP, Viaroli P, 2008 Modelling ecosystem functions and
properties at different time and spatial scales in shallow coastal lagoons: an application of the
LOICZ biogeochemical model. Estuar. Coast Shelf Sci 77, 264-277.

Glob Ecol Conserv. Author manuscript; available in PMC 2021 March 02.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fulford et al.

Page 15

Greening H, Janicki A, 2006 Toward reversal of eutrophic conditions in a subtropical estuary: water
quality and seagrass response to nitrogen loading reductions in Tampa Bay, Florida, USA.
Environ. Manag 38, 163-178.

Greening H, Janicki A, Sherwood ET, Pribble R, Johansson JOR, 2014 Ecosystem responses to long-
term nutrient management in an urban estuary: Tampa Bay, Florida, USA. Estuar. Coast Shelf Sci
151, A1-A16.

Gregory R, Failing L, Harstone M, Long G, McDaniels T, Ohlson D, 2012 Structured Decision
Making: A Practical Guide to Environmental Management Choices Wiley-Blackwell, London,
UK.

Gregory RS, Keeney RL, 2002 Making smarter environmental management decisions. J. Am. Water
Resour. Assoc 38, 1601-1612.

Hagy JD, Murrell MC, 2007 Susceptibility of a northern Gulf of Mexico estuary to hypoxia: an
analysis using box models. Estuar. Coast Shelf Sci 74, 239-253.

Harding LW, Mallonee ME, Perry ES, 2002 Toward a predictive understanding of primary productivity
in a temperate, partially stratified estuary. Estuar. Coast Shelf Sci 55, 437-463.

Harvey C, Kelble C, Schwing FB, 2017 Implementing “the IEA”: using integrated ecosystem
assessment frameworks, programs, and applications in support of operationalizing ecosystem-
based management. ICES J. Mar. Sci 74, 398-405.

Heck KL Jr., Cebrian J, Powers S, Majors K, Byron D, Plutchak R, Geraldiz N, 2008 Ecosystem
services provided by oyster reefs: an experimental assessment. J. Shellfish Res 27, 1015-1015.

Hein L, 2010 Economics and Ecosystems: Efficiency, Sustainability and Equity in Ecosystem
Management

Hondorp DW, Breitburg DL, Davias LA, 2010 Eutrophication and fisheries: separating the effects of
nitrogen loads and hypoxia on the pelagic-to-demersal ratio and other measures of landings
composition. Mar. Coast. Fish 2, 339-361.

Howarth RW, 2008 Coastal nitrogen pollution: a review of sources and trends globally and regionally.
Harmful Algae 8, 14-20.

Janicki A, Wade D, 1996 Estimating Critical External Nitrogen Loads for the Tampa Bay Estuary: an
Empirically Based Approach to Setting Management Targets. Tampa Bay Estuary Program 06-96
(Tampa, FL USA)

Kang C-K, Choy EJ, Son Y, Lee J-Y, Kim JK, Kim Y, Lee K-S, 2008 Food web structure of a restored
macroalgal bed in the eastern Korean peninsula determined by C and N stable isotope analyses.
Mar. Biol 153, 1181-1198.

Kentula ME, 2000 Perspectives on setting success criteria for wetland restoration. Ecol. Eng 15, 199—
200.

La Peyre MK, Gossman B, Nyman JA, 2007 Assessing functional equivalency of nekton habitat in
enhanced habitats: comparison of terraced and unterraced marsh ponds. Estuar. Coasts 30, 526—
536.

Lehrter JC, Cebrian J, 2010 Uncertainty propagation in an ecosystem nutrient budget. Ecol. Appl 20,
508-524. [PubMed: 20405803]

Levin PS, 2013 Guidance for implementation of integrated ecosystem assessment: a US perspective.
ICES J. Mar. Sci 71, 1198-1204.

Lewis MA, Kirschenfeld JT, Goodhart T, 2016 Environmental Quality of the Pensacola Bay System:
Retrospective Review for Future Resource Management and Rehabilitation US Environmental
Protection Agency, Pensacola, FL USA.

Link JS, 2002 Ecological considerations in fisheries management: when does it matter? Fisheries 27,
10-17.

Link JS, 2018 System-level optimal yield: increased value, less risk, improved stability, and better
fisheries. Can. J. Fish. Aquat. Sci 75, 1-16.

Link JS, Brodziak JKT, Edwards SF, Overholtz WJ, Mountain D, Jossi JW, Smith TD, Fogarty MJ,
2002 Marine ecosystem assessment in a fisheries management context. Can. J. Fish. Aquat. Sci 59,
1429-1440.

Glob Ecol Conserv. Author manuscript; available in PMC 2021 March 02.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fulford et al.

Page 16

Llewellyn C, La Peyre M, 2011 Evaluating ecological equivalence of created marshes: comparing
structural indicators with stable isotope indicators of blue crab trophic support. Estuar. Coasts 34,
172-184.

Martin DM, Johnson FA, 2019 Incorporating uncertainty and risk into decision making to reduce
nitrogen inputs to impaired waters. J. Environ. Manag 249.

Methot RD, 2009 Stock assessment: operational models in support of fisheries management In:
Beamish RJ, Methot RD (Eds.), The Future of Fisheries Science in North America. 137 Fish and
Fisheries Science Series Springer Science B.V.

Miller TJ, Swanson AP, 2001 The Precautionary Approach to Managing Blue Crab in Chesapeake
Bay: Establishing Limits and Targets University of Maryland Center for Environmental Science
UMCES Tech Ser No TS-340-01-CBL, Solomons, MD.

Newell RIE, Fisher TR, Holyoke RR, Cornwell JC, 2005 Influence of eastern oysters on nitrogen and
phosphorus regeneration in Chesapeake bay, USA In: Dame R, Olenin S (Eds.), The Comparative
Roles of Suspension Feeders in Ecosystems Springer, Netherlands, pp. 93-120.

Nixon SW, Buckley BA, 2002 “A strikingly rich zone” - nutrient enrichment and secondary production
in coastal marine ecosystems. Estuaries 25, 782-796.

NOAA, 2007 Magnuson-Stevens Fishery Conservation and Management Act, Public Law 94-265
National Ocean and Atmospheric Administration, Silver Springs, MD.

O’Higgins T, Cooper P, Roth E, Newton A, Farmer A, Goulding IC, Tett P, 2014 Temporal constraints
on ecosystem management: definitions and examples from Europe’s regional seas. Ecol. Soc 19.

Petraitis PS, Hoffman C, 2010 Multiple stable states and relationship between thresholds in processes
and states. Mar. Ecol. Prog. Ser 413, 189-200.

Phillips S, McGee B, 2014 The Economic Benefits of Cleaning up the Chesapeake: A Valuation of the
Natural Benefits Gained by Implementing the Chesapeake Clean Water Blueprint Chesapeake Bay
Foundation, Annapolis, MD.

Rabalais NN, Diaz RJ, Levin LA, Turner RE, Gilbert D, Zhang J, 2010 Dynamics and distribution of
natural and human-caused hypoxia. Biogeosciences 7, 585-619.

Ranade P, Soter G, Russell M, Harvey J, Murphy K, 2015 EPA H20 Tool User Manual US EPA Gulf
Breeze, FL.

Riemann B, Carstensen J, Dahl K, Fossing H, Hansen JW, Jakobsen HH, Josefson AB, Krause-Jensen
D, Markager S, Staehr PA, Timmermann K, Windolf J, Andersen JH, 2016 Recovery of Danish
coastal ecosystems after reductions in nutrient loading: a holistic ecosystem approach. Estuar.
Coasts 39, 82-97.

Rogers JE, Russell MJ, Harwell MC, 2017 Improved method for calibration of exchange flows for a
physical transport box model of Tampa bay, FL, USA. J. Coast. Res 33, 972-988.

Russell M, Greening H, 2015 Estimating benefits in a recovering estuary: Tampa bay, Florida. Estuar.
Coasts 38, S9-S18.

SAFMC, 2009 SEDAR 15 Stock Assessment Report 1 South Atlantic Red Snapper South Atlantic
Fishery Management Council, North Charleston, SC.

SEDAR, 2016 Southeast Data Assessment and Review - Data Best Practices: Living Document -
September 2016 SEDAR, North Charleston SC available online at. http://sedarweb.org/sedar-data-
best-practices, 115 pp.

Seitzinger S, Harrison JA, Bohlke JK, Bouwman AF, Lowrance R, Peterson B, Tobias C, Van Drecht
G, 2006 Denitrification across landscapes and waterscapes: a synthesis. Ecol. Appl 16, 2064-2090.
[PubMed: 17205890]

Shumchenia EJ, Pelletier MC, Cicchetti G, Davies S, Pesch CE, Deacutis CF, Pryor M, 2015 A
biological condition gradient model for historical assessment of estuarine habitat structure.
Environ. Manag 55, 143-158.

Stow CA, Roessler C, Borsuk ME, Bowen JD, Reckhow KH, 2003 Comparison of estuarine water
quality models for total maximum daily load development in Neuse River Estuary. J. Water
Resour. Plan. Manag. -ASCE 129, 307-314.

TBEP, 2017. 2016 Tampa Bay Water Quality Assessment Tampa Bay Estuary Program (Tampa, FL
USA).

Glob Ecol Conserv. Author manuscript; available in PMC 2021 March 02.


http://sedarweb.org/sedar-data-best-practices
http://sedarweb.org/sedar-data-best-practices

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fulford et al.

Page 17

Tomasko DA, Bristol DL, Ott JA, 2001 Assessment of present and future nitrogen loads, water quality,
and seagrass (Thalassia testudinum) depth distribution in Lemon Bay, Florida. Estuaries 24, 926—
938.

Tomasko DA, Corbett CA, Greening H, Raulerson GE, 2005 Spatial and temporal variation in seagrass
coverage in southwest Florida: assessing the relative effects of anthropogenic nutrient load
reductions and rainfall in four contiguous estuaries. Mar. Pollut. Bull 50, 797-805. [PubMed:
16115497]

Weijerman M, Gove J, Williams I, Walsh W, Minton D, Polovina J, 2018 Evaluating management
strategies to optimise coral reef ecosystem services. J. Appl. Ecol 1-11, 2018.

Wilberg MJ, Livings ME, Barkman JS, Morris BT, Robinson JM, 2011 Overfishing, disease, habitat
loss, and potential extirpation of oysters in upper Chesapeake Bay. Mar. Ecol. Prog. Ser 436, 131-
144,

Wilberg MJ, Wiedenmann JR, Robinson JM, 2013 Sustainable exploitation and management of
autogenic ecosystem engineers: application to oysters in Chesapeake Bay. Ecol. Appl 23, 766-776.
[PubMed: 23865228]

Wu W, Yeager KM, Peterson MS, Fulford RS, 2015 Neutral models as a way to evaluate the sea level
affecting marshes model (SLAMM). Ecol. Model 303, 55-69.

Yanez-Arancibia A, Day JW, Reyes E, 2013 Understanding the coastal ecosystem-based management
approach in the Gulf of Mexico. J. Coast. Res. 63 Special, 244-262.

Yates KK, Greening H, Morrison G, 2011 Integrating Science and Resource Management in Tampa
Bay, Florida USA, vol. 1348 U. S. Geological Survey Circular, p. 280 available at. https://
pubs.usgs.gov/circ/1348].

Glob Ecol Conserv. Author manuscript; available in PMC 2021 March 02.


https://pubs.usgs.gov/circ/1348/
https://pubs.usgs.gov/circ/1348/

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fulford et al.

Page 18

Box 1

Steps of a functional equivalency approach to ecosystem management:

Choose assessment metrics that reflect chosen functional objectives (e.g.,
resource sustainability).

Choose decision thresholds for these metrics that are sensitive to loss of
function, reflect uncertainty, and reflect policy-based levels of acceptable risk
for loss of function.

Choose assessment models that are sensitive to management-based alterations
of the system, estimate chosen metrics, and directly inform on decision
thresholds.

Consider how to use the framework at varying levels of data availability and
quality [decisions always must be made].

Engage stakeholders in both the development of functional metrics and
associated thresholds, as well it’s application for management.
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Fig. 1.
Time series figure for Red snapper (Lutfanus campechanus) assessment showing condition

of the stock by year (1945-2006) based on two functional metrics. Inset graph shows most
recent ten years in this timeseries (1996-2006), which is the period of functional assessment
as described in this paper. The assessment model indices are spawning stock biomass and
fishing mortality rate and the functional thresholds are Minimum Stock Size Threshold
(MSST) and Maximum Fishery Mortality Threshold (MFMT). Thresholds are based on a
model estimate of maximum sustainable fishery yield (SEDAR, 2016).
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Fig. 2.
Location of two example estuarine ecosystems: Chesapeake Bay and Tampa Bay, FL.
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Comparison of proportional change in pelagic primary production from three levels of
Chesapeake Bay wide oyster restoration and a 50% reduction in Bay wide nutrient loading
rate. Oyster biomass is increased from a baseline value specific to individual sub-estuaries
and monitoring segments of the main Bay. Results are summarized from Fulford et al.,
(2010).
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Fig. 4.
Functional equivalency (FE) plot for nutrient-oyster management question in Chesapeake

Bay (CB). The chosen FE indices (Mean annual phytoplankton specific growth rate rate/
oyster biomass increase) are plotted and the target thresholds are indicated by horizontal
(phytoplankton replacement rate) and vertical (oyster population restoration target) solid
lines. Points are for projected impacts in specific individual sub-estuaries of CB. Symbol fill
indicates targeted Bay wide oyster restoration and shape indicates one of three restoration
scenarios examined (1) Restoration in place, 2) Restoration only in targeted estuaries, 3)
Restoration with harvest restrictions to maximize oyster mean size on reefs). This plot shows
example localities with predicted state under current conditions (large circle, vertical
hatching) and transitions that meet functional targets (large circles, box hatching) or far
exceed targets (large circle, slanted hatching) to show how projections can be used to
identify functionally equivalent scenarios.
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Fig. 5.

Functional equivalency (FE) plot for nutrient-seagrass management question in Tampa Bay,
FL. The chosen FE indices (nutrient loading rate and proportion of annual N load removed
by seagrass) are plotted and the thresholds are indicated by linear relationships (solid lines)
of constant proportion. Estimated historical patterns are shown (hatched line) for reference.
A ‘right” shift from the current management strategy emphasizing reductions in bay nutrient
load to one that balances seagrass coverage with overall system productivity is indicated by
the arrow leading to an example of a functionally equivalent target (solid circle) farther
along the nutrient axis.
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Example contrast of fishery management and nutrient management under the three described methods for
setting management criteria. The term TMDL refers to Total Maximum Daily Load.

Management criteria strategy

Fishery management example

Generic nutrient loading example

Historic target — primary goal is to restore
system to known historic state ofa reference
ecosystem component.

No harm - primary goal is to reduce observed
harm to one or more ecosystem components.

Functional equivalency — primary goal is to
restore and maintain specific ecosystem
function(s) to a policy-based level set based
on acceptable risk.

Fishing mortality set to be no higher than
estimates from Year X when the population
was viewed as healthy.

Fishing mortality minimized or eliminated
to remove negative impacts on an iconic
species (e.g., sturgeon)

Fishing mortality set at maximal rate that
allows for pre-determined level of
population stability through time (e.g., five-
year review cycle)

TMDL set to past, known loading rate when
estuary was viewed as healthy.

TMDL targets reduction in loading rate to
level associated with a target reduced harm
such as minimizing or eradicating hypoxia.

TMDL set as a part of an estuary nutrient
budget to a target associated with maintaining
secondary production established as sufficient
to sustain both desired fish community
biomass and water quality.
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Table 2

Nitrogen removal as denitrification by estuarine habitat type used in nitrogen budget model for Tampa Bay,
FL. Denitrification is converted to function by restating as percentage of total nitrogen removal and percentage
of the known nitrogen loading rate from anthropogenic sources in a reference year (2006).

Habitat type  Annual mean denitrification rate (kg N/ha/d)  Areal coverage (ha) % removal % loading (2006)

SAV 0.246 11998 0.17 0.39
Wetlands 0.046 7906 0.02 0.05
Sediment 0.05 68296 0.2 0.46
*Burial 0.002 *38200 0.01 0.023

*
Burial is included as a component of all habitat types to distinguish this from denitrification. Data were compiled specifically for Tampa Bay
(Ranade et al., 2015).
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