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ABSTRACT

Assessing ecosystem-level status is a challenge, and several indices from information theory
are used to assess the status of ecosystems. Food web networks are generally used in these
assessments, but we have applied them to simpler networks of nitrogen cycling. Specifically, we
indexed status in the framework of ecosystem health and three of its attributes: organization,
vigor, and resilience, respectively indexed by ascendency (A), total system throughput (TST),
and overhead (O). These indices were derived from seasonal networks of nitrogen cycles in two
coastal lagoons: the Hog Island Bay, Virginia, and the Sacca di Goro, Emilia Romagna, Italy.
The sites represent a large range of nutrient loading and subsequent trophic conditions from
mesotrophic to hypereutrophic and dystrophic. As the degree of eutrophication (indexed through
TN loading) increased, the cycling, efficiency of use of nitrogen, and degree of organization
decreased. Indeterminacy of flows, as redundancy, increased. A problem of spurious correla-
tions arose in the empirical analysis of ascendency vs. overhead because they share the same
TST as a component. We propose that log transformations of TST can lessen the problem and
might be used more generally in the empirical applications of information indices. Our results
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are encouraging but illustrate the point that, while ecosystem-level assessments with theoreti-
cal foundations are increasingly possible, there remains considerable need for validation with
empirical information.

Key Words: eutrophication, coastal lagoons, Sacca di Goro, Hog Island Bay, macroalgae, ascen-
dency, spurious correlation

4.1 INTRODUCTION

Ecosystem-based management is challenged by the need for assessments of system-level status
(Dame and Christian 2006). Traditional assessments of coastal aquatic ecosystems focused on
population dynamics or community structure. These have been used in numerous situations in
estuaries, coastal lagoons, and coastal waters among other systems (Niemi and McDonald 2004;
Jgrgensen et al. 2005). Assessments of ecosystem function or structure have had a shorter and less
pervasive history. This is not to say that coastal aquatic ecosystems have not been assessed. Bricker
etal. (1999, 2007) provided national assessments of the impacts of eutrophication on coastal aquatic
ecosystems, and the Millennium Ecosystem Assessment (2005) included coastal systems from a
global perspective. These are excellent frameworks for large-scale policy making, but may lack
detailed observations necessary for management of individual systems.

Ecological network analysis (ENA) has been used to assess ecosystem status of individual (Baird
and Ulanowicz 1989) and multiple aquatic ecosystems (Christensen 1995). ENA begins with the
formal description of ecosystem components and the interactions between them as networks. The
interactions are mostly associated with feeding and trophic structure, but biogeochemical cycles
(Christian et al. 1996, 1998; Bondavalli 2003) have also been studied. Analyses result in indicators
of: (1) strength of direct and indirect interactions; (2) relative importance of components to overall
activity; (3) amount of flow involved in cycling vs. passing through the system; and (4) overall sta-
tus of development, structure, and activity. Agencies focused on fisheries management use ENA of
trophic structure to characterize aquatic ecosystems and to aid decision making (Christensen and
Pauly 1993; Dame and Christian 2006).

Here we explore the use of ENA of nitrogen cycles in coastal lagoons to assess ecosystem status
as “ecosystem health” defined by Costanza (1992) and interpreted for ENA by Ulanowicz (1997).
Healthy ecosystems function well and are structured to do so, whereas less healthy ecosystems are
not performing these functions as well (Costanza 1992). The image of health for ecosystems is less
clear than for individual organisms with better defined boundaries. Furthermore, the term conveys
a bias that promotes normative science (Lackey 2001). However, thoughtful implications and activi-
ties have arisen from the concept (Jorgensen et al. 2005). Ecosystem health is also linked to other
aspects of status. Westra (1995) used ecosystem “integrity” as a generalization and extension of
“health.” The chief difference is that the notion of health is good performance (at processing mate-
rials), whereas ecosystem integrity references the “wild” condition. Integrity is perceived in the
broader context of human cultural, political, and socioeconomic activities.

Synthesizing a longer list, Costanza (1992) defined ecosystem health through three attributes:
organization, resilience, and vigor. He gave examples for each attribute, but his examples were
not meant to be all-inclusive. Organization could be represented as biodiversity or connectivity.
Resilience could be represented as response to perturbation to either resist change or return to some
nominal condition. In addition, vigor could be represented as productivity or rate of metabolism.
His “health index” was the product of indices of these three attributes. He recognized the value of
ecological network analysis in developing the indices but did not fully develop specific ENA indices.
He did, however, suggest that eutrophication would increase metabolism (vigor), while decreasing
organization and resilience. Ulanowicz (1997) interpreted the three aspects of ecosystem health in
the context of his information theoretic ENA indices (Ulanowicz 1986, 1992; Ulanowicz and Norden
1990), including flow diversity (H), constrained flow structure or average mutual information (AMI),
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and unconstrained flow structure (S). The total sum of flows (i.e., total system throughput, TST) is
multiplied by each index, yielding developmental capacity, ascendency, and overhead, respectively.

Information theoretic indices reflect Costanza’s three components of ecosystem health quite
appropriately (Ulanowicz 1992). Mutual information reflects the degree to which two variables are
dependent on each other. Organization appears to be characterized by the average mutual informa-
tion (AMI), as a system measure of the direct mutual influence of different compartments directly
on one another. Resilience can be represented by the unconstrained flows through S. S increases
with evenness of flows for both donor and recipient compartments and number of flows. These flows
include imports, exports, dissipation or respiration, and interactions within the system. A major con-
tribution to S consists of the number of parallel pathways among these flows, where resiliency and S
increase, as more options exist for a unit of material or energy to pass through the system (functional
redundancies). In other words, removal or reduction of a small number of links has less impact on
overall flow as resiliency increases. Finally, vigor can be represented by TST, a measure of the activ-
ity of the system. Vigorous systems are expected to have higher TST. Because ascendency is the
product of AMI and TST and overhead is the product of S and TST, Ulanowicz (1997) proposed a
graph of ascendency vs. overhead to represent a phase plane of ecosystem health (Figure 4.1).

Coastal aquatic ecosystems are subject to numerous human impacts and stressors (Kennish
1999; Peterson et al. 2008). These include enrichment of nutrients and organic matter, alterations
to sediment delivery, habitat disruption, contaminant pollution, overharvesting of resources, and
now the consequences of climate change. These alter ecosystem functions and health. Of particu-
lar interest are the impacts of eutrophication. Viaroli et al. (2008) reviewed how eutrophication
of shallow, coastal lagoons alters community structure and biogeochemistry. Dominant primary
producer communities often shift away from rooted aquatic vegetation to macroalgae and blooming
phytoplankton as nutrient loading increases. These changes alter biogeochemical cycling. To assess
these changes, we construct and analyze nitrogen networks of different habitats, containing differ-
ent distributions of growth forms of primary producers, of two coastal lagoons with different levels
of eutrophication. We focused on nitrogen, as it is often the primary controlling nutrient to primary
production and thereby the health of coastal ecosystems (Kennish 1999; Bricker et al. 1999, 2007,
Viaroli et al. 2008).

Ecological network analyses of nitrogen cycles have not been conducted as extensively as those of
trophic structure. Christian et al. (1996) compared the nitrogen networks of three coastal lagoons, an
estuary, and a rice field. These systems represented a range of eutrophication, primary production,
hydrogeomorpology, and distribution of primary production associated with phytoplankton, macro-
algae, and phanerogams. Residence time of water within the systems promoted recycling, where the
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FIGURE 4.1 The three components of ecosystem health (organization, resilience, and vigor) proposed by
Costanza (1992) as diagrammed, using network indices (ascendency, overhead, and total system throughput).
(From Mageau, M.T., R. Costanza, and R.E. Ulanowicz, Ecosys. Health 1: 201-213, 1995. With permission.)
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degree of recycling was also positively correlated to the proportion of primary productivity associ-
ated with phytoplankton. This was also found in a more developed analysis of 16 seasons of nitrogen
cycling within the Neuse River Estuary (Christian and Thomas 2003).

Information indices were not used to evaluate these networks of nitrogen cycling. The networks of
nitrogen cycling contained only five to seven compartments with highly aggregated consumer com-
partments, in contrast to networks focused on trophic structure with perhaps tens of compartments.
Christian et al. (1996) expressed concern that small networks may not provide the flexibility to use
information theory. We reevaluate this contention using networks of nitrogen cycling for two coastal
lagoons that represent mesotrophic and hypereutrophic conditions. Specifically, we evaluate the abil-
ity of information indices to quantify ecosystem status within the framework of Ulanowicz (1997)
based on Costanza (1992). Further, we assess other ENA indices and compare them to the informa-
tion indices. This represents the first such empirical test of this ecosystem health framework.

4.2 METHODS
4.2.1 Stupy SITES

Two well-studied coastal lagoons with very different trophic conditions were assessed for network
construction and analysis: Hog Island Bay (HIB), Virginia, USA (37° 26" N, 75° 45" W) and Sacca
di Goro (GOR), Italy (44° 48’ N, 12° 18’ E). Hog Island Bay is a large, shallow coastal lagoon
(area =100 km?, depth <1-2 m at mean low water with the exception of a deep main channel)
on the eastern shore of the Delmarva Peninsula and is part of the Virginia Coast Reserve (VCR)
Long Term Ecological Research (LTER) Site (http:/www.vcrlter.virginia.edu/). The Sacca di Goro
(area =26 km?, mean depth =1.5 m) is at the mouth of the Po River, receiving water from nutrient-
rich distributaries, the Po di Volano and Po di Goro.

Large differences in nutrient loading are represented with numerous low and high rates to Hog
Island Bay and the Sacca di Goro, respectively. Since no large rivers feed Hog Island Bay, nutrient
inputs from the watersheds are via groundwater and atmospheric deposition (Anderson et al. unpub-
lished data). The shallow aquifer is enriched in nitrogen primarily from agricultural activities which
represent 55% of the Hog Island Bay watershed (442 km?) (Bohlke and Denver 1995; Hamilton and
Helsel 1995; Gu et al. 2008). Baseflow nutrient loading rates to Hog Island Bay are low compared
to other lagoons (Chauhan and Mills 2002; Stanhope 2003; Stanhope et al. 2009), in part due to a
high removal of NO,~ from groundwater discharging to the streams by denitrification in a narrow
band of sediments and bank materials (Flewelling personal communication). The Po di Volano is
the major source of nutrients into the Sacca di Goro with a total loading of dissolved nitrogen from
all sources exceeding demand most of the time (Christian et al. 1998; Viaroli et al. 2005; Giordani
et al. 2008).

Both systems have macroalgae, microphytobenthos, and phytoplankton but their importance
within the systems and among habitats differs. Hog Island Bay was formerly vegetated with sea-
grasses, which disappeared in the 1930s as a result of the storm disturbance of disease-weakened
populations (Orth et al. 2006). Microphytobenthos and macroalgae are currently the dominant pri-
mary producers in the lagoon; however, both natural recolonization of seagrass and recent resto-
ration efforts (since 2006) have increased seagrass areal coverage in localized areas. Benthos is
generally net autotrophic except in localized, mid-lagoon areas where macroalgae accumulate and
decay in mid-summer (McGlathery et al. 2001). The water column is typically net heterotrophic
throughout the lagoon except following the mid-summer macroalgal collapse.

Sacca di Goro locations exhibit large amounts of primary production and standing stocks
by macroalgae with mid- to late summer dystrophy (Viaroli et al. 2001; Giordani et al. 2008).
Gracilaria and Ulva spp. dominate different regions of the lagoon, with the dynamics of Ulva spp.
most significant to dystrophy (Viaroli et al. 1992). Little microphytobenthic or phytoplankton pro-
duction has been noted (Christian et al. 1998; Viaroli and Christian 2003).
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We consider Hog Island Bay and the Sacca di Goro to be mesotrophic and hypereutrophic
lagoons, respectively, largely on the basis of nitrogen loading and general characteristics of primary
production. External nutrient loading and variations in water residence time from the ocean inlet to
the mainland creeks result in gradients of nutrient inputs and sediment organic matter across Hog
Island Bay, with the highest concentrations of dissolved nitrogen and sediment organic matter found
closest to the mainland (McGlathery et al. 2001). We captured that gradient in our sampling sites as
Creek (Crk) near the mainland, Shoal (Shl), and near Hog Island (HI) (Figure 4.2a). High produc-
tion rates are supported mostly by remineralization in the sediments and efficient internal nutrient
cycling. Microphytobenthos control benthic—pelagic nutrient coupling (Anderson et al. 2003); in
particular, nitrogen uptake by benthic algae suppresses denitrification to negligible rates and pre-
vents the efflux of mineralized nitrogen from the sediment to the water column (Havens et al. 2001;
Tyler et al. 2001, 2003; Anderson et al. 2003).

Two habitats [Gorino (Gor) and Giralda (Gir)] were assessed for the Sacca di Goro (Figure 4.2b).
Dystrophy is most common in the very shallow and hydrologically isolated area of Gorino with
intense growth of Ulva spp. (Viaroli et al. 1992). In contrast, Gir is largely devoid of macroalgae
(Bartoli et al. 2001a), and microphytobenthos contribute significantly to overall primary production.
One important aspect of the ecology of the Sacca di Goro is the farming of the Philippine clam,
Tapes philippinarum. This invasive but farmed species dominates much of the benthos and can
control much of the flux of oxygen and nutrients between the sediments and water column (Bartoli
et al. 2001b; Nizzoli et al. 2007).

4.2.2 NETWORK CONSTRUCTION

We constructed our networks of nitrogen cycling during two periods at each habitat (three in Hog
Island Bay (HIB) and two in the Sacca di Goro (GOR)). A presumably more productive period in
spring and early summer (Sp; March to June) was compared to a presumably less productive period
in late summer and early autumn (Su; August to October).

The generalized network (Figure 4.3), and specific modifications for period and habitat were sim-
ilar to those described by Christian et al. (1996). Dimensional units of standing stock were mmol N
m~2, and flows were mmol N m—2 d-!. Three compartments were used for primary producers: phyto-
plankton (PHY), macroalgae (MAC), and microphytobenthos (MPB). Rooted phanerogams were
not present in any of the habitats. Dissolved nitrogen was divided into separate inorganic (DIN) and
organic (DON) compartments. The trypton (TRP) compartment contained non-phytoplankton N in
seston including any consumer organisms. Estimates of the importance of size of aquatic consumers
to nitrogen cycling indicate that planktonic-sized consumers, included in seston, dominate fluxes
(Christian et al. 1992). The sediment (SED) compartment contained all forms of nitrogen within
sediments, including nitrogen within and outside of organisms, except MPB. Standing stocks and
flows were derived from a number of sources.

We quantified both flows between compartments as well as flows connecting internal compo-
nents to the outside of the system. The latter consisted of imports and two forms of outputs: exports,
and dissipations. Compartments PHY, TRP, SED, DIN, and DON received nitrogen from outside
the location. All compartments, except MPB, have the potential to export nitrogen from the system.
Growth of MAC was represented as either export (Hog Island Bay) or dissipation (Sacca di Goro)
to allow mass balancing of networks. Inadvertently each group chose a different route for growth
as biomass removal, but the route did not affect our interpretations. Dissipation for both locations
involved the loss of nitrogen due to denitrification from the sediment. Compartments were inter-
nally connected via feeding, biogeochemical, and detrital pathways. When a flow was considered
possible but not detectable or could not be inferred from available data, it was given a minimal value
of 0.001 mmol N m~2d-.

Table 4.1 provides a summary of imports, exports, dissipations, and intercompartmental flows
initially used for the networks. Comments on the sources, logic, or assumptions associated with
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FIGURE 4.2 Maps of (a) Hog Island Bay, Virginia, and (b) Sacca di Goro, Italy. Maps show the three sam-
pling sites in Hog Island Bay (Creek, Shoal, and Hog Island) and the two sampling sites in Sacca di Goro
(Giralda and Gorino).
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FIGURE 4.3 Generalized network of N cycling within Hog Island Bay and Sacca di Goro. Compartments
include N in three primary producers: phytoplankton, macroalgae, and microphytobenthos (MPB); N in tryp-
ton (non-phytoplankton seston including any consumer organisms); dissolved organic (DON) and dissolved
inorganic (DIN) nitrogen; and all forms of N within sediments (including organisms except MPB).

each flow are included. The specific reference is not given for each flow or standing stock in the
interests of brevity. However, many of the flows derive from the references given in “Study Sites.”
Much of the information for Hog Island Bay comes from both published and unpublished research of
McGlathery, Anderson, Tyler, and their colleagues (e.g., McGlathery et al. 2001; Havens et al. 2001;
Tyler et al. 2001, 2003; Anderson et al. 2003). Most of this work was done in the late 1990s and early
2000s. Information for the Sacca di Goro largely came from 1997 because the available dataset was
most complete from investigations under the NICE (Nitrogen Cycling in Estuaries) project (Bartoli
et al. 2001a; Viaroli et al. 2001, 2006). These data were integrated with additional data from differ-
ent field campaigns, laboratory studies, and literature (e.g., Naldi and Viaroli 2002).

Network analysis is more easily interpreted when flows of matter entering and leaving a given
compartment, and the ecosystem as a whole, are steady state (Allesina and Bondavalli 2003). The
construction of nitrogen cycle networks in coastal ecosystems required quantification of flows
between different compartments measured directly (e.g., sediment—water N exchange) or indirectly
(e.g., N burial, phytoplankton imports and exports) (Table 4.1). The natural variability of coastal
ecosystems, the application of different flow-measuring approaches, and errors associated with
measurements, among other factors, resulted in unsteady flow networks. Therefore, to construct
robust N networks, rules and procedures for converting field data to flows and standing stocks were
established (see details in Christian et al. 1992; Christian and Thomas 2003). Once the flow net-
works were constructed using initial values, flows for each compartment were balanced.

In this study, balancing was achieved by a three-step process. The first step, based on expert
judgment, changed flows in such a way that: (1) it made ecological sense; (2) it went in the direction
of balancing; (3) it tried to minimize the change in flows perceived to be most reliable; and (4) it
promoted final closure on imports or exports. In this step and based on the degree of uncertainty
in the measurements, the original flows were categorized as highly reliable (e.g., standing stocks
of all compartments but trypton, denitrification, all flows from sediments), intermediately reliable
(e.g., trypton standing stocks, DIN and DON consumption by macroalgae and phytoplankton), and
least reliable (e.g., imports of all primary producers, DIN and DON consumption by trypton). In
each case, the maximum adjustment to the flow was allowed to increase with decreased reliability.
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TABLE 4.1

Compartments, Flows, and Processes Considered in Network Analysis of Nitrogen Cycling
in Sacca de Goro (GOR) and Hog Island Bay (HIB)

From

Input to
Input to

Input to

Input to

Export from

Export from

Export from

Export from

Export from

Export from

Dissipation from
Dissipation from
PHY

PHY

PHY

PHY

PHY
MAC

MAC

MAC

MAC

To
PHY
TRP

DIN

DON

PHY

MAC

TRP

SED

DIN

DON

MAC

SED

MPB

TRP

SED

DIN

DON
TRP

SED

DIN

DON

Flow ID

Process Represented

Loading
Loading

Loading
Loading

Water flow from the
lagoon to the sea

Flow from the lagoon
to the sea

Water flow from the
lagoon to the sea

Sediment burial

Water flow from the
lagoon to the sea

Water flow from the
lagoon to the sea

Macroalgae biomass
increase
Denitrification

Phytoplankton
sedimentation rate
Phytoplankton
degradation and
grazing
Phytoplankton
grazing by benthos
Phytoplankton release

Phytoplankton release
Ulva degradation

Ulva sedimentation
rate

Macroalgal release

Macroalgal release

Flow Estimation Sources

Chlorophyll a direct measurement multiplied by inflow

Particulate direct measurement multiplied by inflow
for both and atmospheric inputs at HIB

DIN direct measurement multiplied by inflow for both
and atmospheric inputs at HIB

DON direct measurement multiplied by inflow for both
and atmospheric inputs at HIB

GOR = tide measurements multiplied by the average
concentration determined in the lagoon

HIB = by balancing and modeled residence time

GOR = quantified as 10% of the compartment total
uptake

HIB = growth of MAC

GOR = tide measurements multiplied by the average
concentration determined in the lagoon

HIB = by balancing and modeled residence time

GOR = sedimentation rate times direct determination
of N content in sediment

HIB = considered insignificant

GOR = tide measurements multiplied by the average
concentration determined in the lagoon

HIB = by balancing and modeled residence time

GOR = tide measurements multiplied by the average
concentration determined in the lagoon

HIB = by balancing and modeled residence time

GOR = growth as 60% of the compartment total uptake

HIB = considered as export

From experimental measurements and in situ
estimations

GOR = 1 turnover of stock per day

HIB = 50% stock per day

GOR = PHY mass balance difference from other
processes

HIB = 12.5% of donor’s uptake

GOR = measured clam grazing rates

HIB = 12.5% of donor’s uptake

GOR = considered insignificant

HIB = 5% of donor’s uptake

35% of donor’s uptake for both lagoons

GOR = 10% of donor’s uptake

HIB = 10%—-25% of donor’s uptake

GOR = 10% of donor’s uptake

HIB = 4%-7% of donor’s uptake

GOR = considered insignificant

HIB = measured directly

GOR = 10% of donor’s uptake

HIB = measured directly
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TABLE 4.1 (continued)
Compartments, Flows, and Processes Considered in Network Analysis of Nitrogen Cycling
in Sacca de Goro (GOR) and Hog Island Bay (HIB)

From
MPB

MPB

MPB

MPB

TRP

TRP

TRP

SED

SED

SED

SED

DIN
DIN
DIN

DIN

DON
DON
DON

DON

DON

DON

Note:

To
PHY

TRP

SED

DON

SED

DIN

DON

MPB

TRP

DIN

DON

PHY
MAC
MPB

SED
PHY
MAC
MPB

TRP

SED

DIN

Flow ID

Process Represented

Resuspension (alive
MPB)

Resuspension (dead
MPB)

MPB mortality and
decomposition

MPB release

Trypton
sedimentation rate

Trypton
mineralization

Trypton excretion
MPB uptake

Sediment

resuspension
Sediment release to

the water column
Sediment release to

the water column
Phytoplankton uptake
Macroalgal uptake
MPB uptake

Sediment uptake

Phytoplankton uptake

Macroalgal uptake

MPB uptake from
water column

Net trypton
consumption

Uptake by sediments

Mineralization

Flow Estimation Sources
Minimum flow (0.001 mmol N/m¥d)

GOR = 10% of donor’s uptake

GOR = MPB compartment mass balance

HIB = 90% of donor’s uptake

GOR = 35% of the compartment total uptake

HIB = 0 because assumed all goes to sediment
GOR =1 times the standing stock per day

HIB = 35% of donor’s uptake as sedimented fecal pellets
GOR = DIN compartment mass balance

HIB = 15% of donor’s uptake

GOR = considered insignificant

HIB = 50% of donor’s uptake

Experimental measurements and in situ estimations
HIB = 80% uptake from sediments

Experimental measurements and in situ estimations
HIB = 0%

Experimental measurements and in situ estimations

Experimental measurements and in situ estimations

Experimental measurements and in situ estimations
Experimental measurements and in situ estimations
GOR = minimum flow (0.001 mmol N/m?/d)

HIB = 20% of uptake from water column
Experimental measurements and in situ estimations
Experimental measurements and in situ estimations
Experimental measurements and in situ estimations
GOR = considered insignificant

HIB = 20% of uptake from water column

DON compartment mass balance

GOR = uptake fluxes undetectable
HIB = in situ estimations

GOR = considered insignificant
HIB = measured experimentally

PHY = phytoplankton (compartment 1), MAC = macroalgae (compartment 2), MPB = microphytobenthos (compartment 3), TRP =
trypton (compartment 4), SED = sediments (compartment 5), DIN = dissolved inorganic nitrogen (compartment 6), DON = dissolved

organic nitrogen (compartment 7). Much of the information for Hog Island Bay comes from both published and unpublished research
of McGlathery, Anderson, Tyler and their colleagues (e.g., McGlathery et al. 2001; Havens et al. 2001; Tyler et al. 2001, 2003;
Anderson et al. 2003). Most of this work was done in the late 1990s and early 2000s. Information for the Sacca di Goro largely derived
from 1997 because the available dataset was most complete from investigations under the NICE project (Bartoli et al. 2001; Viaroli et
al. 2001a; Viaroli et al. 2006). These data were integrated with additional data from different field campaigns, laboratory studies, and
literature (e.g., Naldi and Viaroli 2002). Values for which there were no measurements on site or literature values were estimated by
best professional judgment or by difference in mass balance calculations. More detail is given in the text.
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Balancing proceeded until the balance between imports and exports and dissipations was within
10%, or when further flow modifications were not ecologically meaningful. In step two, we applied
the Output-Input and/or the Average algorithms for balancing ecosystem networks using the WAND
Balance package (see Allesina and Bondavalli 2003). In the case of Hog Island Bay, the Average bal-
ance routine resulted in a substantial distortion of the most dominant flows (i.e., from microphytob-
enthos to sediments and vice versa) than with the Output-Input balance. As flow distortion between
these compartments was high even after balancing with the Output-Input algorithm, a third step in
the balancing procedure was included for Hog Island Bay. In this step, the MPB to sediment and the
sediment to MPB flows in the matrix obtained from the Output-Input balance were substituted by
their original values, and an Average balance was performed on the modified matrix. This was not
necessary for networks from the Sacca di Goro, where only the Average balance algorithms were
used. ENA was applied on 10 balanced matrices using WAND (see Allesina and Bondavalli 2004).
We have posted each of the balanced networks for input to and the results of all as separate analy-
ses within WAND as Excel files on www.verlter.virginia.edu/cgi-bin/w3-msgl2/data/query/datasets/
show_data.html?Qdata_ID=VCR10171

4.2.3 NETWORK ANALYSIS AND SENSITIVITY TO UNCERTAINTY

For this chapter, we focus on information indices that could be used to indicate ecosystem health
and variables that might correlate to the degree of health. We considered average mutual informa-
tion (AMI), unconstrained flow diversity (S), ascendency (A), developmental capacity (C), and over-
head (O), along with total system throughput (TST) (Ulanowicz 1986, 1997). Correlative variables
include TST, the sum of imports (total N loading), summed N uptake by primary producers, and
average path length (APL, a measure of degree of cycling) (Finn 1976).

Flow measurement uncertainty resulting from natural and/or experimental variability is a
concern during the ENA estimation of indices. A simple relative sensitivity analysis was con-
ducted using primary production variability in the network of spring Hog Island Bay Shoals
as a case study to determine the robustness of selected information indices. Primary produc-
tion (i.e., the flows of N from DIN, DON, and sediments to phytoplankton, macroalgae, and
MPB) for each producer was varied by +10%, +25%, and +40% in the previously balanced flow
matrix, and the resulting matrix was balanced with the Average algorithm before running the
network analysis.

At the largest variation in primary production (+40%), the resulting information indices gener-
ally showed variation of less than 10% (Table 4.2). This result is partially from the fact that the

TABLE 4.2

Sensitivity Analysis Results Showing Information Theoretic Index Values before
and after an Increase by 40% in Microphytobenthos (MPB) Primary Production
at Shoals Site in Hog Island Bay during Spring

% N
Producer Change (o) A C AMI S H Loading APL  TST PP
MPB 0 46.1  29.1 752 1.46 2.31 3.76 0.96 19.83  20.0 8.02
MPB +40 479 318 79.6 1.45 2.05 3.50 0.96 21.81 219 8.92
% change in index values 39 9.3 59 0.7 -11.3 -6.9 0.0 10.0 95 112

Note: O = overhead; A = ascendency; C = capacity; AMI= average mutual information; S = unconstrained flow struc-
ture; H = flow diversity; TN loading = total nitrogen loading; APL = average path length; TST = total system
throughput; PP = primary production. % change in values = [(value with +40% in MPB — original value)/
(original value)] x 100
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information indices are log-transformed values and partially from the dampening effect that the
balancing step had on the modified matrix. If the antilogarithms were used, then AMI, S, and H
would have higher percentage variations; however, our focus is on the more commonly used log
transformed indices. We explain the dampening effect of balancing as follows. We increased the
primary production of MPB in the “original” (balanced) matrix from 4.7 to 6.6 mmol N m= d-!
(i.e., +40%). MPB primary production was one of the highest flows in the spring Hog Island Bay
Shoals network. Subsequent balancing of this new matrix with the average algorithm decreased
the MPB primary production to 5.7 mmol N m= d-!, a value 21.2% above the original. Balancing
reduced the influence of large uncertainty in the data. Furthermore, no output variable approached
this percentage (Table 4.2). Therefore, integrating and log transformed indices estimated through
ENA appear modulated relative to flow measurement uncertainty. This limited analysis supports
similar assessments (Baird et al. 1998; Christian and Thomas 2003).

4.3 RESULTS AND DISCUSSION

4.3.1 TroOPHIC STATUS

Hog Island Bay (HIB) is characterized as biologically active but with relatively low nutrient loading
(McGlathery et al. 2001; Havens et al. 2001; Tyler et al. 2001, 2003; Anderson et al. 2003; Stanhope
2003), while the Sacca di Goro (GOR) has larger nutrient loading and is eutrophic or hypereutrophic
with dystrophic crises (Viaroli et al. 1992, 2005; Christian et al. 1998; Giordani et al. 2008). We cat-
egorize Hog Island Bay as mesotrophic to highlight the differences in trophic status as summarized
in Table 4.3. Six networks from Hog Island Bay represented three habitats, and four networks of two
habitats represented the Sacca di Goro, with each habitat being modeled for two seasonal periods. We
used three measures of trophic status: TN loading, N uptake for primary production (PP), and total
system throughput (TST) as the sum of all flows. TN loading rates ranged from 0.52 to 1.03 mmol
N m~2 d-! for the mesotrophic Hog Island Bay, which were one to two orders of magnitude less than
the 16.1 to 25.3 mmol N m~2 d-! for the hypereutrophic Sacca di Goro. Primary production was less

TABLE 4.3
Ecosystem-Level Status Indicators Estimated through Nitrogen Network Analyses for
Hog Island Bay (HIB) and Sacca di Goro (GOR) during Spring (Sp) and Summer (Su)

N

Ecosystem  Model (0] A C AMI S H Loading  APL TST PP
HIB Crk-Sp 325 21.7 542 136 203 3.39 0.99 15.16 16.0 6.23
HIB Crk-Su 43.9 31.6 75.5 140 194 334 0.52 42.46 22.6 8.98
HIB Shl-Sp 46.1 29.1 752 146 231 3776 0.96 19.83 20.0 8.02
HIB Shl-Su 71.7 513 129 1.44 218 3.62 1.03 33.56 35.6 14.8
HIB HI-Sp 17.8 13.2 310 143 192 335 0.37 24.00 9.25 3.64
HIB HI-Su 37.2 21.0 58.2 148 262 4.10 0.97 13.64 14.2 5.10
GOR Gor-Sp 375 188 563 1.41 282 423 253 426 133 27.1
GOR Gor-Su 279 125 404 1.33 298 431 19.6 3.78 93.7 14.3
GOR Gir-Sp 249 111 360 1.28 2.88 4.16 22.1 2.92 86.6 8.39
GOR Gir-Su 182 80.6 263 1.24 281 4.05 16.1 3.04 65.0 5.58

Note: HIB sites are Creek (Crk), Shoal (Shl), and Hog Island (HI) and GOR sites are Gorino (Gor) and Giralda (Gir).
See site locations in Figure 4.2. O = overhead; A = ascendency; C = capacity; AMI= average mutual informa-
tion; S = unconstrained flow structure; H = flow diversity; TN loading = total nitrogen loading; APL = average
path length; TST = total system throughput; PP = primary production. TN loading, TST and PP are indicators
of trophic status.
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than 10 mmol N m= d-! in five of six networks for Hog Island Bay (3.64 to 8.98 mmol N m~ d).
Primary production for Giralda fell within this range. Large macroalgal standing stocks and growth
in Gorino during both periods and in the Shoal site of Hog Island Bay contributed the only primary
productivities greater than 10 mmol N m~2 d-!. The high primary productivities in Gorino fostered
the two highest TST values. The next most active site was Giralda. While the most active site in Hog
Island Bay was where macroalgae contributed to high primary productivity (Shoal in summer), all
Hog Island Bay sites had TST values less than 55% of the lowest site in the Sacca di Goro. Spring in
the Sacca di Goro had higher values of PP than in summer, whereas the opposite occurred in Hog
Island Bay, where summer PP had higher values than spring.

Average path length (APL) is a measure of the degree to which material remains in the system
and thus may be linked to the degree of recycling. It was higher within Hog Island Bay, ranging
from 13 to 42 path lengths, than in the Sacca di Goro, ranging from 3 to 4 path lengths (Table 4.3).
The equation for APL calculates higher APL with higher TST and lower TN loading. As TST is
lower for Hog Island Bay than for the Sacca, the longer path lengths reflected the low rates of load-
ing in the mesotrophic lagoon.

Information indices capture both the amount of activity and degree of organization by containing
the product of TST and some algorithm of probabilistic interrelationships. Not surprisingly, given
the higher TST in the Sacca di Goro, its networks’ ascendency (A), capacity (C), and overhead (O)
are the highest (Table 4.3). The organizational components remove the direct influence of TST,
but still show differences between networks of the two lagoons. H is flow diversity, reflecting the
structure of both constrained and unconstrained flows. H of Hog Island Bay networks ranged from
3.34 to 4.10 bits and were generally less than those of the Sacca di Goro (4.05 to 4.31 bits). AMI,
the indicator of constrained flow structure, ranged from 1.24 to 1.48 bits. The lowest values were for
Giralda, while the highest generally occurred within HIB. The spring Gorino network at 1.41 bits
had a value within the range of HIB networks. S indicates unconstrained flow structure and is the
difference between H and AMI. S demonstrates considerably greater unconstrained flow structure
in the Sacca di Goro networks (2.81 to 2.98 bits) than for Hog Island Bay networks (1.92 to 2.32 bits).
Thus, the higher H values for the Sacca are a result of higher degrees of unconstrained flows or
evenness of parallel flows.

Clearly, the organizational structure of nitrogen networks from the Sacca di Goro is different
from that of Hog Island Bay, and the direction of differences is consistent with expectations of
trophic status. However, are differences associated with geographical location within the systems
also consistent with expectations? We used pair-wise correlation analysis between measures of
trophic status (i.e., TN loading, primary production, and TST) with each of the information indices
(i.e., AMIL S, and H). Although significant Pearson correlations (p < 0.01) were found for either TST
or TN loading with either S (r=0.793 for TST and 0.857 for TN loading) or H (r = 0.767 for TST and
0.804 for TN loading), graphic representation failed to show any patterns across locations within
lagoons. Furthermore, when correlations of these results from locations within each lagoon were
determined, no statistically significant correlation was found. Therefore, the information indices
did not track trophic status within a lagoon, although they did across the two very different lagoons.
This is likely because H, AMI, and S are logarithmic terms and variations are thereby muted. In
addition, the simple biogeochemical networks of few compartments may limit sensitivity by limit-
ing opportunities for differences in structure (Christian et al. 1996). Unfortunately, the statistics of
these information indices remain unstudied.

4.3.2 EcosysteM HEALTH FRAMEWORK

Costanza’s (1992) identification of ecosystem health as organization, resilience, and vigor is rep-
resented through network analysis as average mutual information (AMI), unconstrained flow
structure (S), and total system throughput (TST), respectively (Ulanowicz 1997). Ulanowicz



Ecosystem Health Indexed through Networks of Nitrogen Cycling 85

200 -
a
150
> [m]
Q
[=]
,g [m]
§ 100
1]
<
50 -
e
A =0.449 O + 7.007; r* = 0.985
0 T T T T T
0 100 200 300 400
Overhead

FIGURE 4.4 Position of nitrogen networks, within the framework for ecosystem health proposed by
Ulanowicz (1997), for three sites in Hog Island Bay (HI) and two sites in Sacca di Goro (GOR) during two
sampling periods (see Section 4.2 for details). Units for Ascendency and Overhead are mmol N m~ d-! bits.
The line represents the 1:1 relationship and not the linear regression equation.

(1997) proposed a plot of ascendency (A) vs. overhead (O) that represents a phase plane of eco-
system health. A contains AMI, and O contains S. Both increase as TST increases, as TST is
multiplied by AMI and S for A and O, respectively. The A vs. O of nitrogen networks provides
the linear relationship suggested by Ulanowicz (1997) (Figure 4.4). The linear regression equa-
tion is A = 0.449 O + 7.007 with an r? = 0.985. This relationship demonstrates the relative loss of
organization (lower A relative to O) with increased eutrophication. Ulanowicz (1997) previously
postulated that eutrophication can be defined as increased TST with a decrease in organization
(AMI or A). Our findings support this hypothesis at least in a relative sense. AMI was generally
lower in the Sacca di Goro networks, although A was higher in the eutrophic system. Given that
TST values in the Sacca were over 10 times those of the bay, it is not surprising that A values for
the Sacca di Goro, which are the product of TST and AMI, were higher than for Hog Island Bay.
Perhaps more significant, the S values in the Sacca are higher, reflecting greater disorganization
or indeterminacy.

Empirical evaluation of Ulanowicz’s framework (Figure 4.4) has a statistical complication—the
potential for spurious correlation (Brett 2004). Spurious correlations can arise from shared vari-
ables embedded in the correlated variables. In this case, TST is shared as A = TST x AMI and O =
TST x S. Such a relationship increases the value of 7> needed to reject the null hypothesis (Brett
2004). The amount of r? for the null hypothesis of zero correlation increases as the coefficient of
variation (CV) of TST increases above that for either AMI or S. As these latter two variables are
based on logarithms and TST is not, the differences are large. The coefficients of variation of AMI,
S, and TST are 5.6, 17.0, and 85.9%, respectively. The ratio of CVs of TST:AMI was therefore 15,
and of TST:S, as 5. Using Monte Carlo simulations, Brett (2004) found random nonshared variables
of X and Y in X x Z vs. Y x Z gave coefficients of determination over 0.9 when the CV ratios of
shared to unshared variables were only 4. Thus, a high correlation and well-fit regression would be
expected for the relationship of A vs. O simply through spurious correlation.
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FIGURE 4.5 The ratio of Ascendency (A) to Overhead (O), representing the relationship of organization
over resilience, plotted against TST, representing vigor, for three sites in Hog Island Bay (HI) and two sites in
Sacca di Goro (GOR) during two sampling periods (see Section 4.2 for details). A:O is nondimensional, and
TST units are mmol N m=2d-'.

This complication led to an evaluation of the framework in two alternate ways more appropri-
ate for evaluating empirical information. First, A/O is equal to AMI/S and represents the relative
amounts of organization to disorganization. This relative index was related to TST (Figure 4.5). The
A/O values for the Sacca di Goro, where TST is higher, were lower than for Hog Island Bay, sup-
porting our previous interpretations. Also, no trends were obvious within each lagoon. Second, we
log-transformed TST to reduce its CV, making it more similar to those of AMI and S and evaluated
the transformed A vs. O framework (i.e., [(log TST) x AMI] vs. [(log TST) x S]). The CV of log TST
reduced to 27.0%, but still gave ratios of shared to unshared CVs of 1.6 to 4.8. The resultant r2 of the
transformed A vs. O lowered to 0.875 (Figure 4.6), which remains near values for random relation-
ships by Brett (2004). While this did not fully equalize coefficients of variation in our study, it did
reduce the differences significantly. We propose that log transformations of TST might be used more
generally in the empirical applications of information indices to reduce this statistical problem.

While our recommendation provides some correction to the issue of spurious correlation, the
problem of shared variables among information indices is much more complicated. H, AMI, and S
are constructed on the same flows and network structure and represent different probability condi-
tions of those flows. The flows themselves are interdependent and constrained by mass balance.
Thus, shared variables occurred across hierarchical levels of calculation, and statistical inference
of the interactions of ascendency, capacity, and overhead is a challenge for which we have only
provided a beginning.

4.4 CONCLUSIONS

Measures and indices of the ecosystem status at the system level are necessary if ecosystem-based
management is to be a reality. The Millennium Ecosystem Assessment (2005) provides the most
ambitious attempt, but is focused on global and regional scale conditions. Bricker et al. (1999,
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FIGURE 4.6 Position of nitrogen networks within framework for ecosystem health proposed by Ulanowicz
(1997), using versions of A and O in which TST is log transformed and multiplied by AMI or S, respectively.
Networks are for three sites in Hog Island Bay (HI) and two sites in Sacca di Goro (GOR) during two sampling
periods (see Section 4.2 for details).

2007) developed an assessment of eutrophication of coastal systems within the United States with
ecosystem-specific information. However, neither approach uses the in-depth observational and
experimental information that exists for some of the better studied coastal ecosystems. ENA pro-
vides this opportunity with several system-level indices (Jorgensen et al. 2005). Our networks have
tracked nitrogen as an important controlling element to lagoonal dynamics. We have not directly
addressed the human causes for the differences in nitrogen loading or the consequences to humans,
as in the broader assessments. Our efforts only address the consequences to the lagoon’s trophic sta-
tus. One might infer that lagoons with less healthy ecosystems are less valuable to humans, but this
is untested. In fact, the Sacca di Goro is a highly valued ecosystem for its economically important
seafood production (Bartoli et al. 2001b; Viaroli et al. 2006). Ecological network analysis can be
extended to include other currencies and human dimensions directly. This is one of the next major
steps for the methodology.

While most ENA studies have focused on trophic structure, we evaluated ecosystem status
using nitrogen cycling of two well-studied coastal lagoons: Hog Island Bay, USA, and Sacca di
Goro, Italy. The latter has much higher nutrient loading with clear signs of cultural eutrophica-
tion, while the former is minimally impacted by nutrients. The less impacted system, Hog Island
Bay, demonstrated greater cycling of nitrogen (as measured by average path length) with more
efficient use of the lower amount of loading compared to the highly eutrophic Sacca di Goro. This
confirms the findings of Anderson et al. (2003). Previously, Christian et al. (1996) found cycling
(as measured by the Finn Cycling Index) in coastal aquatic ecosystems to be largely associated
with primary producer growth form, increasing with greater relative importance of phytoplankton
to primary productivity. However, among the systems with rooted macrophytes and macroalgae,
systems with higher loading had reduced cycling. Thus, as eutrophication alters the sources of pri-
mary production (Viaroli et al. 2008); it may also significantly retard nitrogen cycling and reduce
efficiency of the element’s use.

We applied information theoretical metrics to index ‘“ecosystem health” properties (sensu
Costanza 1992) of organization, resilience, and vigor (Ulanowicz 1997). We found ecological
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network analysis results reflected the trophic status of the two coastal lagoons. Ulanowicz (1997)
proposed that eutrophication promoted the increase in total system throughput (TST) while decreas-
ing average mutual information within ascendency. In a sense, eutrophication sets back ecosystem
development. We found this generally to be the case in the comparisons of the two coastal lagoons.
Thus, “organization” decreased with eutrophication, while TST rose. Additionally, the “resil-
ience” component or unconstrained flow structure (S), representing indeterminacy and redundancy,
increased with eutrophication. Thus, ecosystem health as portrayed in this manner does not simply
improve as all of the three components increase. Rather, the ecosystem status reflects the balance of
the three. Our results are consistent with the hypothesis that eutrophication disrupts organization,
and less eutrophic systems may provide more determinant and efficient use of nutrients. While this
hypothesis appears reasonable, extended testing and generalization remain.
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