A review of issuesrelated to the
development of afood web model for
Important prey of endangered species
In Massachusetts and Cape Cod Bays

Massachusetts Water Resources Authority

Environmental Quality Department
Report ENQUAD 99-14




FINAL

A Review of Issues Related to the Development of a Food Web M odel
for Important Prey of Endangered Species
in Massachusetts and Cape Cod Bays

submitted to

MASSACHUSETTSWATER RESOURCESAUTHORITY
Environmental Quality Department
100 First Avenue
Charlestown Navy Yard
Boston, MA 02129
(617) 242-6000

prepared by

Carlton D. Hunt
Roy K. Kropp
Battelle
Duxbury, MA

James J. Fitzpatrick
HydroQual
Mawah, NJ

Peter Yodzis
Department of Zoology
University of Guelph
Ontario, Canada

Robert E. Ulanowicz
Chesapeake Biological Laboratory
Solomons, MD

submitted by
Battelle
397 Washington Street
Duxbury, MA 02332
(781) 934-0571

February 2000

Report No: 99-14




Food Web Issues Review February 2000

Citation

Hunt CD, Kropp RK, Fitzpatrick JJ, Y odzis P, Ulanowicz RE. 1999. A Review of Issues Related to the
Development of a Food Web Model for Important Prey of Endangered Species in Massachusetts and
Cape Cod Bays. Boston: Massachusetts Water Resources Authority. Report ENQUAD 99-14. 62 p

The conclusions drawn in this report are primarily those of the lead author based on the information
provided by the co-authors and MWRA. The extensive and detailed reviews by Mr. Ken Keay and Dr.
Michael Mickelson of MWRA are acknowledged and appreciated

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

TABLE OF CONTENTS
EXECULIVE SUMIMIBIY ...ttt e s e et e bt b e e et s e e e e s e n e e e neene e anas %
R 1 1 0o 1 (o o PSSP 1
R R = =0 (o 1 o S 1
A . U 00 U UP PRSI 6
RGN == o 0] fo o o .= (o | O 6
2. Comparison of assessment and baseline infOrmMation ............ccccceiieieiicce s 7
2.1 Review of assumptionsin the SEIS, BA and NMFS biological opinion...........cccccoeeeieiininencnnens 8
2.2 Summary of findings from the baseline monitoring and other evaluations...............cccccvvevevevnenee. 10
pZ 2 R VL0 1= g1 0= (1 oo SO 10
2.2.2 Nutrient |evelSin the reCEIVING WELEN'S. .........cieereieeeere e seeees 11
2.2.3 Areaof enrichment/area of IMPACL...........cooiiiiiiereee e 13
W w14 (0 o =T (o o S 14
225 NUISANCE Algal SPECIES ....ceiieeeeeiteeeereee ettt ettt e et e st e steeeeseeeaeenbesaeeneesseeneesseenesneeneas 14
2.2.6  Z00plankton SPECIES FESPONSE........ccvereureureieeieeieete st sre s s s e e sesse et ssess e b e e s e e e e e e e eneenes 15
2.2.7 Dissolved OXYJEN SUPPIESSION.....ccueeiueireeeesieeeestesreessesseesaessessessesseessesteessessesseessesessssssesssesees 16
2.3 Comparison and CONCIUSIONS ........ccecueiiieese ettt ettt ee st s e e s e tesre e s e resneestesneennas 17
3. RECENt MOAEl FESUILS..... .ottt et ae e et ae e e e testeeneeneeseeennen 18
TN RS 0 L A1 2 .70 (= T S 18
3.2 Modding relative to the nutrient status of Massachusetts and Cape Cod Bays.........cccccveevevveennenee. 25
3.3 Food web model CONCEPLUBIIZBLION..........c.ceeririeieiriesiesie e 31
4. A review of food web Modeling approaChes.............coviiiiriiireiceece s 35
4.1 Considerations of the status of trophodynamical modeling.........cccccecceveieeviciecie s, 37
4.1.1 Definition of food WeD MOAEIING.......ceeieiiiieecce e e e 37
4.1.2 The state of trophodynamiCal MOTEIING........cccerereriririrereie s 38
4.1.3 Present understanding of trophodynamical modeling capabilities..........ccccovviveveveececeennene, 39
4.1.31 Bulk aoundanCe MOTELS. .......coeiueieiriririrese et sne s 39
4.1.3.2 Modelswith pOPUlELION SEIUCIUIE .......ceeeeieeeeeieeeseeri e 40
4.1.3.3 Modelswith NULIENt FECYCIING ......cveiveiiieeieeee e 40
4.1.3.4 ModelsWith spatial SETUCLUIE........c.ecveiiieie ettt st enee s 41
4.1.4 Utility trophodynamical MOEIING .......ccccoveiriririiiseseeee s 41
4.1.5 Themajor advantages and shortcomings of trophodynamical modeling...........ccccocevvrvnienne. 41
L T R 0 7 | = =S 41
T T 1 (1o 01110 S 42
4.2 NEIWOIK ANBIYSIS.....ccueieiitiitietete ettt e s et et b e b sn e b e s e e s e e eneeneanenre s 43
4.2.1 What iSNEMWOIK @NalYSIS?......ocueeieieece ettt sttt s re e e s te e s resreebesneeneenes 43
4.2.2 Present understanding of ecological Network ANalySiS.........ccoocveieieeiiiiese e 43
4.2.3 Datarequirements for NEtWOrk ANAYSIS........cccooiiiiiiineiceeeeeeeee s 48
4.3 Summary of food web modeling apProaChes.............coiiiiiiiirireeee e 49
5. Food web modeling inrelation to the OULfall ............cooeeiiiieii e 51
5.1 Will environmental conditions worsen as aresult of the outfall relocation?..........ccccoeveevieeene. 51
5.2 Issuch change likely to harm Whal@S?...........coiiiiiiieeee e 52
5.3 Applicability of food web modeling to the whales and outfall ............ccooevviieciiiicceccecee, 53
5.4 Dataneedsfor food Web MOENG .......ceoeeiiiieiiiee et 53
L L = = 07 TSRS 54

LIST OF FIGURES

Figure 1-1. Food Web Model Development Process — Initial ASSESSMENS. .......ocvveveeieeeeriiieseseese e 4
Figure 2-1. Comparisons of the summed annual loading of chromium, copper, nickel, lead, silver and
zinc in the Deer Island effluent from 1989 through 1998 (figure courtesy of the MWRA). ................ 8
i

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

Figure 2-2. Distribution of the MWRA effluent concentration in Boston Harbor and Massachusetts Bay

from the ECOMsi 3-D model under stratified CONAItIONS...........coevererieirienirinese e 12
Figure 2-3. Distribution of the MWRA effluent concentration in Boston Harbor and Massachusetts Bay

from the ECOMs 3-D model under non-stratified conditions (from Signell et al. 1996).................. 12
Figure 2-4. Average daily discharge of solids by the MWRA from 1988 through 1998...............ccccue.neee. 13

Figure 3-1. Spatial representation of modeled late April chlorophyll in surface waters of Massachusetts
Bay in response to 0X, 1X, and 2X nutrient loading and shift in discharge location from the current
location (COL) and future outfall 10CatioNS (FOL).......cceiiiieiecieee et 20

Figure 3-2. Spatia representation of modeled late April total nitrogen in surface waters of Massachusetts
Bay in response to 0X, 1X, and 2X nutrient loading and shift in discharge location from the current
location (COL) and future outfall 10CatioNS (FOL).......cceiviieieieese ettt 21

Figure 3-3. Spatia representation of modeled late April total dissolved inorganic nitrogen in surface
waters of Massachusetts Bay in response to 0X, 1X, and 2X nutrient loading and shift in discharge
location from the current location (COL) and future outfall locations (FOL). .........ccceveieieieeieeinenns 23

Figure 3-4. Spatia representation of modeled late October dissolved oxygen in bottom waters of
Massachusetts Bay in response to 0X, 1X, and 2X nutrient loading and shift in discharge location

from the current location (COL) and future outfall 10Cations (FOL). .......c.ccoeiireneneneneseeeeseeeee 24
Figure 3-5. Free body diagram showing al of the sources and sinks in mg Nmd™ for total nitrogen for
the MassaChUSELES BaY'S SYSLEIM........ccuiiieeie et cie ettt sttt s re e e besae e sesneesaesresreennens 25

Figure 3-6. Computed temporal total nitrogen concentration in Massachusetts Bay for 1992 based on
nitrogen input from only the MWRA effluent (added at the current outfall location) and from the
surface and bottom waters at the boundary with the Gulf of Maine. ... 27

Figure 3-7. Computed temporal concentrations of total nitrogen in the surface layer of Massachusetts Bay
for 1992 based on nitrogen inputs from only the MWRA effluent (added at the current outfall
location) and from only the Boundary with the Gulf of Maine...........ccccevieieve e, 28

Figure 3-8. Computed temporal concentrations of total nitrogen in the surface layer of Massachusetts Bay
for 1992 based on nitrogen inputs from only the MWRA effluent (added at the new outfall location)
and from only the Boundary with the GUIf of Maine..........ccccvieeieiecesc e 29

Figure 3-9. Computed temporal concentration of total nitrogen in the surface layer of Massachusetts Bay
for 1992 based on combined nitrogen inputs from the MWRA effluent at the new outfall location and

the Boundary with the Gulf of Maine, and the percent contribution by the outfall. ........................... 30
Figure 4-1. Schematic representation of the major trophic levelsin atypical foodweb............c.coc.e... 36
Figure 4-2. Schematic representation of the annual carbon flows among the 34 principal components of

the Chesapeake MeSoNaling ECOSYSLEM.. .....c..ciiiieieieere e 46
Figure 4-3. The trophic chain corresponding to the network in Figure 4-2 with primary producers and

Lo S VISR 1= <o R 46
Figure 4-4. The composite cycling of carbon that occursin the flow diagram in Figure4-2..................... 47

LIST OF TABLES

Table 2-1. Documents reviewed for COMPANISONS ........ccceiiieeriiie e seese et e e ae e saaesre e eseenes 7

Table 2-2. Summary of key assumptionsincluded in previous environmental assessments related to the
MWRA outfall in MassaChUSELES BaAY.........cc.eeoueiirierireeeriesie ettt neeseeeneesaesneenes 9

Table 2-3. Summary of the annual loading of nitrogen to Boston Harbor from the MWRA treatment plant
effluent compared to loading assumed iN PreviouS FEPOIS. ........cveieeeereieeese et 10

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

EXECUTIVE SUMMARY

In May of 1998, Region | of the US Environmenta Protection Agency (EPA) and the Massachusetts
Department of Environmental Protection (MADEP) issued adraft NPDES permit for the Massachusetts Water
Resources Authority’s (MWRA) new outfall (outfall TO1) for public comment. Included in the draft permit was
arequirement for the development of a scope of work for afood web model by December 31, 1998. Thefind
NPDES permit that was released on May 19, 1999 expanded the permit language to address actions aready
completed by the MWRA in 1998 in response to the draft permit language. The cognitive permit section (7.
Ambient Monitoring Plan) now reads:

a TheMWRA shdl: (1) implement the monitoring plan described in Attachment N, (2)
update, maintain, and run the three dimensiona hydrodynamic water quality "Bays
Eutrophication Modd" devel oped in 1995 by HydroQua and the USGS, on aroutine
basis (at least every year), for the purpose of predicting conditions caused by nutrient
loading and in order to support decisions about the need for nutrient limits and the
appropriate level of any such limit for the discharge, and (3) implement plume tracking,
including the use of acoustical technology, to understand the dilution available for the
discharge. The MWRA has devel oped a scope of work for afood web model to
characteri ze the seasonal abundance for important prey species of endangered speciesin
the Massachusetts and Cape Cod Bays. EPA and the MADEP, in consultation with the
OMSAP discussed below, shal provide the MWRA with comments on this scope of
work. Within ninety (90) days after receipt of these comments, MWRA shall submit a
revised scope of work for review by OMSAP, and for approva by EPA and the MADEP.
After recapt of the revised scope of work, EPA and the MADEP will determine whether
implementation of the food web modd iswarranted. The food web model shall: (a)
include phytoplankton, zooplankton, planktivorous fish and marine mammals including
endangered whale species, (b) dlow an evaluation of the strength and likelihood of
potentia stressorsthat may alter the food web, (c) be based on results of ongoing
monitoring, specid studies of plankton (phytoplankton and zooplankton) dynamics and
any other current or historica research in Cape Cod Bay. The MWRA may chooseto
fulfill the obligations described in this paragraph by ensuring that these items are
performed by another entity.

The MWRA devel oped a conceptud food web model (Kdly et al. 1998) and scope of work for developing a
food web modd (Hunt et al. 1999) for consideration by the Outfall Monitoring Science Advisory Panel
(OMSAP) in1998. The latter was presented to the OM SAP in December 1998. The MWRA digtributed the
full scope of work for review by OMSAP, the Interagency Advisory Committee (IAAC), and Public Advisory
Committee (MAC) membershipin May 1998. The scope of work isavailable at

http://www.mwrastate.ma us/harbor/enquad/pdf/99-09_enquad_report.pdf).

The first task defined in the scope of work isareview of the mgjor environmenta impact evaluations conducted
during the outfall planning and congtruction. These included the EPA (1998) Supplemental Environmental
Impact Statement (SEIS) and the EPA/NMFS endangered species consultation (EPA 1993; NMFS 1993).
These Federa technical reviews of the MWRA project determined that upgrading sewage treatment and
relocating the effluent discharge into Massachusetts Bay would have not have adverse consequences on the

M assachusetts and Cape Cod Bays ecosystem (EPA 1998) and that the rel ocation would not jeopardize
endangered marine mammal s within the Bays (EPA 1993; NMFS 1993). The review to be conducted under the
firgt task would revisit, using new information, two questions: "will environmental conditions worsen asaresult
of the outfdl relocation?' and if 0 "is such changelikely to harm whales?’

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc


http://www.mwra.state.ma.us/harbor/enquad/pdf/99-09_enquad_report.pdf

Food Web Issues Review February 2000

Thelogic of the scope of work maintainsthat if the answer to the first question is no, then the value of
developing afood web model is questionable. However, continued monitoring in its present form would be
indicated and would continue as required under the permit. If the answer to thefirst question were yes, an
evaluation of the potential harm to the endangered species would be made. If the information from this
evaluation indicated harm to the whaes was not likely, monitoring would continue as conducted presently. If
harm were indicated from the assessment, additional research would be indicated which could include the
development of afood web modd.

The purpose of thisreport isto implement the firgt task of the scope of work. To address the questions posed in
the scope of work, severd activitieswere pursued. The first wasareview of the recent monitoring data to
determineif conditions were different than assumed under in EPA (1988) and Biological Assessment (EPA
1993) and Biologica Opinion (NMFS 1993). The second wasto compare dilution fields and expectations
based on thefina 3-D hydrodynamic modeling of the effluent dilutions (note the BA used early information
from the model which was subsequently finalized in Signell et al. 1996). The third was to perform sensitivity
and mass balance modeling using the calibrated Bays Eutrophication Modd (BEM) modd to determine
expectations for changesin nutrient fields and plankton biomass as measured by chlorophyll. The fourth wasto
develop a better understanding of food web modeling approaches and capabilities relative to their ability to
address the occurrence of right whales in Massachusetts Bay and eval uate potentia linkagesto the MWRA
outfall.

The data review and comparisons determined the following:
1. Present nitrogen loading from the MWRA treatment plantsislessthan assumed in 1988.

2. The Deer Idand effluent contributes a small fraction (~3%) of the total nitrogen
entering the system.

3. Nitrogen entering at the boundaries of Massachusetts Bay exerts more influence on
thetotal nitrogen concentrationsin the farfield areas than the effluent discharge does.

4. BEM and 3-D hydrodynamic model results demonstrate that nutrient concentrations
above the background variability will be confined to asmall areanear the outfall.

5. Elevated nutrient levelsin the coastal region (from Boston Harbor southward
towards Plymouth) will be unchanged or dightly lower with transfer of the effluent
discharge location to Massachusetts Bay.

6. BEM model results predict little change in spatia or temporal patterns of nutrient
concentrationsin Cape Cod Bay rdative to the current and future effluent discharge
locations.

7. 3-D hydrodynamic model computations estimate the areain Massachusetts and Cape
Cod Bays that would be under measurable influence from the discharge is small
(only 7 km? which is <0.2percent of the combined area of Massachusetts and Cape

Cod bays).

8. 3-D hydrodynamic model computations predict that the effluent nutrient
concentrations will be diluted to 200:1 within afew kilometers of the outfall diffuser,
and thus will be indistinguishable from background.

9. Changeinthe nutrient fieldsin Massachusetts Bay will be highly locdized and have
little to no impact on the phytoplankton and zooplankton species digtributions and
communitiesin the Bay.

Vi
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10. Nutrient levdsin Massachusetts and Cape Cod Bays will not be enriched to levels
that promote the growth of nuisance species such asthe“red tide” organism
Alexandrium

11. BEM computations project small increasesin the DO in bottom weters of the
nearfield in the summer.

These reaults are cong stent with those found in the previous ecologica assessments completed for the MWRA
outfal in Massachusetts Bay. Theresults aso indicate that the conclusions and projections drawn in the
previous assessments were based on conservative assumptions. Thus, the data from the monitoring program
and refined model computations indicate that the environmental conditions in Massachusetts Bay will not be
worse than projected. Rather, they indicate that the system islikely to experience even less change than
previoudy predicted.

Based on the review completed in thisreport, it is concluded that adverse changes to the ecology and
functioning of the Massachusetts Bay system will not occur as aresult of the outfall relocation. Recent model
computations indicate that ecologica impact may be less and have less spatid extent than projected in the
environmental assessments. Thisfurther arguesfor no net changein the system after relocation.

The mgor farfield area affected will be Boston Harbor where the effects from nitrogen loading are expected to
lessen. Asareault, chlorophyll levelsin the harbor are expected to decrease and dissolved oxygen levelsin the
inner harbor to rebound to high concentrations. Planktonic communities (either biomass or species
distributions) in Massachusetts Bay are not expected to change as aresult of the relocation. Plankton
communitiesin the Cape Cod Bay and Stellwagen Bank areas are a so not expected to change as result of the
relocation. Thus, shiftsin the food supply (either species or abundance) of the right whale are not expected.
This species responds to many factors and conditions, most of these are externa to the Bays. Therefore,
because the nutrient inputs, concentration, and distribution, and plankton distributions will not change with the
relocation, it is unreasonable to assume that detrimenta effects on the occurrence of the whaleswill occur.

Moreover, the development of afood web model that endeavorsto link the outfall discharge to the occurrence
of right whadesin the Bayswould likely be an exercisein futility. Thefutility arises from severd factors. The
first isthat these food web models are most effective when addressing measurable perturbationsin a system,
and such perturbations are not expected to result from outfal relocation. The second isthe requirement that the
food web models have complete and accurate species-by-species biomassinformation. Thisset of datais
difficult to obtain and its accuracy cannot be easily ascertained. Thethird isuncertainty in the overal
importance of the Bays to the energetics of the whaes (i.e., inability to close the food web model domain). The
fourth isthat food web model development & aloca or habitat specific scaeis unwarranted given the
importance of externa factorsthat affect the distribution of thewhaes. Asidentified in a 1998 workshop
convened to address knowledge of right whale distribution and predictability of the whale distribution (Clapham
1998), much research must be conducted to understand the factors that affect the population and its distribution.
It is clear from the discussions and conclusions of this workshop that federa research dollars must be made
available to address the fundamenta questionsraised. These questions must be addressed before predictive
models can be developed.

The recommendationsin Clapham (1998) provide a clear set of research and modeling directions related to the
right whale and its occurrence in not only Massachusetts Bay, but over itsentirerange. Thus, funding of the key
research and modeling needs identified from the workshop, which are more likely to fill the integrated long-
term, large-scale research demanded for the overal management of right whales, isrecommended. Moreover,
the clear large scale spatia issues related to the protection and management of this species pointsto the need for
broader agency involvement (federal, regiond, and state levels) to effectively address the pressing issue of the
sdvation of the northern right whale population.

vii
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1. INTRODUCTION

1.1  Background

In May of 1998, Region | of the US Environmenta Protection Agency and the Massachusetts Department of
Environmentda Protection (MADEP) issued adraft NPDES permit for the Massachusetts Water Resources
Authority’s (MWRA) new outfdl (outfal TOL) for public comment. Included in the draft permit wasa
requirement for the development of a scope of work for afood web modd by December 31, 1998. The draft
NPDES permit (page 9) specified that as part of ambient monitoring:

“The MWRA shdl: ... by December 31, 1998, develop a scope of work for afood web
model to characterize the seasond abundance for important prey species of endangered
species in Massachusetts and Cape Cod Bays. The food web model shdl: (8) include
phytoplankton, zooplankton, planktivorous fish and marine mammals, (b) alow an
evaluation of the strength and likelihood of potential stressors that may ater the food
web, (c) be based on results of ongoing monitoring, special studies of plankton
(phytoplankton and zooplankton) dynamics and any other current or historical research
in Cgpe Cod Bay, and (d) be reviewed by the science panel described under section 7d
below. The MWRA may choose to fulfill the obligations described in this paragraph by
ensuring that these items are performed by another entity.”

The draft permit further indicated that “ on or after December 31, 1998, EPA will review all available
information, including the results of al on-going monitoring and special studies, and models, and develop
any appropriate requirements for additional monitoring and modeling in Massachusetts and Cape Cod
Bays. The monitoring plan described in Attachment N of the permit shall be modified to reflect these
additional requirements.”

EPA’s overview of the permit (http://www.epa.gov/region01/reginit/overview.html) indicated:

“Concerns have been raised about the potential impact of the outfall on plankton
species in Massachusetts and Cape Cod Bays, especidly the formation and
composition of zooplankton patches which are a key food source for right whales.
The permit requires the MWRA to develop a scope of work for a study that would
evaluate and model the food web for endangered species in Massachusetts and Cape
Cod Bays. When that scope of work is completed (required by the end of 1998),
EPA will develop appropriate additional requirements for monitoring and modeling
activities. These additional requirements will be incorporated into the monitoring
plan.”

The overview above, plus clarification from EPA (see minutes of the 10/27/98 meeting of the Outfall
Monitoring Science Advisory Panel http://www.epa.gov/region01/omsap/index.html), document that the
intended focus of the effort is on right whales rather than on other endangered species.

The MWRA initiated planning to respond to this permit condition in early 1998 by devel oping a conceptual
food web model (Kdly et al. 1998). The conceptua model was presented to the Outfal Monitoring Task Force
inthe spring of 1998. Thiseffort continued in late 1998 with development of possible modeling approaches.
These were presented to the OM SAP for review and guidance &t their October 1998 meeting (See minutesto the
October 27, 1998 OM SAP meseting). The modeling goals and approaches that were presented included the
following:
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1. To understand the abundance (population density on a scale of tens of kilometers)
of endangered species prey. The conceptual food web model presented in the Kdly et
al. (1998) was considered the first step toward describing the food web of right whale
prey especidly in rdation to outfal nutrient effects.

2. Tofurther undergtanding of the availability (meter-scale population density or
patchiness, and age structure) of right whale prey. This approach would have entailed
development of a patch formation model, and be essentially unrelated to the outfal or to
food web modeling. It would, however, more directly address some of the known issues
of concern for whale feeding.

3. To understand the effect of the outfall on whale prey. The approach for this model
would have been to extend the Bays Eutrophication Mode (BEM) (HydroQua and
Normandeau 1995) to include zooplankton at the species level or at some representation
of species groups. However, BEM'’s grid scale is about 100 times coarser than the
patches that are most relevant to right whales.

Discussion by the OM SAP members during their October 27 meeting did not favor any of the three approaches
that the MWRA put forth (OM SAP Meeting Minutes October 27, 1998). The MWRA interpreted the noted
modeling uncertainties, the plethora of unanswered questions, as well asthe lack of consensus about a possible
Food Web Modd (FWM) approach to indicate that to "lock in" on a given modeling approach would be
premature. The MWRA therefore developed amore incrementa gpproach for the model development process
as aresponse to the permit requirement. In addition to the tasks necessary to develop aFWM (Hunt et al.
1999), the proposed approach incorporated eva uations required to establish afull understanding of the present
condition and potentid for change in Massachusetts Bay. These would be based on recent monitoring and
research dataand the cdibrated BEM modeling results. The approach included areview of key assumptions
made in the environmental impact assessment conducted for the outfal siting (EPA 1988) and subsequent
biological reviews (EPA 1993; NMFS 1993). These reviews were deemed necessary to ensure the OMSAP
was fully apprized of the historical context of the impact assessments and current context of the monitoring
program, and from which they could recommend whether or not actual mode devel opment iswarranted, and if
S0, the levels at which the development should proceed. This process culminated in December 1998 with a
presentation of theincremental approach the MWRA developed in responding to this permit condition (see
minutes to the December 18, 1999 OM SAP mesting).

Subsequent to this activity, the final NPDES permit was released on May 19, 1999 and took effect June 19,
1999. Theentire permit can be found at http://www.epa.gov/region01/pr/files’052099.html. Section 7 of the
permit includes the following relative to the food web mode (itaics added):

“a The MWRA shdl: (1) implement the monitoring plan described in Attachment N, (2)
update, maintain, and run the three dimensiona hydrodynamic water qudity "Bays
Eutrophication Modd" developed in 1995 by Hydrogqud and the USGS, on aroutine basis
(et least every year), for the purpose of predicting conditions caused by nutrient loading and
in order to support decisons about the need for nutrient limits and the appropriate level of
any such limit for the discharge, and (3) implement plume tracking, including the use of
acoudtical technology, to understand the dilution available for the discharge. The MWRA has
developed a scope of work for a food web model to characterize the seasonal abundance for
important prey species of endangered species in the Massachusetts and Cape Cod Bays.
EPA and the MADEP, in consultation with the OMSAP discussed below, shall provide the
MWRA with comments on this scope of work. Within ninety (90) days after receipt of these
comments, MWRA shall submit a revised scope of work for review by OMSAP, and for
approval by EPA and the MADEP. After receipt of the revised scope of work, EPA and the
MADEP will determine whether implementation of the food web modd is warranted. The

2
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food web modd shall: (a) include phytoplankton, zooplankton, planktivorous fish and
marine mammals including endangered whale species, (b) allow an evaluation of the
strength and likdlihood of potential stressors that may alter the food web, (c) be based on
results of ongoing monitoring, special studies of plankton (phytoplankton and zooplankton)
dynamics and any other current or historical research in Cape Cod Bay. The MWRA may
choose to fulfill the obligations described in this paragraph by ensuring that these items are
performed by another entity.

In response to this requirement the MWRA distributed a copy of the full scope of work (Hunt et al. 1999) for
review by OMSAP, IAAC, and PIAC membership. The scope of work isavailable on the Internet at
http://www.mwra.state.ma.us/harbor/enquad/pdf/99-09 _enquad_report.pdf).

The scope of work addresses the key concerns listed in the permit: () to include phytoplankton, zooplankton,
planktivorous fish and marine mammals, (b) to alow an evaduation of the strength and likelihood of potentia
stressors that may dter the food web, (c) to be based on results of ongoing monitoring, specid sudies of
plankton (phytoplankton and zooplankton) dynamics and any other current or historical research in Cape Cod
Bay. Towards this end, this scope of work focuses on the key factors that affect the seasonal abundance for
important prey species of the endangered species that inhabit Cape Cod Bay but focuses on the food web of the
right whale asit is of greatest concernin Cape Cod Bay.

The process that the MWRA would follow to guide model development is shown in Figure 1-1 (from Hunt et
al. 1999). Theframework would be implemented in an incrementa manner with decision points for process
review, including recommended decision criteriafor stopping or continuing, suggested end points, and
definition or redefinition of subsequent steps. Thisincremental approach is required to ensure the relevance of
the mode effort, to consider its predictive skill, and to define the appropriate modeling framework.

Thefirgt activity to be conducted under the scope of work callsfor arevisit of the mgjor impact evaluationsin
the SEIS (EPA 1988) and in the later EPA/NMFS endangered species consultation. Three mgjor Federa
technical reviews of the MWRA project determined that upgrading treatment and rel ocating the effluent
discharge would have no unacceptable consequences for Massachusetts and Cape Cod Bays (EPA 1988), and
would not jeopardize endangered marine mammals within the Bays (EPA 1993, NMFS 1993). Thefirst task
includes review of the assumptions used in the assessments and new datathat have become available since the
asessments were completed. This review and reassessment was designed to address two questionsthat are
included in the scope of work: "Will environmenta conditions worsen as aresult of the outfal relocation?' and
if s0"lssuch change likely to harm whales?’

Thelogic of the scope of work maintainsthat if the answer to the first question is no, then the vaue of food web
moddling is questionable. However, continued monitoring in its present form would be indicated and would
continue as required under the permit. An evaluation of whether or not to modify the present monitoring
program could be made as long as specific questions that can and should be addressed by amonitoring program
can be defined relative to the endangered species. If the evidence addressing the first question indicates that
adverseimpacts are likely, then an evaluation of the potential harm to the endangered species would be made to
further understand the potential for impact. If the answer to the second question is no, then continued
monitoring, including additiona studies mandated by the contingency plan to address any adverse
environmental impacts that occur, would be indicated. If available information is equivocal, further research to
define sgnificant linkages must be conducted as part of basic research on the endangered species and should
proceed as part of alarger effort to understand man’ simpact to these species.
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Moreover, if this reassessment leads to the conclusion that impacts of relocating the outfdl discharge are greater
than predicted in previous reviews, and that whales are likely to beimpacted by the change, devel opment of the
food web model would proceed. Such an effort could require substantia research into fundamental processes
that control the various linkages between the nutrients, phytoplankton, prey species, and whaes. The steps
required to complete the modeling are described in Hunt et al. (1999).

12 Purpose

Thisreport directly addresses three of the four activities defined in the MWRA food web model scope of work
under Task 1 (the entirefirst row of Figure 1-1). Thefourth activity, to conceptudize afood web modd, has
already been addressed in Kdly (et al. 1998) and is only briefly summarized herein the context of the overal
model development questions.

The report is designed to addressissues central to a FWM and to place current understanding of the
Massachusetts Bay system, including recent nutrient loading data from the MWRA effluent at Deer Idand, into
context of the historical assessments. It aso providesinformation by which the key assumptions madein the
historical assessment documents can be eval uated for accuracy and updated. Moreover, some of the data
provided to the OM SAP on December 18, 1998 represent new research and modeling sendtivity resultsthat are
relevant to the sources of nutrients sources to Massachusetts Bay and potential system wide responses that may
result from the outfall relocation. In addition, these new BEM modeling outputs address water quality
responsesin the Baysrelative to extreme hypothetical changesin the nutrient input by the MWRA ouitfall
(present and future) from alocd and regiond perspective. It also enables calculation of nutrient mass balances
inclusive of transport across the Bay' s ocean boundaries. Thisreview provides the opportunity to capture this
new understanding into one document and to place the information into the context of the food web modeling
issues. Findly, dthough each of the above assessments conclude that food web modeling in not warranted in
the context of the MWRA outfal, alater section of thisreport reviews the sate of the art in food web modeling.
Thiswasincluded because of the general need within the public, regul atory, and scientific community to
address current understanding of the attributes, capability, advantages, limitations and congtraints of food web
modeling in general and more specificaly in relation to the endangered speciesin Massachusetts and Cape Cod
Bays. Thus, the report includes general reviews of the state of food web modeling from the two major modeling
approaches presently available: foodweb andysis and network anaysis.

1.3  Report organization

The comparison of historical assumptions relative to potentia impact of the MWRA ouitfal in Massachusetts
Bay to basdine datais discussed in Section 2. A discussion of the sengtivity analysis and nutrient mass balance
information devel oped using the BEM modd is presented in Section 3. Section 4 includes the reviews of food
web modeling approaches and feasibility relative to the right whale occurrenceissue. Section 5 discussesfood
web modeling in relation to the outfall and our current understanding of the Massachusetts and Cape Cod Bays
including recommendations for further activities. References cited areincluded in Section 6.
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2. COMPARISON OF ASSESSMENT AND BASELINE INFORMATION

Ecological assessments of potentia impact from the relocation of the Massachusetts Water Resource

Authority’ streated sewage outfal into Massachusetts Bay were completed in the late 1980' sand early 1990's
(EPA 1988, EPA 1993, NMFS 1993). The assessments were conducted with the best available environmental
data at thetime of the assessments. Since publication of these assessments, the MWRA and others have

devel oped asubgtantid database and understanding of the ecologica functioning and trangport mechanisms
operating in Massachusetts and Cape Cod Bays. In addition, more sophisticated water quality modeling of the
ecosystem (HydroQual and Normandeau 1995) and effluent plume dilution and dynamics have been undertaken
(Signell et al. 1996). These assessments have been consistent in finding that that impact from the MWRA
outfal in Massachusetts Bay will be limited and confined to an areavery near the outfall (EPA 1988; 1993).
The biological opinion (NMFS 1993) also concluded that the rel ocated discharge would not jeopardize the
continued existence of endangered species. In spite of the lack of direct evidence or quantitative predictions of
adverse impact to the food web of endangered species, concerns that the discharge may have an adverse effect
on the food web of endangered species remained (October 27, 1998 OM SAP Meeting Minutes). The species of
most concern isthe northern right whale that visits the Bays seasondly. To addressthis concern, it was
suggested that food web modeling could provide predictions of impact to these animals from the rel ocated
MWRA outfal.

Before conducting any modeling efforts, which require substantia time and information to complete
successfully, the MWRA fdlt that areview of the recent monitoring data and information should be conducted
to determine whether or not amodeling effort was warranted. Comparison of the new data to the assumptions
made in the assessments enables examination of the continuing validity of the prior conclusions before the
outfal becomes operationa in 2000-2001. To conduct this comparison, the major environmental assessments
associated with the outfall dong with other relevant documents (see Table 2-1) werereviewed. Key factorsin
these reports were used to devel op the comparisons and draw conclusions. The assumptions were summarized
and compared with recent monitoring datato determine the continuing validity of the previous conclusons. In
addition, the more recent hydrodynamic modeling and expected plume dilution modd results (Signell et al.
1996) were examined. An assessment of whether the historical estimates and predictions remained accurate
was then made.

Table 2-1. Documentsreviewed for comparisons

EPA SEISfor the Outfall (EPA 1988)

EPA Biological Assessment (EPA 1993)

NMFS Biological Opinion (NMFS 1993)

Cape Cod Commission Review of Biological Assessment (BCC 1993)

Dilution Transport model (Signell et al.1996)

MWRA Toxics Review (Mitchell et al.1997)

Conceptua Food Web Model (Kelly et al.1998)

MWRA Zooplankton Retrospective (Lemieux et al 1998)

MWRA Water Column Baseline Monitoring Data 1992-1998
(Kely and Turner 1995a; Kelly and Turner 1995b; Murray et al.
1997; Cibik et al.1998a; Libby et al. 1999)

MWRA Phytoplankton review (Cibik et al.1998b)

Humpback whal e disappearance 1986 (Jahoda and Ryer 1988)

“Predicting Right Whale Distributions Workshop” summary (Clapham 1998)

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

2.1 Review of assumptionsin the SEIS, BA and NMFS biological opinion

The key assumptions and information used in EPA (1998), EPA (1993), and NMFS (1993) relative to the
environment in Massachusetts Bay and MWRA inputs are summarized in this section. The assumptions
addressed in this report focus on nutrient related issues, as these are central to the food web modeling
discussion. Toxic contaminant related issues are not specifically addressed in thisreport. However, the
assumptions included in the SEIS (EPA 1988) have been shown to be overly conservative (Sheaand
Kely 1992). Additionally, monitoring of the secondary effluent has shown that contaminant
concentrations in the MWRA sewage effluent have decreased substantially with the cessation of dudge
discharge (12/91), the advent of improved primary treatment (1/95), two batteries of secondary treatment
(7/97 and 2/98), and treatment of the Nut Island sewage flow at the more efficient Deer Island treatment
plant (7/98). This hasresulted in a substantial decrease in the input of contaminants to Boston Harbor and
Massachusetts Bay from the Deer 1sland outfall (see for example Figure 2-1). Calculations of
contaminant concentrations after initia dilution show that marine water quality criteriawill not be
exceeded in the receiving waters (Graf and Bigornia-Vitale 1999; Sung and Higgins 1998; Butler et al.
1997; Hunt et al. 1995). Therefore, these toxic compounds are not expected to have adverse impact on
the receiving environment and are not addressed further in thisreview.

Effluent metals loading

1000

800

Sum of Chromium, Copper,

600 Nickel, Lead, Zinc, and Silver

Pounds per day
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S PSS PSS
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Figure2-1. Comparisons of the summed annual loading of chromium, copper, nickel, lead, silver
and zincin the Deer Idand effluent from 1989 through 1998 (figure courtesy of the MWRA).

Note also that the EPA’s SEISwas prepared under the assumption that approximately three years of primary
treated effluent would be discharged at the new outfall site. Due to the delay in the completion of the outfall
tunnel, only secondary effluent will be discharged. Thus, only the potential effects of secondary treated effluent
arerdevant to thisreassessment. The key nutrient-related areas of concern and related assumption(s) and
conclusonsin EPA (1998), EPA (1993), and NMFS (1993) are summarized in Table 2-2.
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Table 2-2. Summary of key assumptionsincluded in previous environmental assessmentsrelated
to the MWRA outfall in Massachusetts Bay.

Area of concern

Assumption/finding

Nutrient loading

Nitrogen loading under secondary treatment will be 12,300 metric
tons per year (EPA 1988, 1993; NMFS 1993)

Annual nutrient loading at the new outfall location will be equal to
that at the Deer Island outfall

Nutrient removal during secondary treatment and retention of
nitrogen in Boston Harbor from present outfall location were not
explicitly considered in the SEIS (EPA 1988 and D. Tomey. EPA
Region |, personal communication, May 1999)

Nutrient levelsin the
receiving waters

Nearfield: New outfall will have low and localized influence on
nutrient concentrationsin the nearfield (EPA 1988)

Farfield: Farfield nitrogen concentrations not likely to change
(EPA 1988)

Harbor: Nitrogen concentrationsin Boston Harbor would be lower
after transfer of effluent offshore (EPA 1988)

Relocation should not significantly increase effluent derived
dissolved inorganic nutrients but may moderately increase

particul ate under primary treatment (NMFS 1993)

Plume dilution/Nutrient
transport

Total nitrogen concentrations would be within natural variability
of the system at plume dilutions >200:1 (EPA 1993)

Farfield phytoplankton communities will be subjected to nitrogen
concentrations that are similar to those experienced under existing
conditions (NMFS 1993)

Area of enrichment/area of
impact

Area of plume influence under primary treatment was 85 km?
based on 2-D transport modeling (EPA 1993)

Enriched areawas ~4 km? under secondary discharge and viewed
as a changed condition without excess growth of phytoplankton
(EPA 1988)

Phytoplankton biomass
changes

Margina decreases in phytoplankton biomass in outer harbor and
coast to Situate

Phytoplankton species
response

Small localized nutrient inputs were not likely to cause widespread
changes in phytoplankton species, abundance, or productivity
(EPA 1988)

Species shifts were not expected

Nuisance algal species
response and the outfall asan
attraction for endangered
species or prey of endangered
Species

Low total nutrients not likely to alter the existence and frequency
of the occurrence (EPA 1988, 1993)

Proposed discharge will produce conditions in Massachusetts Bay
similar to those from existing outfall (NMFS 1993)

The potential for increased red tide toxicity is small (NMFS 1993)

Zooplankton Species
response

Small localized nutrient inputs are not likely to cause widespread
changes in zooplankton species, abundance, or productivity (EPA
1988)

Dissolved Oxygen
suppression

Worst case scenario (during water column stratification) indicated
no more than a0.1 mg DO/L suppression under secondary
treatment (EPA 1988)

Suppression was within existing 6-8 mg DO/L rangein
Massachusetts Bay
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2.2 Summary of findings from the baseline monitoring and other evaluations

221 Nutrient loading

The MWRA continualy monitors nutrient concentrationsin effluent from their trestment facilities. These data
are used to calculate the annual loading of nutrient from the MWRA effluent, which are reported to regulators
and public annudly. Based on thisdata, nitrogen loading to Massachusetts Bay from the MWRA effluents
decreased 12% from 1996 to 1998-99 (Table 2-3). The decreaseis dueto the advent of one bank of secondary
treatment in August of 1997 and a second battery in February 1998. Thethird and final battery is scheduled for
completionin March 2000. In addition, treatment of Nut Idand sewage flow on Deer Idand began in July of
1998. Thus, 1999 providesthefirst year of data under full secondary treatment of sewage a Deer Idand.

Table 2-3. Summary of theannual loading of nitrogen to Boston Harbor from the MWRA
treatment plant effluent compared to loading assumed in previousreports.

Estimated loadings (mT/yr) Measured loading (mT/yr)
SEIS' BEM” 1996 1998 1999
Type of treatment | Primary Primary Secondary | Primary | 1-2 Batteries | 2 Batteries
plus of secondary | of secondary
Secondary
Total Nitrogen 12,300 11,120 8,148 12,727 10,834 11,169
NH, N/A 6,028 6,150 6,610 8,135 8,299
NO, + NO; N/A 333 461 575 344 489

TEPA 1988
2 HydroQual and Normandeau 1995

The 1998-99 annud nitrogen load is~11%l ess than the load the used in SEIS (EPA 1988), Biologica
Assessment (EPA 1993), and Biologicd Opinion (NMFS 1993) to determine that no substantive impacts are
expected from the relocation of the outfall. Theseloadings are, however, 35% higher than the loading assumed
by the Bays Eutrophication Mode to compare the relative effects of outfall relocation and level of effluent
treatment. Recently the BEM was rerun to explore the effects of increased loading, and the results can be found
in the sengtivity tests of Section 3.1.

Primary treatment and secondary treatment processestypically each remove about 15% of the influent nitrogen.
Nitrogen removal by secondary trestment isevident in Table 2-3 as areduction in the annua nitrogen loading
between 1996 and 1998-99 (al other factors are assumed equd). The nitrogen loading is expected to further
decrease when the third battery of secondary trestment is on line and more of the plant flow, especially during
peak flow conditions, can be treated to the secondary level. Secondary treatment removes particul ate material
by settling (dudge formation) and also by minerdization to dissolved inorganic nitrogen. The proportion of
ammoniain the effluent consequently has changed from about 50% to approximately 75% (Table 2-3). By
design, little of thisisnitrified in this treatment plant.

Theloading estimatesin the various environmental assessments for the outfall further assumed that all of the
nutrients discharged at the Deer I9and outfall would enter Massachusetts Bay. Recent studies (Kelly 1997,
1998) have documented that 10 to 15% of the nutrients discharged at Deer Idand are retained within Boston
Harbor. Therefore, most of the nutrients discharged by the MWRA at Deer Idand are trangported out of the
Harbor and are already entering the Massachusetts Bay system. Thus, relocation would increase the nitrogen
load to the Bay by 10-15%. Thisincrease would counteract the decrease caused by the added efficiency of the
nitrogen removal a the treatment plant (Sung and Higgins 1998; Butler et al. 1997; Hunt et al. 1995).
Therefore, only very small changesin the nutrient loading to the Bays from the Deer Idand treatment facility
will result from the relocetion.

10
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Questions have aso been raised about the relative contribution of nitrogen from the MWRA effluent compared
to boundary inputs to the Massachusetts Bays system. Becker (1992) briefly examined this aspect of the
nutrient mass baance for Massachusetts Bay and found that the nitrogen input to the Bays was likely dominated
by the boundary inputs. In response to the question, this concept was further developed through the calibrated
BEM modd (HydroQua and Normandeau 1995, HydroQual 2000). A mass balance developed using the BEM
(see Section 3.2 of thisreport for details) showsthat the Deer Idand effluent contributes asmall fraction (~3%)
of thetota nitrogen entering the system.

2.2.2 Nutrient levelsin thereceiving waters

Basdline measurementsin the water column of Massachusetts and Cape Cod Bays have extensvely
documented spatial and temporal variability in nutrient concentrations and plankton responses (Kelly and
Turner 1995g; Kelly and Turner 1995b; Murray et al. 1997; Cibik et al. 1998a, 1998b; Lemieux et al. 1998;
Libby et al. 1999). Strong seasonal differences are evident in the data as are seasondly dependent surface to
bottom gradientsin the water column. The basgline-monitoring program has a so documented strong horizontal
gradients emanating from Boston Harbor (Kédlly et al. 1996) into the western portion of the nearfidld (i.e.
extending toward the Site of the future outfal). Model computations of the nutrient distribution (HydroQual
2000 and Section 3.1 of thisreport) clearly show that increasesin nutrient concentrations above the background
variability will be confined to the nearfield areas. Mareover, the most recent modeling showsthat nitrogen
levelsin Boston Harbor will decrease with the transfer of the effluent discharge offshore. However, the devated
nutrient levelsin the coasta region (Boston Harbor southward towards Plymouth) will be relatively unchanged
with the transfer (see Section 3.1 for detail). Thus, the most extensive water quality modeling to date for
Massachusetts Bay predictsthat relaively little change will occur in the spatia pattern of nutrient concentration
when the effluent is moved offshore.

The hydrodynamic model of Signell et al. (1996) provides further enlightenment with respect to the expected
dilution of the MWRA effluent in Massachusetts Bay in response to the outfal relocetion. These investigators
developed a 3-dimensional hydrodynamic model of the Massachusetts Bay and Boston Harbor system with a
relatively fine grid spacing of 1 km. The model has been found to reproduce the mgjor hydrodynamic features
of the Massachusetts Bays, especidly in the western areas where the new outfal islocated. These
hydrodynamic festuresinclude the evol ution of the seasonal pycnocline, mean flow pattern, and strength of the
subtidal current fluctuations. Asaresult the model iswell suited to study average dilution characterigtics of the
effluent at the new location. The model was used to develop projections of effluent plume dilution under
various environmental conditions. Animations of the model outputs can be found at http://crusty.er.usgs.gov.

Representative concentration contours are presented in Figure 2-2and Figure 2-3. The figures show
effluent concentration contours along a transect extending from Boston Harbor at the left through the new
outfall in Massachusetts Bay and then towards Stellwagen Bank. The contours of effluent concentration
are 0.125% effluent; the red color corresponds to > 2% effluent, orange to 1-2% effluent, yellow to 0.5-
1% effluent, and white to <0.5% effluent. Thefirst arrow aong the top of each figure shows the location
of the current outfall at Deer Island; the second arrow indicates the location of the new outfal. The upper
panel in each figure represents the effluent concentration based on the current discharge location; the
second panel represents the conditions for the new outfall. The model computations clearly demonstrate
demonstrate the expected reduction in the relative amount of effluent that will be found in Boston Harbor.
Under the stratified conditions represented in Figure 2-2 the plume is clearly confined to deeper waters
below the pycnocline. The horizontal extent of the plume under average conditionsis clearly limited to
within afew kilometers of the diffuser. Similarly, the plume under unstratified conditions (Figure 2-3) is
limited in horizontal extent, but does extend to the ocean surface.
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Figure 2-2. Distribution of the MWRA effluent concentration in Boston Harbor and M assachusetts
Bay from the ECOMsi 3-D model under stratified conditions.
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Figure 2-3. Distribution of the MWRA effluent concentration in Boston Harbor and M assachusetts
Bay from the ECOMsi 3-D model under non-stratified conditions (from Signell et al. 1996).
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2.2.3 Areaof enrichment/area of impact

The 3-D modd output described in Section 2.2.2 was a so used to estimate the areain the Bays that would be
under measurable influence from the discharge. Thisanaysisindicated that the areathat would be influenced is
only 7 km?, which is some 12 times less than predicted for primary treated effluents under the SEIS (EPA
1993). Thisisaso <0.2percent of the combined area of Massachusetts and Cape Cod bays.

The BEM model was a so used to eval uate the rel ative contribution of effluent to the total nitrogen entering the
Massachusetts Bay system including that entering across the boundary with the Gulf of Maine. Thisis
discussed in detall in Section 3.2 of thisreport. The results show that the rel ative contribution of the outfall is
substantia closeto the outfall, up to about 40%, but less than 10% in Cape Cod Bay. Thus, nitrogen levelsin
Cape Cod Bay are subgtantially more affected by transport from the boundary than by the MWRA effluent.

Additional evidence for reduced impact at the outfdl isthe dramatic reduction in the total solids discharged by
the MWRA asareault of the facilitiesimprovements (Figure 2-4). Annud discharge of total solids has
decreased from 165 tons per day to just over 40 tons per day following removal of dudge dischargein 1991 and
secondary treatment start up in 1997.
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Figure 2-4. Average daily discharge of solids by the MWRA from 1988 through 1998.
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2.24 Phytoplankton

Biomass changes: Chlorophyll, ameasure of phytoplankton biomass, exhibitsadynamic rangein
Massachusetts Bay at severd spatia and tempord scales. Seven years of basdline monitoring have shown that
spatia distribution in Massachusetts and Cape Cod Bays exhibit seasonally dependent verticd gradientsin the
water column and a consistent offshore gradient. This offshore gradient emanates from the more productive
waters of Boston Harbor and extendsinto western Massachusetts Bay including the western sde of the
nearfield. These gradients can changein intensity and spatia extent on adaily to weekly basis. A gradient also
extends southward from the Harbor along the coast off Scituate MA and further southward towards Plymouth.
Theintengity of the gradient is seasonally dependent and responds to physica forcing functions such asthose
related to weather. The basdline dataa so show large variability in the seasond average chlorophyll biomass
(both within ayear and within season across years), aswell asvariahility in the annual average (see Libby et al.
1999 for the most recent compilation of basdline data).

Phytoplankton species response: As summarized in Cibik et al. (1998b), phytoplankton speciesin the Bays are
also highly variable at weekly, monthly, seasond, and annua scales. Spatid variability within season is driven
by the interactions between nutrient availability and light. Typicdly the seasonal abundance of the numericaly
dominant phytoplankton specieswill vary by as much asthree orders of magnitude. Variability within one
group of phytoplankters (e.g., dinoflagellates, diatoms, microflagellates, etc) can be as much as one order of
magnitude (afactor of 10). Dominance by various species groups a so varies seasondly and can range from
dominance by the small microflagellatesin the summer to amixture of distomsin the winter and fall.
Dinoflagellates display infrequent aperiodic blooms of generdly low abundance. As observed for chlorophyll,
Boston Harbor and the near coastal weters aong the shore south of the Harbor tend to have the highest cell
abundance, which is as expected given the generdly higher nutrient levelsin these regions.

Giventherdatively smdl changesin nutrient distributions that are likely in Massachusetts Bay (see above and
Section 3.1) following the transfer of the effluent offshore, it is not expected that baywide changesin
phytoplankton species abundance or community structure will occur after the outfall is operational. This
expectation is further supported by the most recent modeling results (Section 3.2) that show magjor influence on
the nitrogen concentrations from the effluent will be confined to the nearfield and that only about one-third of
the nutrientsin the nearfied d will emanate from the MWRA outfal. Moreover, the fact that the nutrient field in
the farfield areasis driven more by the inflow of nutrients at the boundary of the Massachusetts Bay, it is
unlikely that substantive changesin the phytoplankton abundance and species composition would be caused by
the outfall relocation.

The only cavest to this projection is the increase in ammoniain the secondary effluent relative to primary
effluent even though the totd nitrogen concentration decreases (Table 2-3). Because ammoniais more quickly
consumed by phytoplankton than inorganic or organic nitrogen forms, this could lead to greater stimulation of
growth closer to the outfall, but only during those periods when the effluent reaches the photic zone. Note that
theincreasein ammoniais greater than that assumed in early projection runs of the BEM, and the Model
Evaluation Group may recommend that the assumed |oads be revised for forthcoming model runs.

Regardless, the high natura variability in the natura abundance of the various plankton species makes detection
of more than mgjor shiftsin plankton composition and abundance problematic. Such mgjor shifts are not
expected to be caused by the outfall relocation given the relatively small changes in the nutrient fields and
trapping of the plume below the pycnocline during the late spring to early fall period (see Figure 2-2). If major
shifts do occur, they arelikely to result from factors and circumstances that are outside of the control of the
MWRA.

2.2.5 Nuisancealgal species

The MWRA monitoring program has documented that nui sance species can bloom in the waters of
Massachusetts and Cape Cod Bays. Specifically, mgjor blooms of Phaeocystis pouchetii were observedin the
spring of 1992 and spring of 1997 and an Alexandrium tamarense event was documented in 1993 (Anderson
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1997) in coagtd areas of Massachusetts Bay. Blooms of Alexandrium have not occurred in offshore waters
sincethat time. Paralytic shellfish poisoning (PSP) outbreaks in shellfishing areas have not been recorded since
1993 in the Bays (Don Anderson, WHOI, persond communication June 1999). Cells of Alexandrium
tamarense have been noted sporadically (31 of 1156 samples collected by the MWRA from 1992 through 1998)
throughout the baseline period. Except for the event in 1993, when cellsin one MWRA sample reached about
170 per liter (well below the level considered problematic for this species (D. Anderson, persona
communication July 1999)), the Alexandrium abundance has been very low. When detected under the MWRA
monitoring program, it has generdly been <5 cells per liter (26 of the 31 samples).

Alexandriumis known to arise from two sourcesin Massachusetts Bay. Locdly, the species arise from
germination of benthic cysts (this mechanism is generally confined nutrient rich coastal ponds). Once
established, nutrient availability, coasta currents and winds regulate the bloom’ s distribution and abundance
(seesummary in Cibik et al. (1998b). Advection of the speciesinto the Massachusetts system from the Gulf of
Maineisthe other mechanism leading to bloomsin Massachusetts Bay. This transport mechanism is strongly
influenced by wind conditions, which can either drive the surface waters of the Gulf of Maineinto or away from
M assachusetts Bay, depending on the direction and duration of the wind.

Note that other phytoplankton species of concern in the Bays such as Pseudonitza multiseries, which can cause
domoic acid poisoning, have not been recorded in bloom abundance nor has this diatom approached levels of
concern (>500,000 cdlg/L). Similarly, low but persistent abundance of Ceratium spp, the dinoflagedllate
responsible for the anoxic bottom water event in the New Y ork Bight in the 1970's, has been observed in the
later years of the monitoring program (Libby et al. 1999). Observed levels are at least two orders of magnitude
lower than associated with the anoxic event in the New Y ork Bight.

Availableinformation indicates that after the outfall is relocated little change in the species abundance,
distribution, or community composition can be expected relative to that measured during the bassline period.
This expectation is primarily based on the same rationae presented for biomass changes: 1) no net changein
nutrient loading to the Bays from the MWRA outfdl relocation, 2) only small loca changesin the nutrient
concentrations in the nearfield, 3) dominance of nutrient input by import into the Massachusetts Bay system
across the boundary with the Gulf of Maine, 4) no change in farfield nutrient concentrations from the ouitfall
relocation, and 5) isolation of the discharge plume from surface waters during the stratified period.

2.2.6 Zooplankton speciesresponse

As discussed for the phytoplankton, the MWRA baseline-monitoring program has documented tempora and
spatial variability in zooplankton abundance and distribution in the Massachusetts Bays system. The data,
including aretrospective andysis (Lemieux et al. 1998), indicate smilarity of the nearfidld and offshore farfield
communities and asimilarity of the Harbor and coastal communities. The data gathered and andyzed during
the MWRA outfall monitoring baseline period do not change or alter the conclusions from the SEIS (EPA
1988) and federd endangered species assessments. That is, the expectation of small and localized changesin
the nutrient concentrations and concomitant lack of change in phytoplankton communities will result in neither
substantive nor readily detectable changesin the zooplankton community composition and species abundance.

Very high resolution mapping (10s of cm scae) of the spatid variability of physical and sdected biologica
variablesin Massachusetts Bay in March of 1998 (Davis and Gallager 1998) found characteristic spatia
digtributions for phytoplankton and zoopl ankton taxa and that the taxa had clear correlative affinitiesfor
different water types. The characteristic spatia (distance) correlation scalesfor most of the plankton taxa
dropped off above 2 to 4 km whereas the spatial scales of the physical parameters, fluorescence, or particle
fields (as measured by beam attenuation) were larger. The data are thought to indicate that there is some small-
scal e taxa-specific patchinessin the syssem. The data dso indicate that colder fresher surface water from the
Cape Ann area contributes to the formation of Cape Cod Bay water and tends to dilute the plankton in the
northern and western parts of Massachusetts Bay. Lastly the data suggest that locd heating in Cape Cod Bay
may be important in initiating bloomsin Cape Cod Bay in the spring. While much work remains, thishigh
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resol ution mapping effort has begun to shed some light on the interrel ationships between selected zooplankton
and the physical properties of the waters of Cape Cod Bay. ). Important to the issues of the present report isthe
observation that water derived from the boundaries of the Massachusetts Bay system subgtantidly affectsthe
plankton distributions and levelsin the system.

Similar results were found in aMarch 1999 survey (Davis and Gdlager 2000), dthough the route of water and
plankton to Cape Cod Bay was found to be from offshore in northeast Massachusetts Bay. The study suggests
that the spatia scalefor changesin the digtribution of planktonic taxawere <2 km and that correlative length
scalesfor zooplankton were about 20 km. The latter dlows gatistical testing of zooplankton abundance
between the nearfid d and farfield as patia independence of stationsthisfar apart is demongtrated. Thisfinding
supportstheresults of astatistical trestment (Ellis et al. 2000) of the mgjor offshore species (i.e., sum of the
adult plus copepodite forms of Calanus, Pseudocalanus, Centropages typicus, and Oithona). Thislatter sudy
indicatesthat there is no difference in the abundance of these zooplankton between the nearfield and farfield
during the January to May period across the 1992 through 1999 baseline period.

Studies of zooplankton patches have suggested that threshold val ues on the order of 4,000 Calanug/m®are
required for efficient right whale feeding (Clapham 1998). Anecdota evidence suggeststhat right whalesin
Cape Cod feed in dense patches of zooplankton but are aso known to feed in the areain the absence of these
patches (Mayo as cited in Clapham 1998). In 1998, the MWRA increased the number of stations sampled for
zooplankton in Cape Cod Bay in the winter from 2to 4. The results have documented that alarger rangein
zooplankton abundance was detected in this system with more spatial sampling. Very high resolution sampling
using atowed video plankton recorder (VPR) has dso documented fine scale spatial processesthat likely affect
the distribution of nutrients, phytoplankton and zooplankton in the right wha e feeding area of Cape Cod Bay
(Davis and Gallager 1998, 2000). Factors causing the formation of these fine scale features and there
importance to the whale food resources are as yet unclear, dthough corrdative andysisto the areasthe whaes
are often observed suggest they may be linked (Mayo in Clapham 1998).

The basdine data do not refute, but rather support the conclusions drawn in the outfall SEIS (EPA 1988) that the
outfall would only have alimited local affect on the zooplankton in the greater Massachusetts Bay system. The
information that the new outfal will not ater the nutrient regime in Cape Cod Bay suggests that forceslarger
than the outfal will continue to drive the zooplankton dynamicsin this system (see Davis and Gallager 1998,
2000). Moreimportantly, information on the importance of the physica processes relative to the distribution of
the zooplankton isjust beginning to be developed.

Lagtly, the MWRA effluent will not affect physical processes such asregiona dratification and the general
circulation of Massachusetts Bay. Thisismost easily shown by the rapidity with which the plume dilutes under
gtratified and ungratified conditions (Sections 2.2.2).

2.2.7 Dissolved oxygen suppression

Very smal (0.1 mg/L) suppression of dissolved oxygen in the deeper waters of Massachusetts Bay dueto
outfal relocation was model ed during the SEIS process. Moreover, measured DO levelsin the deeper waters
were found to range from 6 to 8 mg/L in the summer. The basdline-monitoring program has documented that
thisremainstrue. However, the baseline monitoring hasidentified that DO concentrations may decreaseto 4 - 5
mg/L in some areasin the late summer (Kely and Turner 1995b). Thislevd isnot considered harmful to
marine organisms (EPA 1999) and does not approach hypoxic conditions, athough it fals below the
Massachusetts State marine water quaity standard of 6.0 mg/L. The monitoring program has a so documented
asystematic rate of decrease in the bottom water oxygen levels once water column stratification sets up and
water temperatures increase in the June to July time frame.

After the SEIS was compl eted, more sophigticated modeling using the BEM (HydroQual and Normandeau
1995, HydroQua 2000) was developed. It reproducesthe mgjor DO trendsin the system for 1992 through
1994, and projectsimproved DO in Boston Harbor and small localized DO increasesin the summer in the
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nearfield following outfall relocation. This same model does not indicate changesin DO in other farfield areas
such as Stellwagen Basin and Cape Cod Bay. Asa senstivity test the nutrient loading at the outfdl sitewas
assumed to have doubled, with the result that asmall decrease in DO was computed in the farfield areas. Such
an increase would be analogous to adoubling of the population in the area served by the MWRA treatment
plant, which incidentally is unlikely given current local population trends.

Asin the sections above, the basdline monitoring and modeling data point to a system that has awell described
seasond DO response. This response appears to be driven regiondly by the nutrient input a the boundaries and
whichisdightly exacerbated near the new outfall by the effluent input. The best available water quality model
indicatesimprovementsin the Harbor and only smal DO changesin the nearfield when the MWRA secondary
treated effluent istransferred from the mouth of Boston Harbor farther into Massachusetts Bay.

2.3  Comparison and conclusions

The results summarized in Section 2.2 clearly indicate that the assumptions and conclusion drawn in the SEIS
(EPA 1988) and subsequently revisited in the Biologica Assessment (EPA 1993) and Biological Opinion
(NMFS1993) remain valid today. Irrespective of the topic examined, the recent studies and basdline data
indicate that the rel ocation of the outfal will havelittleif any impact in areas outside of theimmediate nearfield.
In fact, the assumptions and assessments within the SEIS have been shown in this current reassessment to be
conservative in the areas of nutrient loading, nutrient concentrations expected in the nearfield receiving waters,
the area of enrichment/area of impact that could be detected, phytoplankton biomass changes, and dissolved
OXygen suppression.

Evidence presented in the following sections dso indicates that the nutrient transport into the Bays from the
offshore boundary areas will exert grester influence on farfield nutrient distributions than will the outfall. By
extrapolation of our basic understanding of the ecological interactions between and among nutrients,
phytoplankton and zooplankton, the boundary is thus more likely to influence the overall plankton species
composition and abundance in the Bays and especialy the farfield areas such as Cape Cod Bay and Stellwagen
Bank.

The results from the monitoring program and model computations are not as easly extrapolated to the response
in plankton species, especialy nuisance algae. However, severd lines of reasoning lead to the conclusion that
the outfal relocation will not exert any more impact than it presently does on the Massachusetts Bay system.
Theseinclude the information that nutrient loading at the new outfall will not be different thanis presently
discharged at the mouth of Boston Harbor and that this discharge is dready exported to Massachusetts Bay, that
more refined modding projection indicate the area of impact will be smaller, and that the discharge will be
trapped below the pycnoclinein the Stratified period. If any effects occur they, as stated in the EPA SEIS, will
be localized and of limited magnitude.

From the above information and discussion, the question "will environmental conditions worsen as aresult of
the outfal relocation?' isanswered in the negative. Because no changes arelikely, the question "is such change
likely to harmwhales?” must also be answered asno. Regardless, it isingtructive to pursue whether application
of food web models could provide incrementa or substantial improvement in our ability to predict the
occurrence of right whaesin Massachusetts Bay and whether the outfall will have impact on the occurrence.
To address these issues, the results of the BEM sensitivity modeling conducted as part of this reassessment is
first presented and consdered. A summary of the conceptua food web model developed by Kelly et al. (1998)
isthen presented and discussed in light of the findings presented in the above sections. This section isfollowed
by areview of food web modeling approaches.
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3. RECENT MODEL RESULTS

One utility of a calibrated mathematical model of awater body isthe ahility to project the impacts of possible
management scenarios on future water qudity. In the case of the Massachusetts Bays system, such amodel was
devel oped with funding provided by the MWRA. The model was built on a state-of-the-art model having wide
application to other regions. Thiswater quality model, known as the Bays Eutrophication Modd (BEM), was
initidly calibrated against two extensive data sets. One of the data sets used for model calibration included data
collected as part of thefirst year (1992) of operation of the Harbor Outfall Monitoring Program (HOM). The
details of the model framework and its calibration have been previoudy reported (HydroQual and Normandeau
1995). Morerecently the BEM was compared againgt an additional two years of data (1993-1994) from the
ongoing HOM program (HydroQual 2000). The results of thiseffort indicate that the BEM capturesthe
principa processesthat interrelate primary production and dissolved oxygen to Bay-wide circulation, water
column temperature and stratification, nutrients, and light. While the mode does not reproduce species-specific
phytoplankton blooms that occas onaly occur within the Massachusetts Bays system, for example, the
Asteriondlopsis glacialis bloom that occurred in the fall of 1993, the BEM does reproduce anumber of the
spatial and tempora features of phytoplankton biomass and primary productivity observed in Boston Harbor,

M assachusetts Bay, and Cape Cod Bay.

Accordingly, the model efficacy was considered sufficient to use the model in an exploratory analysis of
the sensitivity of nitrogen loading on key ecological measures of the Massachusetts Bay ecosystem. This
exploration was conducted as one component of the (see Section 1) development of a scope of work for a
food web model for the Massachusetts Bays system (Hunt et al. 1999).

3.1  Sensitivity modeling
For thisanaysis, the BEM was used to perform a series of sengitivity runs wherein the magnitude of nutrient
loading from the MWRA wastewater treatment facilities on Deer Idand was manipulated. Combinations of
threelevels of nutrient loading at either of two locations were modeled. Thetwo locations were (1) the present
points of discharge to the waters of Boston Harbor from the Nut Idand and the Deer Idand Treatment Plants,
and (2) the new diffuser location in northwestern Massachusetts Bay. These mode! runs were conducted to
elicit therelative effect of mgjor changesin the amount of nutrient discharged by the MWRA on key
components of the Massachusetts Bay ecosystem. These componentsincluded total nitrogen (TN), dissolved
inarganic nitrogen (DIN), phytoplankton biomass (chlorophyll), and dissolved oxygen (DO) in both
Massachusetts and Cape Cod Bays. The responses were considered by indirect inference as representing the
poss ble impacts on food web dynamics of the system, and which therefore may have conseguences for
important prey species of endangered speciesin the Massachusetts Bays ecosystem.

The series of sengtivity runs performed as part of this analysis used the 1992 cdibration (HydroQual and
Normandeau 1995) as the base condition or “1X” loading (assuming 11,150 mtons of nitrogen per yr). The
response in the Bays was compared to the response from the 1X input to determine the sensitivity of the system
to increased and decreased nutrient loading and the two discharge locations. In 1992 the wastewater treatment
facilities operated by the MWRA provided primary trestment only. A total of six sengitivity runswere
conducted. Note that the volume of the water discharged as effluent was not changed during theseruns. The
sengtivity runsincluded:

(2) current outfall location, zero organic carbon and nutrients (total nitrogen, total phosphorus,
and dissolved inorganic silica) in the MWRA effluent,

(2) current outfall location, current (1992 calibration) carbon and nutrientsin the MWRA
effluent,

(3) current outfall location, twice the current (1992 calibration) carbon and nutrientsin the
MWRA effluent,

(4) future outfall location, zero organic carbon and nutrientsin the MWRA effluent,
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(5) future outfall location, current (1992 calibration) carbon and nutrients in the MWRA effluent,
and

(6) future outfall location, twice the current (1992 calibration) carbon and nutrients in the MWRA
effluent.

All other carbon and nutrient inputs, e.g., non-MWRA treatment facilities, combined sewer overflows, ssorm
sawer, rivering, groundwater, and atmospheric deposition, and environmenta conditions, e.g., temperature,
light, boundary conditions, extinction coefficients, etc., werethe same asfor the 1992 cdlibration. The only
exceptions were for the future outfal location (FOL) sengitivity runs, wherein the hydrodynamic model was
rerun with the freshwater associated with the current outfal locations (COL) a Nut and Deer Idands relocated
to the future outfal location.

Computations from each of the sendtivity runs were compared againgt the computations from the base
condition through spatial mapping of concentration intervals. The figures discussed bel ow represent five-day
averages of modd results. Thefirst set of sengtivity comparisonsis presented for surface phytoplankton
biomass, asindicated by chlorophyll-a (chl-a), for mid-April (Figure 3-1). This date correspondsto thetime
period during which vertical stratification beginsto occur within the water column. Therefore, thisdate also
correspondsto the last period of time (until the turnover of the water column in mid- to late-October) wherein
nutrients discharged at the future outfall location reach the surface waters of the Bay. In Massachusetts Bay,
after mid-April, the water column of the Bay becomes vertically stratified due to differential warming of surface
waters by energy from sunlight. Nutrients discharged viathe diffusers at the future outfall Site are projected to
remain trapped below the pycnocline when the water column is stratified, thus would be unavailable for uptake
by phytoplankton in the surface waters of the Bay.

Asseenin Figure 3-1, the nutrients discharged by the MWRA,, &t their present discharge locations at Nut 19land
and Deer Idand, do have an impact on chlorophyll levelsin Boston Harbor and the nearshore regions of
northwestern Massachusetts Bay. Rélative to the zero nutrient (0X) senditivity run the 1X nutrient loading
under conditions of primary trestment from the MWRA treatment facilities result in (Figure 3-1a) chlorophyll
concentrations that are 1.5-2 pug/L greater in Boston Harbor and dongshore asfar south as Scituate.
Concentrations are 0.5-1 ug/L. greater under the 1X loading asfar south as Gurnet Point, near Plymouth (Figure
3-1b). Nutrients from the MWRA discharge, however, do not appear to increase the concentrations of
chlorophyll-ain Cape Cod Bay in moving from 0X to 1X loading. In contrast, doubling the MWRA nutrient
loading is projected to stimulate additiona phytoplankton growth including the southwest portion of Cape Cod
Bay (Figure 3-1c). However, theincreasesin chlorophyll-a concentrationsin southwest Cape Cod Bay are
reatively small, 0.5-1 ug/L. Perhaps more significant are the sengtivity projections that show while the
relocation of the MWRA ouitfall to Massachusetts Bay reduces chlorophyll-a concentrations in Boston Harbor,
thereislittle or no impact on the levels of chlorophyll-athat develop in Massachusetts Bay and Cape Cod Bay
(Figure 3-1d-f).

Projection computations for Tota Nitrogen (Figure 3-2) show similar spatia profiles as were observed for
chlorophyll. The dimination of nitrogen associated with the MWRA effluent discharge at the current outfall
location significantly reduced the concentrations of TN in Boston Harbor (Figure 3-28). Residua

concentrations of TN are due to inputs from CSO and storm sewers draining to the harbor, aswdl asinputs
from the Charles River. The addition of the existing (1992) TN loads at the current outfall location increasesthe
concentrations of TN in the Harbor to more than 0.4 mg N/L and increases the concentrations of TN to
approximately 0.25 mg N/L to Gurnet Point, near Plymouth Harbor (Figure 3-2b). Doubling the TN in the
MWRA effluent resultsin further increasesin TN in the harbor and the along shore region of northwest
Massachusetts Bay to between 0.3 and 0.35 mg N/L asfar south as Humarock (Figure 3-2c). The
concentrations of TN are also computed to increase by approximately 0.05 mg N/L in the southern and

19

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

(d)

(b)

(mgl)

()

3

plwl-l -1 N Chl=m jugiL}
‘“"‘-""' lLagar gl !-I'Htirl
COl Prsary 25 FoL ﬂr?m-,-

Figure 3-1. Spatial representation of modeled late April chlorophyll in surface waters of
M assachusetts Bay in response to 0X, 1X, and 2X nutrient loading and shift in discharge
location from the current location (COL) and future outfall locations (FOL).
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Figure 3-2. Spatial representation of modeled late April total nitrogen in surface water s of
M assachusetts Bay in response to 0X, 1X, and 2X nutrient loading and shift in discharge location
from the current location (COL) and future outfall locations (FOL).
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southeastern portions of Cape Cod Bay. It isinteresting to note, however, that concentrations of TN did not
increase in southwest Cape Cod Bay, just to the south of Plymouth during this five-day period. Further
examination of the modd results show that during this period awedge of water with low dissolved organic
nitrogen (DON) concentrations pushed in between Massachusetts Bay and Cape Cod Bay causing the
discontinuity inthe TN contours. DON comprises approximately haf of the TN concentration during thistime.
Aswas also observed for the chlorophyll projection results, the movement of the MWRA effluent to the future
outfdl location site did not result in significantly different spatial profilesof TN (Figure 3-2e-f). The only
significant differences between the COL and FOL results are that concentrations of TN are reduced in Boston
Harbor and areincreased dightly more offshore in the western portions of Massachusetts Bay, aswell asin the
vicinity of the FOL. Computed concentrations of TN are virtualy the same in Cape Cod Bay for both the FOL
base condition Figure 3-2€) and the load doubling or 2X run (Figure 3-2f), as compared to the COL base
condition (Figure 3-2b) and the 2X (Figure 3-2C) runs.

Similar results were a so computed by BEM for DIN (Figure 3-3). In general, increasing the MWRA nutrients
load & the COL increases DIN concentrationsin Boston Harbor and the along shore aress of northwestern
Massachusetts Bay (Figure 3-3a-c). Doubling the MWRA nutrient loading resultsin anincreasein DIN
concentrations in the southeastern and eastern portions of Cape Cod Bay between Nobscusset Point and
Provincetown (Figure 3-3c). Moving the outfall to the FOL location resultsin an increasein surface DIN in the
immediate vicinity of the outfal (Figure 3-3e-f). In addition, the effluent plume is moved further offshore. The
concentrations of DIN in Cape Cod Bay for the basdine run scenarios (Figure 3-3b, €) and the 2X scenarios
(Figure 3-3c, f) appear to besimilar. One key festure of the model computations that can be observed in Figure
3-3istherdativey largeinflux of DIN from the Gulf of Maine boundary. Thisinflux of nitrogenisa
significant source of nitrogen to the Massachusetts Bays system, aswill be discussed subsequently.

The discharge of organic carbon and nutrients by the MWRA a so influences the concentrations of dissolved
oxygen in the bottom waters of the Harbor and the Bays. Moded computationsfor late October indicate that
increasing inputs of organic carbon and nutrients at the COL lead to decreasing levels of bottom water dissolved
oxygen both in the inner portions of Boston Harbor, the immediate areajust outside of Boston Harbor, and the
central and southwestern portions of Cape Cod Bay (Figure 3-4a-Cc). Changesin bottom water dissolved oxygen
in Boston Harbor and itsimmediate vicinity are due to organic carbon oxidation and nutrient driven dgal
respiration and sediment oxygen demand. Changesin Cape Cod Bay are principally dueto agal respiration and
sediment oxygen demand, asmall component of which may be associated with nutrients from the MWRA
discharge (seebelow). The principa differences between the COL and the FOL locations areincreasesin
dissolved oxygen levelsin Boston Harbor that are associated with moving the outfall to Massachusetts Bay and
adight decrease in theimmediate vicinity of the future outfall location under the FOL 2X projection (Figure
3-4f). Notethat the 1X projection for the FOL does not demonstrate substantial changesin the spatial extent of
the bottom water DO in Massachusetts Bay relative to the COL.

In summary, it gppears from model computations that moving the MWRA wastewater effluent into
Massachusetts Bay from Boston Harbor should not have a significant impact on the nutrient fields or water
qudity of Massachusetts Bay or Cape Cod Bay. Therefore, this result aso suggeststhat the outfall relocation
should have little or no impact on the prey food supply for endangered species of the Massachusetts Bays
system.
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Figure 3-3. Spatial representation of modeled late April total dissolved inorganic nitrogen in

surface waters of Massachusetts Bay in responseto 0X, 1X, and 2X nutrient loading and shift in
dischar ge location from the current location (COL) and future outfall locations (FOL).
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3.2 Maodding reativeto the nutrient status of Massachusetts and Cape Cod Bays

From the sengitivity analysis performed using the BEM (Section 3.1) it was demonstrated that the relocation of
the MWRA' s effluent from Boston Harbor to northwestern M assachusetts Bay would have little impact on the
water quality of Massachusetts Bay and Cape Cod Bay. Based on mode projections using the BEM, it was also
observed that Massachusetts Bay and Cape Cod Bay are more senditive to the magnitude of nutrient inputs,
rather than the absolute location of the discharge. Moreover, model computations also indicated that a
subsgtantia change (i.e., adoubling) in nutrient loading would be required before perceivable changesin
phytoplankton biomass would occur in portions of Cape Cod Bay. To understand the reasons for these results
from the model computations, additiona analyses were performed using the water quality model. These
included mass balance ca culations based on the mode and spatial and tempord aspects of MWRA nitrogen
inputs versus nitrogen inputs from the Gulf of Maine. In thefirst instance, amass balancefor dl sourcesand
sinksfor nitrogen over an annua cycle was performed for the entire Massachusetts Bays system (Figure 3-5).

MASSACHUSETTS BAYS NITROGEN MASS BALANCE FOR 1992
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Figure 3-5. Free body diagram showing all of the sources and sinksin mg Nm™d™ for total nitrogen
for the Massachusetts Bays system.

Nitrogen inputsto the system included: the MWRA effluent; discharges from other waste water trestment plants
(WWTP); nonpoint source (NPS) inputs, including combined sewer overflows, storm sewers and groundwater;
riverine sources (Charles River, etc.), atmospheric deposition directly to the surface waters of the Bays; fluxes of
ammonium and nitrate nitrogen from the bottom sediments of the Bays; and the influx of nitrogen from the Gulf
of Maine aong the northern boundary of the model. L oss terms associated with nitrogen included: burid of
refractory organic nitrogen to the deeper portions of the bottom sediments of the Bays; efflux of nitrogen gas
(resulting from nitrification and denitrification in the bottom sediments) to the atmosphere; and the advection of
nitrogen from the Baysto the Gulf of Maine along the southern boundary of the modd at the northern tip of
Cape Cod. Using the results from the 1992 base case conditions, the BEM computesthat over an annua cycle
only 3 percent of the total nitrogen entering the Massachusetts Bays system is derived from the MWRA inputs.
The modd also indicates that approximately 93 percent of the nitrogen entering the M assachusetts Bays system
is associated with inflowing waters from the Gulf of Maine. These computations are congistent with the
observation that the mgority of waters within the M assachusetts Bays system appear to be more representative
of oligotrophic conditions than eutrophic conditions. Only Boston Harbor and perhaps the northwestern
portions of Massachusetts Bay off Boston Harbor appear to be rdatively enriched with respect to nutrients and
phytoplankton biomass.
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While the mass balance analysis presented above summarizes nutrient inputs to the entire M assachusetts
Bays system over an annual cycle, it does not provide insight into the spatial and temporal aspects of the
MWRA nitrogen inputs versus those nitrogen inputs from the Gulf of Maine. Therefore, the BEM was
used once more to gain additional insights into the spatial and temporal distribution of nitrogen from
these two sources. To perform thisanalysis, the water quality model was run treating nitrogen as a
conservative variable tracer (i.e., the biology in the model was turned off). The model was run for the
outfall location at Deer Island (COL) and the new outfall site (FOL). Onerun in each set was completed
using the combined loading from the boundary and the MWRA outfalls (no other sources were allowed),
once using only the observed 1992 TN loading from the MWRA, and once using only the 1992 boundary
TN concentrations used in the 1992 calibration. The assumed effluent and boundary concentrations are
shown in Figure 3-6. The effluent load ranges from about 14 to 27 mg/l with slightly higher
concentrationsin the late spring to early winter. The boundary loading shows relatively constant input
concentrations (0.3 mg/L) in the bottom waters but a clear seasonal loading in the surface waters.
Summer time concentrations are as low as 0.1 mg/L the winter concentrations are between 0.25 and 0.3
mg/L.

Tempora distributions of total nitrogen concentrations from the COL runs are presented in Figure 3-7 for five
model segments (stations) within the Massachusetts Bay water quality model domain. Three of these model
segments were selected in the vicinity of Boston Harbor and two in Cape Cod Bay. The same dation seriesfor
thefuture outfdl siteisshown in Figure 3-8. Thefirst model segment islocated just southeast of the current
outfall at Deer Idand and represents nearfield station N10 which is known to be influenced by the outflow of
Boston Harbor water (Kelly 1997).

Comparison of the surface layer concentrations of TN at thislocation (Figure 3-78) indicates that during the
summer months when the boundary concentrations of TN are low, the MWRA discharge may contribute up to
50 percent of the TN in theimmediate vicinity of Boston Harbor. However, this percentage decreases
dramatically with distance from Boston Harbor. A model segment located in the vicinity of the future outfall
site (represented by Station N21) shows that the MWRA contribution to TN in this portion of Massachusetts
Bay may be, on average, only 30 percent (Figure 3-7b). Occasiona maximum values of 40 percent are
observed which corresponds to periods when the prevailing wind-driven circul ation advects pul ses of Boston
Harbor water to thislocation. The spatial influence in Massachusetts Bay of the MWRA loading is diminished
even further (Figure 3-7) with distance from Boston Harbor (represented by Station NO4 at northeast corner of
the nearfield area). Examination of the modd computationsfor TN at two locationsin Cape Cod Bay (Figure
3-7d-€) suggeststhat the boundary isfar more important to the concentrations of TN in Cape Cod Bay thanis
the MWRA effluent. These model computations show that under the assumption that it is conservative,
nitrogen entering the Massachusetts Bays system from the Gulf of Maine may contribute between 80 and 90
percent of the Cape Cod Bay TN that can be ascribed to the MWRA effluent plus the boundary input.

The same station seriesfor the new outfal location (Figure 3-8) demonstrates two attributes of the relocation.
Thefirgt isthe substantial decrease in the amount of total nitrogen contributed by the outfal at locations closer
to Boston Harbor and at Station N21 near the eastern end of the new diffuser. The second is the unchanged total
nitrogen contribution from the outfall to Cape Cod Bay. The percent contribution from the outfall is
congstently <10% as shown in Figure 3-9. Note that the percent contribution in the western Cape Cod Bay is
dightly higher than in eastern Cape Cod Bay.

These model computations, together with the sengitivity analysis presented in Section 3.1, suggest that nutrients
discharged by the MWRA both at the current outfal location and at the future outfall location have limited
gpatial effects on primary production in the Massachusetts Bays system. These computations also suggest that
the discharge of nutrients by the MWRA at the future outfal site should have little or no impact on prey food
sources favored by endangered species within the Massachusetts Bays system.
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Figure 3-6. Computed temporal total nitrogen concentration in Massachusetts Bay for 1992 based
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the surface and bottom waters at the boundary with the Gulf of Maine.
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3.3  Food web model conceptualization

Kdly et al. (1998) (http://www.mwrastate. ma.us/harbor/enquad/pdf/98-04 enquad report.pdf) developed a
conceptual food web modd for endangered speciesin Cape Cod Bay. This concise conceptudization described
known information about the food web in Cape Cod Bay relativeto right whales and provided suggestions on
how afood web mode might be structured. The conceptua food web focused on nutrient-related issues and
starts with the recognition that two lipid-rich copepod species (Calanus finmarchicus and Pseudocal anus spp.)
arethe preferred prey of the right whaesin Cape Cod Bay. Also identified were significant trophic linkagesin
the system, potentia food transfer pathwaysin the Bay, and speciesthat compete for theright whalefood. The
conceptualization recognized that physical and biogeochemical factors shape food web dynamics and that the
interplay among and between the biological and physica components of the system is poorly known and not
predictable on an annual basis. Other considerations include the importance of biologicd speciesthat can
disrupt feeding of right whales (e.g., Phaeocystis, which can clog the baeen of the whales) or compete with the
whaesfor the food resources (e.g., planktonic invertebrates and planktivorousfish). Scaleissuesthat influence
the biologica process operating in the system were also identified asimportant factors to consider in any food
web approach. For example, water advection from outside the Bays can carry popul ations of food resources
into the Bays and can bear on the question of timing rel ative to the development of an adequate resource for the
whaesin the winter-spring period. The considerationsindicated smdler scale factors such aswinds, tides, and
local westher could bear on whether or not conditions wereright for development of zooplankton patches.

The conceptualization concluded in part “fundamental research on the whae food web leading up to the right
whale should encompass the following:

Identify environmental and biological features that create patches of prey
acceptable for whale feeding. We believe this topic dictates a fine-scale,
high-resolution sampling of patch dynamics and will strongly involve
physical factors, many of which are not likely to be affected by moving the
outfall. Advanced understanding of molding factors will not guarantee
predictability of biological response and food web dynamics to a distant
change.”

In comments gppended to the Kdly et al. (1998) report, Dr. Robert Kenney of the University of Rhode I9land
challenged “the assumption that prey availability for right whaesin Cape Cod Bay isexclusively or primarily a
function of the abundance and productivity of zooplankton within the Bay.” Heindicated “If that werethe
case, then amode of the local food web might reasonably be expected to have some predictive power
concerning right whae occurrence. However, itis not that smple. Loca zooplankton production isonly one of
thefactors affecting prey availability for right whales, which in turnis only one of severd factors controlling
right whale occurrence.” He further arguesthat the habitat in Cape Cod Bay must be placed “into larger context
with more emphasis on the relative importance of al factorsinfluencing prey availability.” and that “ Prey
availahility isthen afunction of both zooplankton abundance and the entire suite of mechanisms, primarily
physical/hydrographic mechanisms, which control how the zooplankton are aggregated into those patches.” He
concludes that the “local process of nutrient concentration — phytoplankton productivity — zooplankton
productivity is not likely to predict the occurrence of feeding right whales’. He further concludes from model
predictions of no change in nutrients away from the outfall that

“one might predict in advance that the results of such amodel would be that there would be no
change in the occurrence of right whale prey, given the results of previous mixing/dilution
models which essentially predict no detectable change in nutrients outside of the mixing zone
near the diffusers. The physica factors which are more likely controlling right whale prey
availability are much lesslikely to be impacted by the change in the outfall location ...”
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These conclusons were drawn in advance of the senstivity modeling described in Section 3.1. It isclear from
the arguments made by Kdlly et al. (1998) and by Dr. Kenney, the new sendtivity andysis computations, the
advanced dilution modeling, and data showing no change in nutrient loading to the system (Sections 2.2.1 and
2.2.2) that nutrient levelsin Massachusetts Bay cannot be expected to be different than they are presently when
thedischargeistransferred. In the absence of such a change, any supposition that the outfall rel ocation will
have detrimenta effects on the occurrence of right whales from increased nutrient loads is unfounded.

On the contrary, the data could be used to argue that any reduction in nutrient loading could result in adightly
diminished capacity to produce phytoplankton and zooplankton, thereby leading to inadvertent decreasesin
food resources for the zooplankton that contribute to the whae food chain. Asiswill be seen in the subsequent
sections, factors other than the zooplankton in the Bays can affect the food chain in the Bays and potentially the
occurrence of theright whaes.

The consderations of Kelly et al. (1998) and Kenney consistently point to factors outside of the nutrient loading
from the MWRA outfall asinfluential in determining the occurrence of the right whales in Massachusetts and
Cape Cod Bays. Anexample of such factorsis described in Jahodaand Ryer (1988). That paper discussesthe
dramatic disappearance of the humpback wha es from the Stellwagen Bank areain 1986 and concomitant
appearance of right whalesin thisregion. Observationaly, the large population of humpbacks that appeared in
the region consgtently from the early 1970’ s through the spring 1986 departed the Stellwagen area by the end of
May. This population apparently congregated in an areain south channe 60 miles east of Chatham.
Concomitant with the disappearance of the humpback whales in the late spring was the appearance in June and
July of many planktivorous (plankton feeding) right whales. These animals apparently stayed throughout the
summer monthsin the Stellwagen area. According to Jahoda and Ryer, this event was followed by many
observations of planktivorous animals that were observed feeding throughout the summer and early fal. These
included basking sharks and sa whales (reported as surface feeding on zooplankton). As crowning culmination
to asummer of exciting whae observations, arare blue whale, the first observed in the areaiin 50 years, was
observed in October and described to have been behaving asif it wasfeeding on zooplankton. The summer of
1987 was aso described as being limited in humpback whale activity following anormal appearancein the
spring. Plankton feeders, especially sai and right whales, were numerousin 1986 but not in 1987. Moreover,
few whales of any type were observed in the area after mid August of 1987.

The paper aso describes potentia factorsthat contributed to this set of events. Essentialy the paper argues that
the disappearance of the humpbacks and appearance of the right whalesin 1986 isrelated to the disappearance
of the sand lance population that occurred over severd yearsleading up to the 1986 event. Observational data
suggested the after 1984/1985 the humpback whale activities modified from amore carefree playful behavior to
one more focused on feeding. Factors affecting the sand lance popul ation include mackerel, which feed on early
stages of sand lance. NMFS data was reported to show adecline in sand lance abundance from 1972 through
1985. Theincreasing numbers of humpbacks and gpparent declining food resource was ascribed to the
increased feeding focus by the humpbacksin late summer of 1984 and 1985. Moreover, the sand lance

popul ation was reported to have crashed by the time the humpbacks arrived in early 1986. Thus, their primary
food source was not available in sufficient numbersto support the population and the humpbacks moved on to
better feeding aress.

Within the food web, sand lance are secondary consumers of zooplankton that are primary consumersin the
area. Jahodaand Ryer argue that the loss of sand lance (the causes of this are not described) is believed to have
reduced grazing pressure on the zooplankton in 1986, thereby allowing the zooplankton to increase to attractive
levelsfor the planktivorous animals. Asaresult of the sand lance disappearance, the other planktivorous
feeders were able to take over the sand lance' sniche and flourish at least in 1986. The factorsthat kept the
numbers and length of planktivorous feedersin the Bay for only ashort time in 1987 are not discussed.
Speculation from the above conceptual model would suggest the zooplankton popul ations did not grow to levels
that could sustain the popul ations observed in 1986.
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How do these observations link to the conceptual model of Kelly et al. (1998) and comments from Kenney?
Clearly factors outside of theissue of nutrients from a specific discharge were a play, much asindicated by
Kenney. One can assume that nutrient loading to the system was consistent and distant from Stellwagen Bank.
Nutrient concentrations and input across the Stellwagen Bank areawas likely relatively consistent over time;
therefore, the nutrient supply in thistime period was probably smilar among years. Changesin phytoplankton
biomass and species composition may have changed, but are not known definitely to have occurred. Thelong-
term zooplankton data set reviewed in Lemieux et al. (1998) would suggest that the populations of zooplankton
in this area have been generally constant athough temporal resolution is limited in the data sets and events could
be missed. The overriding sensethat this event conveysisthat externa factors affected not only the occurrence
of the whales but the basi ¢ processes within the entire ecosystem.  Thisinformation leads to the question “ could
the event have been modeled and predicted a priori on the basis of fundamental ecological understanding and
food web modeling?’ The answer in part liesin the deliberations of aworkshop convened in November of
1998 to examineissues around predicting right whale distribution (Clapham 1998).

Thisworkshop specificaly set out to examine the question of “whether it was possible to predict right whale
distribution from environmental data, and to do this with sufficient reliability to be of usein improving research
and management on thisspecies’. The workshop described the current state of knowledge as having broad
understanding of the factors that affect the distribution of this species but alack of detailed knowledge. The
workshop aso reiterated that it would be extremely valuable to NMFS to be able to modd the distribution of
right whaes. Thereview of factorsinfluencing the distributionsidentifies variability in habitat structure that
resultsin an aggregation (concentrations) of zooplankton prey species asakey factor. Theseinclude
bathymetry, dengity structure in the water column, current patterns and the behavior patterns and tendency of the
prey speciestowards aggregation. The workshop further recognized that key information on the energetic
nutritional value of the various whae prey speciesislacking, that issues of scale are critical to the ahility to
predict distribution of this species, and knowledge of the underlying ecological processesisrequired. A first
order requirement for predictive capability wasidentified as the ability to predict the locations of aggregates of
theright whalesthemsalves. The workshop dso identified a series of retrospective studiesthat would help to
improve our understanding and predictive capability. Theseincluded investigations of the overal abundance of
Calanusrdtiveto right whale distribution, expansion of right whale habitat characterization, environmental
and reproductive studies, and planktivore interspecies competition studies. Studies of thermd frontsand
tracking of the animals at severa levelswere also identified asimportant to improving the knowledge base that
could lead to apredictive distribution moddl. Importantly, two modding e ements were identified. These
include aright whale foraging model that incorporated decision making at theindividua animal level and a
reliable energetics model for the right whales for understanding prey choice, resource thresholds, energy
budgets and the decisions making process in reltion to the right whale management and recovery plan.
Fundamental data collection to support an energetics model devel opment included nutritiond value studies of
the various prey species and more information on the diet of whaes.

It is evident from the workshop' s proceedings (Clapham 1998) that much knowledge and information must be
devel oped before the modeling process can be effectively completed. The overall sense of the workshop report
istowards understanding the larger scaleissues. Thisaffirmsthe discussonsin Kely et al. (1998) and that are
evident in the events of 1986/1987 described by Jahoda and Ryer (1988). Moreover, nowherein the document
isabroad based food web model devel opment suggested or is devel opment of modelsthat focus solely on

M assachusetts and Cape Cod Bays or any one specific habitat advocated. Thus, this panel of experts focused on
the larger scale issues as being critical to our ability to develop modelsthat predict right whale digtributionsin
key habitat areas.

The availahility of aconceptua mode, identification of the importance of factors outside of Massachusetts Bay
system, and questions about food web modeling in general led to further exploration of food web modeling,
specificaly information on the efficacy of these models for making predictions about the appearance or
occurrence of thewhalesin the Massachusetts Bay. More specificaly, the concerns were directed at the
connection between nutrients that would come from the MWRA outfall and the whale occurrence.
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Accordingly, expert food web modelers' opinions were sought from science and modeling communities outside
of the Massachusetts Bay region. A search for scientists conducting food web modeing identified two experts
who were willing to answer the chdlenge. These experts were requested to provide reviews of food web
modeling in general and asrelated to theright whale questionsin specific. These reviews are presented the next

section.
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4. A REVIEW OF FOOD WEB MODELING APPROACHES

The study of nature has dways been a ba ance between the accumulation of direct observations on the ways that
red systems behave and the creation of theoretical congructs or modelsthat explain how redlity isworking.

The former activity is caled empiricism or phenomenol ogy; the latter endeavor isthe creation of theory or
modding. If oneischarged with the management of anatural system, it standsto reason that the chances of
success are increased when both activities are combined. When it comesto ecologica communities, it isthe
interactions among the eements or compartments of the system that become important in the extreme. Thus,
theissue rdative to interactions of the MWRA outfall with the endangered speciesis how best to approach webs
or networks of interacting species such that some leve of correspondence between the action and the species of
interest can be made. The systematic andysis of exactly what is observed to transpire in networks of interaction
(empiricism) has come to be known as Network Andysis. Attempts to describe mathematically how the
connectionsin the foodweb depend upon the condtituent populations and their physica environment has
classically been consdered foodweb modeling.

Increasingly, the object in ecologica protection and remediation has become the sudy of particular impactsin
the context of how they affect the entire ecosystem. The toolsthat managers can employ to conduct whole-
systems analysis, however, remain quite limited in number. By far and away the most popular approach has
been to been to invoke theoretical constructs and create S mulation models of the system in question.
Unfortunatdly, as soon as the ecologica community being studied grows beyond afew components or includes
any reasonable degree of nonlinearity, such mechanistic s mulations often become numericaly unstable or
produce biologically unfeasible output (e.g., negative or unredistically high population levels) and thusfall as
predictors of future conditions. To overcome these limits, higher dimensiona dynamical models are often
devel oped that depend on the state of scientific knowledge to provide reasonable results or ability to develop
congructs that represent the processesin the system. The precise representation of these processesis often
limited by the state of scientific knowledge. Assuch, redism may be sacrificed until science proceedstofill in
the information gaps.

Such difficulties are not encountered with dynamic models, however, until midway through the procedure when
particular dynamic forms areintroduced. Theinitid steps, the identification of which compartments comprise
the system and how these e ements are connected with one another, appear sound enough. The possibility thus
remains that these underlying structures, or networks, as empiricaly described, might of themselves contain
significant cluesto how an ecosystem isfunctioning. Such isthe conjecture of at least two schools of ecologica
study, which fal under the rubric of Trophodynamic Modeling and Network Analysis. These approaches
compriserisethe mgor present day thinking in terms of foodweb modeling. These newer approaches are much
more advanced than concepts used to model foodwebs a decade ago.

Trophodynamic Modeing and Network Anaysis, while endeavoring to describe and explain the many and
varied ecologicd interactions that occur within ecosystems, differ in their approach and implementation. Both
attempt ultimately to understand how the trophic levelsinterplay and transfer energy from the lower to higher
trophic levels. Both utilize information on ecological compartments (speciesinformation) and the linkages
between and among these species. Figure 4-1 provides an example of the major trophic levelsthat comprise a
foodweb, but note that within each compartment there can be many species, thus many linkages that form the
foodweb. Classcdly afoodweb is comprised of aseries of food chainsthat connect large and carnivorous
animalsto their ultimate plant food and occasionaly the nutrients that the plants rely upon for growth. Assuch
the view of afoodweb isof predator prey relationships (e.g., who eats whom) and the tendency of the
interactionsis adong a defined pathway. Such concepts are used to eval uate ecological properties such asbulk
biomass abundance, population structure, effects of nutrient inputs, or spatia structure of the foodweb. Each
additional level of speciesinclusion and interaction leads to a more complex set of interactions, and thus require
more complex models.
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Figure 4-1. Schematic representation of the major trophiclevelsin atypical foodweb.

Recent approaches to foodweb modeling have incorporated the dynamic aspects of theinteractions. Assuch
various levels of theoretical assumption or observational information on the dynamics are utilized. Asexplained
in Section 4.1.1, foodweb analysis discussed in this report represents the dynamic interactions between and
among the speciesthat comprise afoodweb. The approach isreferred to as atrophodynamica model
throughout section 4.1.

Network analysis a so uses the connections among ecosystem components. However, network andysis differs
from the foodweb approach in that it attempts to examine changes among different steady states and not
necessarily with the properties of agiven steady state. As such Network Analysis assumesthat systems are
“perfectly mixed” as part of the input-output functions and is an analysis of empirical datafor clues on how the
systemis currently functioning. Network anaysis can evaluate such things as the magnitude of a particular
exchange (i.e., between food web compartments), or attribute how much of the energy flow of onetrophic level
comes from an earlier part of the host population, or examine how the size and trophic organization of the
system can be quantified. Thus, Network Analyss, while astatic approach (i.e., change from oneto adifferent
steady state), enables evaluation of how two compartments affect the other over al possible pathways of
interaction. As such the approach requires extensive data and extensive definition of the ecological
compartments. That is, network analysis requires cataloging al compartmentsin the system of interest.

Trophodynamic Modeling and Network Analysis are discussed in greeter detail in the sectionsthat follow. The
sections were devel oped by expert investigators who were chalenged to evd uate the status of current
approachesto the analysis of complicated ecosystemsin generd, and specificaly relative to the issue of right
whale occurrence in Massachusetts Bay. They present generdl issues relative to trophodynamical models and
network analysis, and consider the relevance of these approachesto the question of whether relocetion of the
MWRA sewage outfall can affect the endangered species. The premiseisthat change in the occurrence of
northern right whaesin Cape Cod Bay and Massachusetts Bay isthe effect of concern. In thissection
"Massachuseatts Bay" is used initswider senseto include Cape Cod Bay.
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The sections are organized around five basic aress:

what the particular approach is (definition),

the state of the modeling approach,

what science does and does not understand about the approach in general,
what we get from the approach, and

major advantages and shortcomings of the approach.

Oooooad

4.1  Considerationsof the status of trophodynamical modeling

This section provides abrief overview and summary of the current status and general issuesrelated to food web
modeling from the view of trophodynamical modeling. Note that the question of how sewage outfalls might
affect right whales in Massachusetts Bay is aproblem in perturbation theory. In particular, it can be
formulated as a press perturbation, which is an experiment of the form:

1. Measure the quantities of interest,

2. Change some parameters in the system, and hold them fixed at the new values,

3. After the system has reached a new steady state (which may include an element of
variability), measure the quantities of interest again.

Item 2 is the perturbation, the difference between 3 and 1 isthe response. In the problem at hand, the
quantity of interest is right whale abundance, and the perturbation is moving the location of the sewage
outfall. The food web modeling considered below focuses to a degree on the approaches used to understand
responses to these perturbations.

411 Definition of food web modeling

To develop this definition, severd terms arefirst offered. An ecological community isaset of speciesthat live
together within agiven area. In the scientific literature, acommunity is usualy taken to be a closed system, but
the concept can easily be extended to alow import or export of organisms, and this extension has received
congiderable attention of late (Polis and Power 1999). A trophospeciesisaset of biologica speciesthat are
sufficiently smilar in their trophic functioning (how it functions both as predator and as prey) to be aggregated
together for the purpose of a particular modeling approach applied to a particular problem. Unless otherwise
indicated, the term " species’ isto used to mean "trophospecies’ throughout the following section. A food webis
agpecification of which pecies eat which in an ecological community. Itisasmpletopological specification
of the presence or absence of afeeding relationship between each pair of trophospecies. An example can be
found at the beginning of Section 3.3

One can conclude practically nothing about a system from afood web in itself. The food web is a skeletal
framework to which one can add additional information (such as dietary proportions, process rates, and so
on) to produce amodel that tells one something. There are two main classes of models that researchers have
associated with food webs: static models and dynamic models. Static models describe mass balance within
afood web, at a particular steady state (equilibrium). This steady-state assumption means that neither the
biomass of atrophospecies, nor the mass transfer between trophic levels are assumed to vary with time.
Typically they generate alarge number of descriptive statistics [see for instance, Ecopath (Christensen and
Pauly 1992), and network analysis (Ulanowicz 1986a,b)] that characterise flows within the system. A
detailed explanation of network analysis, one type of static food web analysis, is contained in Section 4.2.

However, the management utility of static food web modeling approaches are sometimes unclear, for weak
linkages can be important for the system, and strong linkages can be unimportant (for instance, Paine 1980).
More to the point for the problem at hand, static modelstell us nothing about the responses to perturbations,
as perturbations are dynamical processes by their very nature. Perturbations are concerned not with
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properties of a given steady state, but with a change from one steady state to a different steady state.
Therefore, only trophodynamical models are considered in the remainder of Section 4.1 "trophodynamical
modeling”. Note, however, that a mass balance for afood web is often a useful preliminary step toward
congtructing a dynamical model.

A trophodynamic model is a dynamical system (in the sense of mathematics: a system of coupled differential
or difference equations that smulate [or mimic] natural processes) associated with afood web. Food web
models tend to be trophodynamical in spirit (i.e. these models are trophodynamical in the sense that they
assume that trophic interactions among species are the dominant biological interactions). That is, they are
coupled systems of population dynamical models, for all the speciesin the system. They can include age
structure, size structure, spatia structure, and extring ¢ forcing functions, including importation or
exportation of organisms. They generally do not include genetic variables or explicit dynamical equations
for geophysical processes, although there is no reason in principle why afood web model could not be
coupled to a geophysical model of some sort.

4.1.2 The state of trophodynamical modeling

Asdetailed in Section 4.1.3, trophodynamical modeling is till initsinfancy. Itisnot an established
management tool, but rather avital and lively topic of fundamental scientific research. However, that does
not mean that it has nothing to contribute to management problems. Indeed, it isrife with potential
contributions because many management problems are "multispecies’ by their very nature, and because
traditional modeling approaches that use single-species models or predator-prey models have been
perceived to be ineffective, especially in dealing with crises such as collapsing fish stocks.
Trophodynamical modeling is thus quickly being adopted by anumber of agencies charged with
management decisions. For example, the Norwegian government has been pursuing MULTSPEC, afood
web model for the Northeast Atlantic for about 5 years. Likewise the Canadian Department of Fisheries and
Oceansisin the process of alarge-scale, systematic data mining process as a basis for trophodynamical
modeling of the Northwest Atlantic. A food web model has a so been put forward by one group of
researchers as a contribution toward understanding the decline of Alaskan marine mammals.

All of thiswork is being donein the spirit of exploration and elucidation. These efforts yield one form of
information that must be considered together with other forms of information in addressing non-routine
management problems. The models are not at a stage that can beincluded as part of an agorithm that
produces a management decision as output. The closest instance in which "trophodynamical modeling” was
taken as the basis for a management decision involved the process that the South African government used
in deciding whether or not to cull Cape fur seals in the Benguela ecosystem as a means of increasing yields
in the hake fishery. A workshop of international experts convened in Cape Town in 1991 recognised that
traditional 1- or 2-species modeling was not adequate, and recommended instead a five-compartment model
for the system --- till pretty modest as afood web model (which would tend to aim for more taxonomic
inclusiveness and resolution). Work on this model was commissioned, and the resulting report concluded
that any gains from acull would be minimal, and that, moreover, acull could actually result in reduced
yields to the fishery (Punt and Butterworth 1995). After consultation with apanel of internationa experts
convened for the task, the South African government accepted the report's conclusions and opted against a
cull.

Aswell, aprotocol for the scientific evaluation of proposalsto cull marine mammals, prepared recently for
UNEP (United Nations Environmental Programme) by a Scientific Advisory Committee convened for the
purpose, contains a significant trophodynamical modeling component (Anonymous 1999).
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4.1.3 Present understanding of trophodynamical modeling capabilities

Several modeling types and elements of modeling are considered below. Theseinclude bulk abundance
moddls, population structure models, modelsthat incorporate nutrients, and spatial domain issues relative to
food web models. The definition and understlanding of these types of models are considered below.

4.1.3.1 Bulk abundance models.

A bulk abundance food web model isamodel in which the state variables are total population number or
biomass densities, averaged over the total area occupied by the system. Such amodel can have extrinsic
forcing functions. These models are well understood. The stepsin constructing a bulk abundance model are
asfollows.

1. Develop a conceptual formulation of the model. In this stage, as sketched in Section 4.1.1
speciesto beincluded in the model areidentified (preferably all known species relevant to the
problem statement would be included). Aggregated trophospecies are then chosen. The state
variables of the model include the popul ation densities of those trophospecies, averaged over the
area occupied by the system.

2. Decide on the functional form of the model. Since afood web model is trophodynamical in
nature, this means choosing functional forms (structure) for the density-dependencies of the
multispecies numerical responses and functiona responses (May 1981; Y odzis 1989, 19944). For
instance, consider a predator’s “functional response”, which isits consumption rate of prey, asa
function of prey abundance. The consumption rate might increase linearly as prey abundance
increases, or it might saturate as prey abundance increases. Other complications may, or may not
(thisisadecision that has to be made by the modeller), be present. For instance, if a predator has
more than one prey species, which istypically the case, then its consumption rate of prey species A
may depend not only on the abundance of prey species A, but also on the abundance of some other
prey species, say B (because, for instance, if the predator spends more time feeding on B, it may
have lesstime available to feed on A). Thiskind of effect, which isterrifically difficult to measure
in thefield, can influence quite significantly the conclusions drawn from the model. Many
modeling exercises simply assume a functional form (usualy aslinear as possible) with no
justification or discussion whatever. Thisisnot asound procedure. Ideally, the functional forms
from dataare desired. In practicethisisextremely difficult. Therefore, modellers often follow a
procedure that constructs several different models, with arange of functional forms. Theresults are
then analysed to test the influence of functional form on model outpuit.

Another approach to theissue of functional form isto consider small perturbations, which can be
treated by linearizing the model (Y odzis 1994b, 19984). This reduces the problem of specifying
functiona formsto the problem of specifying partial derivatives of functionsat apoint. That is
instead of having to specify infinitely many numbersin the form of afunction, specification of only
one number in the form of aderivative (for each function and each state variable in the model) is
required. Thislocal type of modd is, in principle, more reliable than aglobal one, because it
requires less information as input to produce an output. The disadvantage that has to be traded off
isan inability to handle large perturbations. For example, this approach would not be particularly
useful for investigating the recovery of highly depleted cod stocks in the northwest Atlantic.
However, it might be appropriate for looking at the influence of effluent outflows on populationsin
Massachusetts Bay, since the quantities reaching such alocation are so far from the source that the
perturbation isasmall one.

3. Calibrate the model. Parameter estimation can come from empirical observation, theoretical
argumentation (such asthe use of allometric scaling; Y odzis and Innes 1992), or least-squares fits
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of solutionsto time seriesdata. All of these methodologies are well understood. Nevertheless,
parameter estimation is a substantial problem in models that contain many parameters, as food web
modelsdo. Inevitably, many parameter estimates will contain a substantial amount of uncertainty.
Indeed, many of these parameters do not possess definite values at al, but rather they fluctuate over
time. The variability can either be an expression of our own ignorance of parameter values or an
expression of natural variability in those values. Regardless, one can assign probability
distributions rather than fixed numerical valuesto some parameters. In this case the model, rather
than predicting a definite answer, will provide a probability distribution for the answer. Typicaly
oneisinterested in one "tail" of the distribution, for instance, the probability that arelocation of the
outfall in Massachusetts Bay will result in, say, a 50% reduction in right whale abundance in the
Bay. However, looking at the whole probability distribution frequently holds surprises that need
also to be weighed in the decision-making process (Y odzis 1998a). For instance, one might very
well find a significant probability that relocation of the outfall will result in an increasein right
whale abundance rather than a decrease.

In an uncertain science such as ecology, exact predictions can seldom be made and investigators should not
acknowledge this. In reality, modeling can realistically only provide probabilistic information.
Management agencies, and the general public, in their turn, will have to accept that thisisthe best scientific
information modellers can provide, and be prepared to make decisions on that basis.

The minimum data requirements for a bulk biomass model are:
A. Dietary proportionsfor al species,

B. Population biomass for al species (either time series, or putative equilibrium
valuesfor aperiod of time during which biomass are considered to have been
relatively congant),

C. Typica adult body massesfor al species,
D. Extring ¢ influences such as harvest rates or nutrient inflow rates.

These data are often difficult to develop and require active research to be fully understood.

4.1.3.2 Modeswith population structure

Population structure such as age- or size-structure can easily be accommodated in amodel, and might be
required for some of the larger species, which may undergo considerable ontogenetic shiftsin diet.

However, any inclusion of population structure adds further data requirements: in the list of minimal data
required for a bulk biomass model, we would then have to replace everywhere “for all species’ with “for all
subclasses (such as age- or size-classes) of all species’. Population structure should probably be included
for any target species (those of particular interest) that undergo significant ontogenetic shiftsin diet, but
there is some evidence that including population structure for ancillary species has little effect on predictions
of press perturbations for target species (Y odzis 1998b).

4.1.3.3 Moddswith nutrient recycling

Nutrient recycling can also beincorporated in a straightforward manner. For instance, Moloney and Field
(19914a) have developed size-based plankton models that incorporate both carbon and nitrogen flows, and
applied them successfully to several systemsin the southern oceans (Moloney and Field 1991b).
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4.1.3.4 Modelswith spatial structure

A major shortcoming of current trophodynamical modeling isthe inability to handle spatial structure. Very
little work has been doneto incorporate spatia structure into food web models. There are both practical and
scientific difficulties here. A food web model with spatial structure would be tremendously complicated,
and require a huge amount of data. There are aso significant unresolved issuesin the underlying science.
For example, animals have a variety of strategies of movement, of which we know little; and the role of
physical processes such as turbulence is only partly understood. Even at the level of single populations,
there are mgjor gapsin our understanding. For instance, plankton patchiness, particularly blooms of toxic
species, and the factors enabling patch development are atremendously important aspect of food webs, yet
are an inadequately understood aspect of nature.

4.1.4 Utility trophodynamical modeling

In acomplex ecosystem (such as Massachusetts Bay), many processes and interactions are simultaneously
occurring, and each is being influenced by some of the others. For example, if substantial amounts of
additional nutrients are injected (which is not projected from the MWRA outfall relocation), changesin
phytoplankton may be triggered, which can trigger changesin zooplankton. Thisin turn can trigger other
changes in phytoplankton, which can trigger changes in planktivorous fishes (triggering in turn changesin
zooplankton, hence also in phytoplankton), and so on. In trophodynamical modeling, al of these many
processes, al going on at the same time, are combined to produce aresult for, say, zooplankton abundance.
Thus, the main utility of trophodynamical modeling isto address perturbation experiments in multispecies
settings. For al itsinadequacies (Sections 4.1.3 and 4.1.5), trophodynamical modeling is the only way
scientists have of doing this.

415 Themajor advantages and shortcomings of trophodynamical modeling

Trophodynamical modeling has three major advantages but four major shortcomings. The advantages
include: (1) it encourages development of avery good conceptual understanding of the system, (2) it can be
used to address many questions that may arise because awhole system is encompassed, not just afew
species of interest, and (3) it isthe only existing technique to try to answer certain questions. The
shortcomingsinclude: (1) it requires avery good conceptual understanding of the system, (2) it requires
substantial amounts of data, (3), it currently does not address spatial issues adequately, (4) itis, for the most
part, untested; and there are inherent difficultiesin verifying afood web model. These attributes are
described in more detail below.

4.1.5.1 Advantages

Conceptual understanding: Even at the relatively crude level of the topological food web that isto underlie
amode, decisions must be made that may affect the model’ s outcome significantly, and yet which require
much information and understanding. These decisions are of three kinds: spatia extent, taxonomic
inclusiveness, and degree of population structure.

Spatia extent: The spatial extent to beincluded in the modd isthe first conceptual decision that
must be made. This may include simple spatial structure and some import/export. Critical to thisis
the ability to set scales that come as close as possible to having a closed system.

Taxonomic inclusiveness and resolution: The second conceptual decision iswhich biological
speciesto include in the model and which of those species to aggregate together into trophospecies
(taxonomic resolution). For instance, if one were going to take the Cape Cod Bay model of Kelly et
al. (1998) further, one would have to decide which copepod speciesto lump together. Asfar as
right whales are concerned, this might come down to a high lipid content category, and alow lipid
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content category. Decisions on how much detail to include in the "Other Copepod Predators'
category must be made aswell. A number of these taxamight need to be treated as separate
trophospecies. Furthermore, still more species might need to be added to the food web, for
example, predators of the"Other Copepod Predators’. Some species of interest might not sensibly
be viewed as part of the food web at al. For instance, since they range very widely and spend only
asmall part of the year in Massachusetts Bay, perhaps right whales should be viewed as a"tourist
species’ from the standpoint of the Massachusetts Bay food web. That is, they may not affect the
food web significantly, or they may not be significantly affected by it.

Population structure: The third conceptua decision that must be made is the amount of population
structure to include for each trophospeciesin the system. Age classes might be required for some of
the larger animals, whose diet may change significantly asthey grow. For some taxa, size classes
might be amore sensible approach than classes based on species membership (see for instance, the
plankton work of Moloney and Field 1991a, 1991b).

Ideally, these decisions should be made on the basis purely of the science of the system and of the individual
speciesinit. Of course, one wants to make these decisions in the context of whether each added
complication will actually affect the predictions of the model, and this may be difficult to know a priori.
One could argue that the best starting point is to build a model with the highest possible degree of
taxonomic inclusiveness and resolution --- the model can aways be simplified later and one can at that point
see how much difference it makes. In practice, many of these decisionswill be constrained by the available
data and by the feasibility of obtaining appropriate additional data. Most food web projects start by
gathering together all available data, and determining what one can conclude on that basis. However, this
approach can be dangerous: if we force implementation of afood web model before building up an adequate
data base, we run a higher risk of getting unreliable answers.

The second advantage is that trophodynamical modeling encompasses awhole system, not just afew
species of interest. Thusit can be used to address many questions that may arise. Once afood web model is
developed and in hand, many questions about the system can be posed, including ones that may not have
been conceived of when the model was constructed. For instance, should toxins become an issue, they
could be added to afood web model and thus deal with biomagnification.

Thethird advantage is that this approach may be the only way to address certain issues. Simply put, there
are problems that cannot be addressed scientifically in any other way.

4.1.5.2 Shortcomings

Conceptual understanding. Thefirst shortcoming, the need for ahigh degree of conceptua understanding in
order to produce a credible food web model, has aready been discussed in detail in Section 4.1.5.1 asan
advantage. Thisrequirement can be viewed as advantageousin that putting together afood web model forces
usto substantialy increase our understanding of the system and provides aframework for doing so. However,
it can be viewed as disadvantageous in that the required effort is enormous. Producing acredible food web
mode for acomplex system such as Massachusetts Bay is atremendous undertaking, which would require
years of effort.

Data requirements. Food web models require a tremendous amount of data. Frequently, this circumstance
will render trophodynamical modeling impracticable. If good time series data are available for all

popul ation abundances, these can be used to help in parameter estimation. Allometric relationships can be
used to estimate some physiological rates (Y odzis and Innes 1992, Y odzis 1998a). Aswell, some of our
ignorance can be addressed through Monte Carlo analysis (Y odzis 1998a). In this approach, poorly known
parameters are assigned probability distributions, using biological reasoning to constrain those distributions.
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However, parameters treated in thisway add greatly to the uncertainty of the final result, so this should be
done only as alast resort and it cannot be done with too many parameters.

Spatial structure: Very little research has been done with respect to spatia issuesin afood web context.
This need not necessarily involve a spatialy explicit model. For instance, if aset of conditions (which
would presumably include mean density) that favoured the formation of plankton patches were known, this
could be input to a bulk abundance model as an extrinsic factor. However, such knowledge is extremely
limited.

Verification: Verification of modeling approaches requires along-term observational monitoring program,
which can be quite expensive to implement. For this reason, trophodynamical modeling is at present largely
untested. Currently, the Norwegians feel that MULTSPEC (Borgstad et. a. 1997) has been performing
well, but far more experience with the approach is required before its predictions can be used with
confidence (Tore Haug, personal communication to P. Y odzis, 1999). Formulation and testing of afood
web model is adesirable long-term goal for any complex managed system, but one needsto beredlistic
about the difficulties confronting the approach in the short term.

4.2 Network Analysis

This section provides a brief overview of general issues related to network analysis asrelated to food
webs. Network Analysis contrasts with trophodynamic modeling in that it deals with changes between
different steady states whereas the trophodynamic models represent the dynamic interactions between and
among the species that comprise afoodweb.

421 What isnetwork analysis?

Foodweb andysisin the more classic sense primarily deals with the quditative question, "Who eats whom?'
The answersto this question can be depicted pictorialy as aset of boxes connected together by directed arrows
(seefor example Figure 4-1). Quite often, the diagrams are highly connected into a complicated web -- whence
the moniker, Foodweb Anaysis or when dynamics are involved, foodweb modeling. The foodwebs of various
ecosystems have been assembled and their topologica attributes, such as connectivity, path length and
hierarchical structure have been assessed to seeif any patterns emerge (Briand 1985, Cohen et al. 1986, Paine
1988). Thisexercise, which does not involve any dynamica assumptions (nor any flow magnitudes) has been
referred to as Foodweb Analysis.

Network Analysis, by comparison, isaquantitative expansion of the underlying question to encompass, "Who
eatswhom, and at what rate?" That is, attached to each arrow connecting ecosystem componentsis a number
that quantifies the magnitude of that particular exchange. Network Anadysis requiresfar moreinformation than
does Foodweb Analysis, but its quantitative dimension alows it to address far more sophisticated issues.
Moreover, if empirically snapshots of a system are compared at two different times, the assumption is that
some forms of physical dynamics have transpired to yield differences. Hence, comparison of the states of a
system at two different times can be made without making any assumptions about mathematical dynamics.
Network Analysis allows such comparisons, and if atime- series of ecological “snapshots’ isavailable, a
"motion picture” of the physical dynamicsis represented. Whence, such time series analysis can be used in
Network Analysisto describe the physical dynamics, but in post facto manner.

4.2.2 Present understanding of ecological Network Analysis
As currently comprised, Network Analysis addresses four mgjor questions about ecosystem functioning:

(1) "With what magnitude do any two ecosystem compartments affect each other
over dl possible pathways?' (Input- Output Analysis.)
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(2) "Atwhich trophic levels does each compartment feed?' (Trophic Anayss))

(3) "How much of each flow is comprised of material that was earlier part of the
same hogt population?' (Recycle Anadysis.)

(4) "How can the size and trophic organization of the system be quantified?' and/or
"What is the contribution of each component to the magnitude of the overal
structure?' (Whole System Status.)

The response to each question issueis consdered next.

I nput- Output Analysis: In creating quantified networks, oneis cataloguing all of the direct trophic interactions
inthe system. Can one use this structure to estimate what the indirect consegquences might be? For example, a
Killer Whale entering a coastal embayment feeds only on the larger fishesit findsthere. It ingestsno
appreciable amount of microscopic plant life, or phytoplankton. The prey fish, however, feed in turn on smaller
fish, some of which feed on gtill smdler animals (mostly invertebrates), many of which ingest phytoplankton.
In ng the importance of phytoplankton to the whale, the ecosystem manager might well ask, "What
fraction of the material comprising the whal€'s intake once was embodied as phytoplankton (as opposed to, say
macrophytes [large plants] or detritus [nonliving organic materid])?" Alternatively, one could pose the obverse
guestion, "Of the carbon fixed by phytoplankton, how much eventualy isingested by thewhale?' Still further,
one might want to know whether some particular small fish isacontributor or acompetitor to thewhale.

Quedtions similar to these have been posed decades ago by economists, who analyzed networks of material and
cash flows to assess how the economy was functioning. Wassily Leontief (1951), in particular, was awarded the
Nobel Prize in Economicsfor developing what has come to be known as " Input- Output Analys's', a set of
matrix algebraic operations designed to quantify how much of each economic processis necessary to meet a
given fina demand. Bruce Hannon (1973) suggested the employment of Leontief's methodsin ecosystems, and
Szyrmer and Ulanowicz (1987) modified those matrix cal culations so that they could address ecologically more
meaningful questions, such asthe first two in the preceding paragraph. Later, Ulanowicz and Puccia (1990)
expanded the andysisto include either positive or negative interactions, and thereby digtinguish between
indirect competitions and enhancements.

Asan example of how the results of 1-O analysis might be employed, Baird and Ulanowicz (1989) studied the
"indirect diets' of two carnivorous fishesin Chesapeake Bay, the striped bass (Morone saxatillis) and the
bluefish (Pomotatus saltatrix). Superficidly, the two predators seem to be heavy competitors within the same
niche. A perusal of their indirect diets revealed, however, that the striped bass acquired most of its resources
ultimately from the microscopic plants (phytoplankton), whereas the bluefish depended viaindirect routes
mostly on dead organic matter on the Bay bottom (much of which hasits origins outsde the system.)

Trophic Analysis: One mgor outgrowth of Input- Output Analysis was the observation by Levine (1980) that
the matrix methods of Leontief could be dtered dightly to compute the effective trophic level a which each
predator feeds. That is, many predators feed at more that a single trophic level. When striped bass, for example,
ingests Bay anchovy, it isfeeding mostly at the fourth trophic level. (Most material flows to the Bay anchovy
from the phytoplankton via very small hard- bodied crustaceans.) When it eats a small blue crab (Callenectes
sapidus), however, it isfeeding at the end of acomplicated subweb that includes pathways of length four or
five. Input- Output Analysis permits one to weight and average al pathways of dl lengthsin the pyramid of life
that supports each predator to ascertain the effective level at which the animal isfeeding. This effective trophic
levd oftenisanindicator of how well that speciesisfaring in the context of the given ecosystem. For example,
when atidal marsh creek off Crystd River in Floridawas disturbed, the average trophic rank of the predator
stingray fell from 3.83 to 3.69 asaresult.
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Another advantage of the matrix algebraused in Input- Output Analysisisthat it can be applied in a stepwise
fashion to identify exactly how much each predator feeds at each integra trophic level. Doing o, for example,
for the Bluefish in Chesapeake Bay revea sthat this speciesfeeds 10% at the third trophic level, 22% at the
fourth, 67% at the fifth and 1% at higher levels (Baird and Ulanowicz 1989). It becomes possible, therefore, to
apportion the activity of the bluefish to abstract levels 3, 4 and 5 according to these ratios (Ulanowicz and Kemp
1979). Onemay do soin away that accountsfor al materid in circulation (Ulanowicz 1995), so that onein
effect transforms a complicated foodweb (Figure 4-2) into an equivalent foodchain, asin Figure 4-3.

The simplified food chain often can be used to diagnose the results of system perturbation. Usually,
whenever the entire system is impacted, this equivalent chain is shortened and/or the efficiencies with
which material is transferred along the chain drop in response (Ulanowicz 1996).

Recycling Analysis: It has been hypothesized that the presence of feedback loops or circuits of materia recycle
areindicative of the active controlsin ecosystems (Forrester 1987). The problem with very complicated
foodwebs, however, isthat cyclic pathways often abound in them. In fact, there is dways the possibility that the
number of smple cycles (those without any repetition of € ements) in an ecosystem network could grow
enormoudy high, due to the combinatoricsinvolved. Fortunately, the relatively sparse connectivities of most
trophic networks (ca. 20%) and the relative absence of any cyclesthat do not include dead materid keep the
number of smple cycleswithin readily countable proportions. Baird and Ulanowicz's network of Chesapeake
Bay, for example, contains only 67 smple cycles. Ulanowicz (1983) has devel oped an efficient form of
"backtracking" agorithm to identify and remove al simple cycles from an ecosystem network.

Knowing exactly where and to what magnitude recycling istaking place (or, aternatively, not occurring) ina
network can yield important clues asto how the ecosystemisfunctioning. (Some ecologists have considered it
nonsensical to speak about the concept of function within an ecosystem that possesses no obvious externa
purpose.) Figure 4-4, for example, showsthe aggregeate of all recycling flowsthat occur in the Chesapeake
network of Figure4-2. Thereader will notice immediately that recycleis split into two domains, one
comprisng most of the members of planktonic (floating in the water column) foodweb, and the other comprised
of deposit- feeding, bottom- dwelling organisms and carnivorous fishes. Congpicuoudy not engaging in any
recycle are the bottom- dwelling filter feeders, such as oysters and other bivalves, and the filter- feeding fish,
such as Bay Anchovy and Menhaden. These components are seen rather to function as bridges that extract
material and energy from one domain of control (the planktonic) and inject it into another (the deposit feeders
and carnivorousfishes.)

Similarly, two members of the microbial community, the free- floating bacteria and the microscopic flagellates
(very small bacteria- eating organismswith tiny tailsfor propulsion), which are thought in the open ocean to
help recycle nutrients, engage in no recyclein Chesapeake Bay. Rather they are serving to shunt carbon out of
the ecosystem.
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Figure 4-2. Schematic representation of the annual carbon flows among the 34 principal
components of the Chesapeake mesohaline ecosystem. Carbon standing stocks are indicated within

the compartmentsin mg/m?, and theindicated carbon flowsarein mg/m?/yr.
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Figure 4-3. Thetrophic chain corresponding to the network in Figure 4-2 with primary producers
and detritusmerged. The percentagesin the boxesrepresent annual trophic efficiencies.
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Figure 4-4. The compaosite cycling of carbon that occursin theflow diagram in Figure 4-2. Units of
flow and numbering of the compartments arethe same asin Figure 4-2.

Whole System Status: If ecosystems are to be treated as wholes, it isimperative that measures be
developed that can indicate their current status. In the network depiction of ecosystems, the magjor
attributes are that of system size (or activity level) and its degree of organization. Thefirst property can
be gauged quite succinctly simply by aggregating the magnitudes of all the processes occurring in the
system. The system characteristic "organization" is a bit more difficult to quantify, but the quantity
"average mutual information” from Information Theory appears to capture al the pertinent aspects of how
the system is put together (Rutledge et al. 1976, Ulanowicz 1986a). The product of these two has been
termed the system's "ascendancy” and has been hypothesized to be the leading indicator of an ecosystem's
growth and development (Ulanowicz 19864).

If estimates of an ecosystem trophic flow network are available under two different conditions, the relaive
measures of the system ascendancy can be invoked to quantify any change. For example, whenever an
ecosystem is significantly perturbed, one expects the opposite of growth and development to be evident, and the
ascendancy can be expected to decrease (Ulanowicz 1996). Thus, changesin ascendancy can be used to
quantify the degree of impact upon an ecosystem in response to disturbance. Elsewhere, systemsthat undergo
eutrophication (excessive enrichment) display a characteristic combination of changes in the factors of the
ascendancy that distinguishes that negative impact from the more benign process of smple enrichment
(Ulanowicz 1986b).
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Ecosystemns often are characterized metaphoricaly as being "healthy" or possessing "integrity." With the advent
of system ascendancy and related measures, such asits complement, system "overhead," it now becomes
possible to address the issue of system health in quantitative fashion (Mageau et al. 1995). Thus, it may soon be
possible to say whether the response of an ecosystem to a disturbance has put it outside the domain of healthy
functioning.

Another useful feature of the ascendancy isthat with it one may readily quantify the part- whole relationship.
That is, theindividua contributions of a particular ecosystem component to overal system performance are
easy toisolate. Suppose, for example, that amanager has available two networks, one representing the
ecosystem of acoastal embayment, and the other that of the coastal shelf. Suppose further that a species of
whale is common to both ecosystems. One may then compare the relative contributions of the whale to each
ecosystem to ascertain how it isfaring in each context (Monaco 1995).

How sensitive the system ascendancy isto changesin component stocks or individud transfersis adirect
measure of the importance of that biomass or flow to the functioning of the entire system. Ulanowicz and Baird
(1999), for example, estimated separate networks for the carbon, nitrogen and phosphorus flows occurring in the
Chesgpeske ecosystem. They then used the sensitivities of the ascendancy to the stocks of each chemical
element in any particular taxon to determine whether C, N or P waslimiting to each stock. That is, they used
the ascendancy in place of Liebig's Law of the Minimum. Liebig's Law cannot be used, however, to determine
which source of the limiting dement is most important to each taxon. They were able to use the sengtivities of
the ascendancy to each individua flow into a taxon to determine which oneislimiting.

Findly, if one has estimates of an ecosystem network as it changes over space or time, one may use higher
dimensiona versions of the ascendancy to quantify the status of the ecosystem over that particular spatia or
tempora domain. In particular, one may use the measure to identify the location or time where systems
"bottlenecks' may have arisen (Ulanowicz, 1999). In summary, given enough data, one could use the system
ascendancy to single out those taxa and those regions of time, space that are of greatest Srategic importanceto
the performance of the entire ecosystem.

4.2.3 Datarequirementsfor Network Analysis

At the outset of any network analysis, it is necessary to choose a"currency” or medium that iscommon to al
network components with which to quantify the flows and socks. Usudly, this mediumisachemicd €ement
common to al lifeforms, such as carbon (C), nitrogen (N) or phosphorus (P), but it could as well be someform
of energy. Within any one network, all magnitudes should be expressed in terms of the same medium. It may
be, however, that one wishes to compare the kinetics of different chemica species, e.g., C, N, and P. Insuch
case, one estimates separate, pardle networksfor each currency and expresses all concentrationsin the units of
common mass (e.g., mg/l.) (See Ulanowicz and Baird 1999.)

Once acurrency has been sdected, it is necessary to measure or estimate ALL the flows of this medium among
all the components of the system. This set of flows can be digtinguished asfour separate types: (1) Inputsto the
system from the outside, (2) Exchanges within the system, (3) Exports of useable medium to other systems, and
(4) Dissipation of medium to itslowest energy form (e.g., N, in the case of nitrogen). In addition, for some
analysesit is necessary to know the dengties or stocks of each ecosystem component expressed in the terms of
the selected currency.

It quickly becomes abvious that Network Anaysis requires copious data. Often, the number of flowsto be
estimated runsinto the hundreds or even thousands. 1t dmost never happensthat all these magnitudes have
been measured. The situation isfar from hopeless, however. Primary production figures (e.g., how much
carbon each unit of plant material fixes per unit time) are usudly availablein the literature for most ecosystems.
Furthermore, most systems have been studied enough that, with reatively little effort, one can assemble
estimates of the dengities of the anima compartments (one of the necessary items). Once these biomass
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dengties are known, one may usually consult published tables of physiologicd congtantsthat pertain to most
organismsin the system. For example, suppose adensity of a certain forage fish has been estimated by fisheries
biologiststo be, on average, 140 mg ash-free dry weight per square meter. Usually, one-half of the ash-free dry
weight conssts of carbon, so the density of thefishis set at 70 mg carbon per square meter. Furthermore, one
discoversthat an individua fish consumes 0.1 of itsweight per day. Whence, the demand of the population will
be for 7 mg-carbon per sg. meter per day. Looking at the physiologicd tables (e.g., Joergensen et al. 1991), one
finds that the same species of fish respires about 2.8% of itsweight per day, or 2 mg-carbon per sq. meter per
day. Theresidua 5-mg- carbon per sq. meter per day is available for consumption by the predators of that fish
population.

The 7-mg of demand must be gpportioned among the various food sources of thefish. Thusit becomes
necessary to know the dietary proportions of the species (within the current ecosystem). It may be known, for
example, that 70% of the intake consists of zooplankton, 10% of particulate detritus (dead particles of organic
remainsfloating in the water), and 20% of living phytoplankton. (When dietary proportions remain unknown,
one sometimes resorts to the assumption that intake is proportiona to the stocks of prey available)) Whence, one
estimates exchanges of 4.9, 0.7, and 1.4 mg-carbon per sg. meter per day flowing to the fish from the
compartments for zooplankton, particul ate detritus and phytoplankton, respectively. Proceeding in this manner,
one matches the demands of the predators with the available productions of their respective prey, usually with
theaid of aspreadsheet algorithm, such as LOTUS or EXCEL. Excess production is usudly considered to
flow to some pool of detritus, whereas any surfeit of demand isusualy an indication that the estimates of stock
levels need to be reexamined. Some investigators prefer to conduct this tedious balancing act by hand so asto
be able to contral al the assumptions made. Others choose to employ one of severa dgorithms (e.g., see
www.ecopath.org) that will automaticaly baance the network, given the biomass estimates, physiological
congtlants and dietary fractions. The appearance of such balancing software has radically increased the ease with
which networks can be assembled, and the number of networks appearing in the literature has increased apace
(Chrigtensen and Pauly 1993) including NETWRK at www.chl.umces.edu/~ulan/ntwk/network.html, which
executes al four of the analyses described above.

4.3  Summary of food web modeling approaches

The food web assessment approaches described above each have limits and advantages. It isclear from the
discussions that these gpproaches require much planning and forethought to effectively execute. They are
clearly not at the stage of producing information that can be trandated directly into management decisions;
rather the outputs must be used with other information. Importantly, both approaches appear to be most
effective when the responses being examined are substantive and in response to aclear perturbation that shifts
the condition from one state to another. That is, subtle changesin asystem will not be effectively modeled
under these gpproaches under current ecologica understanding and data limitations.

Thesereviews also identify severd factorsin common relative to the evaluation or prediction of the connection
between the occurrence of right whalesin the Massachusetts Bay system and the new MWRA outfdl. Thefirst
common element is the development of aclear and compl ete conceptualization of theissue and the ecological
componentsthat interact to affect theissue of concern. The second is an expectation of ameasurable
perturbation of the system that can be captured by the modédl, i.e., the system needs to move to anew steady
state in the case of the foodweb analysis approach. The third common factor isthe need to include al species
relevant to the problem in the modd (i.e., not only the prey of a specific species but other predators of primary
prey of the species of interest). An understanding of the functional role of each speciesisdso important and
requires athrough justification and definition for inclusion in the modeling approach. The fourth common
factor isarequirement for accurate estimates of the biomass (or other measure of flows and stocks) on dl of the
speciesinteracting in the food web and in many cases the population structure of the important species. These
aredifficult to find and to develop. Poor data on these factors can cause substantial errorsin the computations if
not estimated well. Thefifth areaisidentification of appropriate scalesto includein the mode (e.g., the ability
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to close the system to the maximum extent possible). This can subgtantialy affect the ability of any model
computationsif not properly defined. In both approaches, the availability of the appropriate types of data a the
correct scales of interest is preferred over limited data. The availability of datais often limited and difficult to
develop with any degree of accuracy. Thus, data requirements are extensive and can be limiting.

Lagt, the approaches presented above are clearly exploratory research tools and will remain as such until science
can address the quditative aspects with quantitative information. The reviews indicate that the ability of the
approaches to examine small shiftsin asystem is problemeatic, especidly given the data demands for biomass
and rate requirements. Thusin systemswith small to no expected perturbation from a single source such asthe
MWRA ouifal, the ability of an approach to quantitatively predict subtle changesis questionable.
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5. FOOD WEB MODELING IN RELATION TO THE OUTFALL

Thisreview and reassessment was designed to address two questions that areincluded in the right whale food
web scope of work (Hunt et al. 1999) submitted to EPA for review and comment. The section is organized
around the two questions. "Will environmenta conditionsworsen asaresult of the outfdl relocation?' and if so
"Is such change likely to harm whales?’

51 Will environmental conditions wor sen as a result of the outfall relocation?

To addressthis question severa approacheswere pursued. Thefirst wasareview of the recent monitoring data
to determineif conditions were different than assumed under the EPA SEIS (EPA 1998), the Biological
Assessment (EPA (1993) and Biological Opinion (NMFS 1993). The second was to compare dilution fields
and expectations based on more recent 3-D moddling. Thethird approach wasto perform sengtivity and mass
balance modeling using the caibrated BEM modd to determine expectationsfor changesin nutrient filds and
plankton biomass as measured by chlorophyll. These gpproaches are used in this section to evaluate whether or
not food web modeling would provide aclearer picture of expected changesthan can be derived from the
available data and assessment approaches. Theselines of evidence indicate the following:

1. Present nitrogen loading from the MWRA treatment plantsislessthan assumed in
1988.

2. TheDeer Idand effluent contributes asmall fraction (~3%) of the totd nitrogen
entering the system.

3. Nitrogen entering at the boundaries of Massachusetts Bay exerts more influence on
thetota nitrogen concentrationsin the farfield areas than the effluent discharge does.

4. BEM and 3-D hydrodynamic model results demonstrate that nutrient concentrations
above the background variability will be confined to asmall area near the outfdl.

5. Elevated nutrient levelsin the coastd region (from Boston Harbor southward
towards Plymouth) will be unchanged or dightly lower with transfer of the effluent
discharge location to Massachusetts Bay.

6. BEM modd results predict little change in spatid or tempord patterns of nutrient
concentrations in Cape Cod Bay rdative to the current and future effluent discharge
locations.

7. 3-D hydrodynamic model computations estimate the areain Massachusetts and Cape
Cod Bays that would be under measurable influence from the discharge is small
(only 7 km? which is <0.2percent of the combined area of Massachusetts and Cape

Cod bays).

8. 3-D hydrodynamic model computations predict that the effluent nutrient
concentrations will be diluted to 200:1 within afew kilometers of the outfal diffuser,
and thus will be indistinguishable from background.

9. Changeinthe nutrient fieldsin Massachusetts Bay will be highly locdized and have
little to no impact on the phytoplankton and zooplankton species distributions and
communitiesin the Bay.
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10. Nutrient levdsin Massachusetts and Cape Cod Bays will not be enriched to levels
that promote the growth of nuisance species such asthe“red tide” organism
Alexandrium..

11. BEM computations project small increasesin the DO in bottom weters of the
nearfield in the summer.

Theseresults are smilar those found in the various ecologica assessments completed for the new the MWRA
outfal and often indicate the conclusions and projections in these reports were conservative. Thus, the new data
from the monitoring program indicate that the environmental conditionsin Massachusetts Bay will not be worse
than projected and in fact will likely show even less change that previoudy thought.

5.2  Issuch changelikely to harm whales?

Based on the review above, modd predictionsindicate adverse changes to the ecology and functioning of the
Massachusetts Bay system will not occur asaresult of the outfall relocation. Thefact that ecologicd impact
may be lessand have less spatia extent than projected in the various environmental assessments further argues
that no net change will occur in the system after relocation.

The newer information indicates any changesthat occur asaresult of the relocation of the MWRA outfal will
be confined to locations very near the outfall. The mgjor farfield area affected will be Boston Harbor where the
effects from nitrogen loading are expected to lessen. Asaresult, chlorophyll levelsin the harbor are expected to
decrease and dissolved oxygen levelsin the inner harbor to rebound to high concentrations. Planktonic
communities (either biomass or species distributions) in Massachusetts Bay are not expected to change asa
result of therdocation. Plankton communitiesin the Cape Cod Bay and Stellwagen Bank areas are dso not
expected to change as result of therelocation. Thus, in the food supply shifts (either species or abundance) of
the right whale are not expected. This species responds to many factors and conditions, most of these are
external to the Bays. Therefore, because the nutrient inputs, concentration, and distribution, and plankton
digtributions will not change with the reocation, it is unreasonabl e to assume that detrimentd effects on the
occurrence of the whaeswill occur.

Moreover, the development of afood web model that endeavorsto link the outfall discharge to the occurrence
of right whadesin the Bays would likely be an exercisein futility. Thefutility arises from severd factors. The
first isthat these food web models are most effective when addressing measurable perturbationsin a system,
and such perturbations are not expected to result from outfal relocation. The second is the requirement that the
food web models have complete and accurate species-by-species biomassinformation. Thisset of datais
difficult to obtain and its accuracy cannot be easily ascertained. Thethird isuncertainty in the overal
importance of the Bays to the energetics of the whaes (i.e., inability to close the food web model domain). The
fourth isthat food web model development & aloca or habitat specific scaeis unwarranted given the
importance of externa factorsthat affect the distribution of thewhdes. Asidentified in a 1998 workshop
convened to address knowledge of right whale distribution and predictability of the whale distribution (Clapham
1998), much research must be conducted to understand the factors that affect the population and its distribution.
It is clear from the discussions and conclusions of this workshop that federd research dollars must be made
available to address the fundamenta questionsraised. These questions must be addressed before predictive
models can be developed.

The recommendationsin Clapham (1998) provide aclear set of research and modeling directions related to the
right whale and its occurrence in not only Massachusetts Bay, but over itsentirerange. Thus, funding of the key
research and modeling needs identified from the workshop, which are more likely to fill the integrated long-
term, large-scale research demanded for the overal management of right whales, isrecommended. Moreover,
the clear large scale spatia issues related to the protection and management of this species pointsto the need for
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broader agency involvement (federal, regiond, and state levels) to effectively address the pressing issue of the
sdvation of the northern right whale population.

53  Applicability of food web modeling to the whales and outfall

The evaluation in this document show that under their present status, available food web modeling
approaches are not likely to identify subtle changes in the ecosystem. Thus their successful application to
the issue of right whale occurrence in the Baysis highly questionable given the factors that must be
addressed before the modeling could go forward with confidence. The reviews above do not however,
exclude the approach as aresearch tool, rather they point to the uncertainties and lack of knowledge on
basic food web modeling elements. Thus, they are most effectively used today, as research tools not a
management tool. Given thereviewsit isinstructive to summarize the data requirements and needs of the
modeling approaches. Thisis provided in the next section.

54  Dataneedsfor food web modeling

The modeling reviews above clearly indicate severa data needs for effective food web modeling. These
include:

Species by species biomass estimates

Population biomass estimates

Adult species body weight al species

Prey or trophic interaction data

Dietary information for species of interest

Dietary information by life stage

Harvest rates by species

Nutrient linkages

Whale ranges

10. Aggregation dynamics for whales (and other species)

11. Physical and biological factors resulting in prey aggregation (patch development)
12. Spatial structure (physical and biological)

13. Prey and whale energetics data

©CONOO~WNE

Given the outcome of thisreview, it is recommended that food web modeling not be pursued by the MWRA.
Rather, the summary and recommendationsin Clapham (1998) provide aclear set of research and modeling
directionsrelated to the right wha e and its occurrence in not only Massachusetts Bay but over its entire range.
Thus, funding of the key research and modeling elements from that workshop are more likely tofill the
integrated long-term, large-scal e research demanded for the overal management of right whales.

53

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

6. REFERENCES

Anderson DM. 1997. Bloom dynamics of toxic Alexandrium speciesin the northeastern US. Limnol.
Oceanogr. 42(5):1009-1022.

Anonymous. 1999. Protocol for the scientific evaluation of proposals to cull marine mammals. Draft
report of the Scientific Advisory Committee of the Marine Mammal Action Plan, Report to the United
Nations Environmental Programme. 27 pp.

Baird D, Ulanowicz R. 1989. The seasonal dynamics of the Chesapeake Bay ecosystem. Ecol. Monogr.
59: 329-364.

BCC. 1993. Comments on “Assessment of potential impact of the MWRA outfall on endangered
species’. Barnstable MA: Barnstable County Commission. Report July 1993. 42 p.

Becker SM. 1992. The seasonal distribution of Nutrientsin Massachusetts and Cape Cod Bays. Masters
Thesis. The University of New Hampshire, Durham, NH. 1127p.

Borgstad B., Hauge KH, Ulltang ML. 1997. MULTSPEC — a multispecies model for fish and marine
mammalsin the Barents Sea. J. North. Atl. Fish. Sci. 22:317-341.

Briand F. 1985. Structural singularities of freshwater food webs. Verh. Internat. Verein. Limnol.
22:2256-3364.

Butler E, Higgins M, Chiapella, Sung, W. 1997. Deer Island effluent characterization studies: January -
December 1995. Boston: Massachusetts Water Resources Authority. Report ENQUAD 97-03. 91 p

Christensen V, Pauly D. 1992. Ecopath || — a software for balancing steady-state ecosystem models and
calculating network characteristics. Ecol. Modeling 61:169-185.

Christensen V, Pauly D. 1993. Trophic Models of Aquatic Ecosystems. ICLARM, Manila. 390p.

Cibik SJ, Lemieux KB, Howes BL, Taylor CD, Davis CS, Loder TC, |11, Boudrow RD. 1998a. 1996
Annual water column monitoring report. Boston: Massachusetts Water Resources Authority. Report
ENQUAD 98-11. 416 p.

Cibik SJ, Lemieux KB, Davis CS, Anderson DM. 1998b. M assachusetts Bay plankton communities:
characterisation and discussion of issuesrelative to the MWRA's outfall rel ocation. Boston: Massachusetts
Water Resources Authority. Report ENQUAD 98-08. 140 p

Clapham PJ. 1998. Predicting Right Whale Distributions. Report on aworkshop held on October 1% and
2" 1998 in Woods Hole M assachusetts

Cohen J, Briand F, Newman C. 1986. A stochastic theory of community food webs. 111. Predicted and
observed lengths of food chains. Proc. Roy. Soc. Lond. B 228:317-353.

Davis CS, Gallager SM. 1998. Data Report for Video Plankton Recorder Cruise
R/V Peter W. Anderson, March 12-14, 1998. Boston: Massachusetts Water Resources Authority. Report
ENQUAD 98-22. 118 p.

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

Davis CS, Gallager SM. 2000. Data Report for Video Plankton Recorder Cruise
R/V Peter W. Anderson, February 23-28, 1999. Boston: Massachusetts Water Resources Authority.
Report ENQUAD 00-03. 118 p.

EllisBD, Sobrinho JAH, Rosen JS. 2000. Statistical Support of Threshold Determination for Zooplankton
Final Letter Report. Boston: Massachusetts Water Resources Authority. 8 p.

EPA. 1988. Boston Harbor Wastewater Conveyance System. Supplemental Environmental Impact
Statement (SEIS). Environmental Protection Agency Region |, Boston, MA.

EPA. 1993. Assessment of Potential Impact of the MWRA Outfall on Endangered Species; Biological
Assessment prepared pursuant to Section 7 of the Endangered Species Act. U. S. EPA, Region 1, Boston
MA, 271 pp.

EPA. 1999. Ambient water quality criteriafor dissolved oxygen (satwater): Cape Cod to Cape Hatteras.
Washington: EPA Office of Water. Report draft. 103 p.

Forrester JW. 1987. Nonlinearity in high- order models of social systems. Euro. J. Op. Res. 30:104-109.

Graf EW, Bigornia-Vitale G. 1999. NPDES compliance summary report, fiscal year 1998. Boston:
Massachusetts Water Resources Authority. Report ENQUAD 99-03. 247 p

Hannon B. 1973. The structure of ecosystems. J. theor. Biol. 41:535-293.

Hunt CD, West DE, and Peven CS. 1995. Deer Island effluent characterization and pilot treatment plant
studies: June 1993-Novemebr 1994. Boston: Massachusetts Water Resources Authority. Report
ENQUAD 95-07. 140 p.

Hunt CD, Kropp RK, Fitzpatrick JJ. 1999. Scope of work for afood web model to characterize the
seasonal abundance for important prey species of endangered species in Massachusetts and Cape Cod
Bays. Boston: Massachusetts Water Resources Authority. Report ENQUAD 99-09. 14 p.

HydroQual. 2000. Bays Eutrophication Model (BEM): modeling analysis for the period 1992-1994.
Boston: Massachusetts Water Resources Authority. Report ENQUAD 00-02. 158 p.

HydroQual, Normandeau. 1995. A water quality model for Massachusetts and Cape Cod Bays:
Calibration of the Bays Eutrophication Model (BEM). Boston: Massachusetts Water Resources
Authority. Report ENQUAD 95-08. 402 p.

Jahoda JC, Ryer MC. 1988. The summers of 1986 and 1987 (or "What happened to the Whales?").
Bridgewater Review 6(1):25-28.

Joergensen SE, Nielsen SN, Joergensen LA. 1991. Handbook of Ecological Parameters and
Ecotoxicology. Elsevier, Amsterdam. 1263p.

Kely JR. 1997. Nitrogen flow and interaction of Boston Harbor with Massachusetts Bay. Estuaries
202:365-380.

Kely JR. 1998. Quantification and potential role of oceanic nutrient loading to Boston Harbor,
Massachusetts (USA). Mar. Ecol. Prog. Ser. 173:53-65.

55

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

Kdly JR, Albro CS, Geyer WR. 1996. High-resol ution mapping studies of water quality in Boston Harbor
and Massachusetts Bay during 1994. Boston: Massachusetts Water Resources Authority. Report
ENQUAD 96-01. 169 p.

Kdly JR, Davis CS, Cibik SJ. 1998. Conceptua food web model for Cape Cod Bay, with associated
environmental interactions. Boston: Massachusetts Water Resources Authority. Report ENQUAD 98-
04.9p.

Kely JR, Turner J. 1995a. Water column monitoring in Massachusetts and Cape Cod Bays. annual report
for 1993. Boston: Massachusetts Water Resources Authority. Report ENQUAD 95-16. 162 p.

Kdly JR, Turner J. 1995b. Water column monitoring in Massachusetts and Cape Cod Bays: annual report
for 1994. Boston: Massachusetts Water Resources Authority. Report ENQUAD 95-17. 163 p.

Lemieux KB, Cibik SJ, Kdly SJ, Tracey JK, Davis CS, Mayo CA, Jossi W. 1998. Massachusetts Bay
zooplankton communities: a historical retrospective. Boston: Massachusetts Water Resources Authority.
Report ENQUAD 98-21. 120 p.

Leontief, W. 1951. The Structure of the American Economy, 1919-1939, 2nd ed. Oxford Univ. Press,
New York. 257p.

Levine, S. 1980. Several measures of trophic structure applicable to complex food webs. J. Theor. Biol.
83:195-207.

Libby PS, Albro CS, Hunt CD, Geyer WR, Keller AA, Oviatt CA, Turner J. 1999. 1998 Annual water
column monitoring report. Boston: Massachusetts Water Resources Authority. Report ENQUAD 99-16.
180 p.

Mageau, MT, Costanza R, and. Ulanowicz RE. 1995. The development, testing and application of a
quantitative assessment of ecosystem health. Ecosystem Health. 1(4):201-213.

Moloney CL, Field JG. 1991a. The size-based dynamics of plankton food webs. 1. A simulation model of
carbon and nitrogen flows. J. Plankton Res. 13:1003-1038.

Moloney, CL, Field JG. 1991b. The size-based dynamics of plankton food webs. 1. Simulations of three
contrasting southern Benguela food webs. J. Plankton Res. 13:1039-1092.

May, RM. 1981. Theoretical ecology, principlesand applications. Sinauer, Sunderland, MA.

Mitchell DF, Wade M, Sung W, Moore MJ. 1997. 1996 Toxics issue review. Boston: Massachusetts
Water Resources Authority. Report ENQUAD 97-04. 134 p.

Monaco ME. 1995. Comparative Analysis of Estuarine Bio-Physical Characteristics and Trophic
Structure: Defining Ecosystem Function to Fishes. Ph.D. Dissertation, University of Maryland, College
Park, MD.

Murray PM, Cibik SJ, Lemieux KB, Zavistoski RA, Morton JE, Howes BL, Taylor CD, Loder TC, I11.
1997. Semi-annual water column monitoring report: August-December 1995. Boston: Massachusetts
Water Resources Authority. Report ENQUAD 97-07. 280 p.

56

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

NMFS. 1993. NOAA Fisheries Endangered Species Act Section 7 Consultation - Biological Opinion.
National Marine Fisheries Service Northeast Region. September 8, 1993. 84pp.

Paine RT. 1980. Food webs: Linkage, interaction strength, and community infrastructure. J. Anim. Ecol.
49:667-685.

Paine RT. 1988. Food webs: Road maps of interactions or grist for theoretical development? Ecology
69:1648-1654.

PolisGA., Power ME. (eds.) 1999. Food webs at the landscape level. University of Chicago Press, in
press.

Punt AE, Butterworth DS. 1995. The effects of future consumption by the Cape fur seal on catches and
catch rates of the cape hakes. 4. Modeling the biological interaction between Cape fur seals Arctocephalus
pusillus pusilius and the Cape hake Merluccius capensis and Merluccius paradoxus. South Afr. J. Mar Sci.
16:255-285.

Rutledge RW, Basorre BL, Mulholland RJ. 1976. Ecological stability: an information theory viewpoint. J.
Theor. Biol. 57: 355-371.

Shea D, Kelly JR. 1992. Transport and fate of toxic contaminants discharged by MWRA into Massachusetts
Bay. Boston: Massachusetts Water Resources Authority. Report ENQUAD 92-04. 78 p.

Signell RP, Jenter HL, Blumberg AF. 1996. Circulation and Effluent Dilution Modeling in
Massachusetts Bay: Model Implementation, Verification and Results. US Geologica Survey Open File
Report 96-015, Woods Hole MA.

Sullivan JA, Bigornia-Vitale G, Sullivan MJ. 1998. NPDES compliance summary report, fiscal year
1997. Boston: Massachusetts Water Resources Authority. Report ENQUAD 98-05. 196 p.

Sung W, HigginsM. 1998. Deer Idand effluent characterization studies: January 1997-October 1997.
Boston: Massachusetts Water Resources Authority. Report ENQUAD 98-06. 77 p.

Szyrmer J, Ulanowicz RE. 1987. Total flowsin ecosystems. Ecol. Model. 35:123-136.
Ulanowicz RE. 1983. Identifying the structure of cycling in ecosystems. Math. Biosci. 65: 219-237.

Ulanowicz RE. 1986a. Growth and Development: Ecosystems Phenomenology. Springer-Verlag, New
Y ork. 203p.

Ulanowicz RE. 1986b. A phenomenological perspective of ecological development. pp. 73-81. In: (T.M.
Poston and R. Purdy, Eds.). Aquatic Toxicology and Environmental Fate: Ninth Volume, ASTM STP
921. American Society for Testing and Materials, Philadel phia.

Ulanowicz RE. 1995. Ecosystem trophic foundations. Lindeman Exonerata. pp.549- 560. In: (B.C.
Patten and S.E. Jorgensen Eds.). Complex Ecology: The Part- Whole Relation in Ecosystems.
Prentice-Hall, NY.

Ulanowicz RE. 1996. Trophic flow networks asindicators of ecosystem stress. pp. 358-368, In: G. Polis
and K. Winemiller [eds.], Food Webs: Integration of Patterns and Dynamics. Chapman-Hall, NY.

57

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Food Web Issues Review February 2000

Ulanowicz RE. (1999). Quantifying constraints upon trophic and migratory transfersin spatially
heterogeneous ecosystems. In: L.D. Harrisand J.G. Sanderson (eds.). Seriesin Landscape Ecology |. St.
Lucie Press.

Ulanowicz RE, Baird D. 1999. Nutrient controls on ecosystem dynamics. The Chesapeake mesohaline
community. J. Mar. Systems 19:159-172.

Ulanowicz RE, Kemp WM. 1979. Toward canonical trophic aggregations. Am. Nat. 114 (6): 871-883.
Ulanowicz RE, Puccia CJ. 1990. Mixed trophic impacts in ecosystems. Coenoses 5:7-16.

Y odzis P. 1989. Introduction to theoretical ecology. Harper & Row, New York.

Yodzis P. 1994a. Predator-prey theory and management of multispecies fisheries. Ecol. Appl. 4:51-58.

Y odzis P. 1994b. Local trophodynamics in the Benguela ecosystem: effect of afur sed cull on the fisheries.
Third meeting of the Scientific Advisory Committee of the Marine Mammal Action Plan, United Nations
Environmental Programme, Crowborough, UK. Working paper SAC94/WP14.

Yodzis P. 1998a. Local trophodynamics and the interaction of marine mammals and fisheriesin the
Benguela ecosystem. J. Anim. Ecol. 67:635-658.

Y odzis P. 1998b. Age-structured local trophodynamics and the interaction between marine mammals and
fisheriesin the northwest Atlantic. International Marine Mammal Association internal report.

YodzisP, InnesS. 1992. Body size and consumer-resource dynamics. Am. Nat. 139:1151-1175.

58

D:\M1\admin-mwraltechrpts\docs\99-14_enquad_report.doc



Massachusetts Water Resources Authority
Charlestown Navy Y ard
100 First Avenue
Boston, MA 02129
(617) 242-6000
http://www.mwra.state.ma.us



	EXECUTIVE SUMMARY
	I
	INTRODUCTION
	Background
	Purpose
	Report organization

	C
	COMPARISON OF ASSESSMENT AND BASELINE INFORMATION
	Review of assumptions in the SEIS, BA and NMFS biological opinion
	Summary of findings from the baseline monitoring and other evaluations
	Nutrient loading
	Nutrient levels in the receiving waters
	Area of enrichment/area of impact
	Phytoplankton
	Nuisance algal species
	Zooplankton species response
	Dissolved oxygen suppression

	Comparison and conclusions

	R
	RECENT MODEL RESULTS
	Sensitivity modeling
	Modeling relative to the nutrient status of Massachusetts and Cape Cod Bays
	Food web model conceptualization

	A
	A REVIEW OF FOOD WEB MODELING APPROACHES
	Considerations of the status of trophodynamical modeling
	Definition of food web modeling
	The state of trophodynamical modeling
	Present understanding of trophodynamical modeling capabilities
	Bulk abundance models.
	Models with population structure
	Models with nutrient recycling
	Models with spatial structure

	Utility trophodynamical modeling
	The major advantages and shortcomings of trophodynamical modeling
	Advantages
	Shortcomings


	Network Analysis
	What is network analysis?
	Present understanding of ecological Network Analysis
	Data requirements for Network Analysis

	Summary of food web modeling approaches

	F
	FOOD WEB MODELING IN RELATION TO THE OUTFALL
	Will environmental conditions worsen as a result of the outfall relocation?
	Is such change likely to harm whales?
	Applicability of food web modeling to the whales and outfall
	Data needs for food web modeling

	R
	REFERENCES

