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ABSTRACT

A five compartment schematic model of the flow of nitrogen
through Great Sippewissett Marsh is presented. Flows are described
in terms of annual inputs, outputs and intercompartmental trans-
fers of nitrogen. The nitrogen in all forms oécurring in the
marsh is considered, though dissolved organic nitrogen is dis-
aggregated from the total flow.

A computer aided input - output analysis is performed on
the model to assess the degree to which nitrogen inputs to the
marsh surface are linked to nitrogen outputs in the form of net
growth in marsh shellfish. In this way the effects of both
direct and indirect flows linking the two compartments involved
are considered. The analysis is done to assess the likelihood
that a large scale application of fertilizer to the marsh sur-
face will significantly enhance shellfish growth in marsh tidal
creeks. While no definitive answer to this question can be
given, it is argued that the present level of understanding of
the marsh nitrogen cycle does not support an expectation that
shellfish growth will be enhanced. This arqument is supported
by a comparative analysis which shows a strong likelihood that
Spartina growth is enhanced by fertilization, an effect which

has already been observed.
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INTRODUCTION

The Great Sippewissett Marsh, located in Falmouth, Mass-
achusetts, has been studied intensively by biologists from the
Woods Hole scientific community since 1970, when a long-term
program of fertilization of the marsh surface was begun. This
research has emphasized the inputs and outputs of various forms
of nitrogen with respect to the marsh, and the interconversions
undergone by these forms as they pass through the marsh biotic
system. This emphasis stems from the fact that nitrogen has
been shown to be the limiting nutrient for the growth of the
grasses which make up the great bulk of the biomass in New
England salt marshes, as well as for growth in the coastal marine
waters with which such marshes have tidal exchange.

The fertilizer, sown by hand onto 10 m diameter test plots
throughout the growing season, is a commercial variety manufactured
from sewage sludge and having a high nitrogen content. A signifi-
cant portion of the research associated with the fertilization
program has focused on the changes induced in fertilized areas
compared to nearby control areas. For example, a central observation
has been that the biomass of Spartina grass parts both above and
below-ground increases significantly in the nutrient rich areas
produced by fertilization (valiela, Teal and Persson, 1976).

This kind of research generates many other types of questions
tc which the present experiment design can only suggest answers.
Many of the spin-off policy quéstions deriving from marsh fertil-
ization are of this nature. For example, if marshes like Great

Sippewissett are used as disposal sites for secondarily treated



sewage, what will be the effects of the resulting effluent
discharge to the sea? The flow model explicated in this report
is designed to deal with a question of this nature. Given that
fertilization increases the biomass crop of marsh grass, and
hence the production of detritus by the marsh, is the growth of
marsh shellfish likely to be similarly enhanced? Can marshes

be viewed as "open” aquaculture systems in which a desirable
level of shellfish output can be achieved by manipulating the
nutrient inflow in order to substantially increase the available
food supply for filter feeding marine organisms?

Much of the mathematical analysis which allows for explora-
tion of these questicns is not presented in the body of this
report. This material has already been published in the Pro-
ceedings of the MTS-IEEE meeting "Oceans 78" (Leschine and
Smith, 1978). That paper, included here as an appendix, explains
the analytic method used and develops, for Great Sippewissett,

a tentative relationship between nitrogen inputs to marsh sedi-
ments and nitrogen outputs from the marsh in the form of net
growth in shellfish.

The purpose of this report is to describe in detail the
construction of a schematic model of nitrogen flow through Great
Sippewissett Marsh (Figure 1), as well as to present analysis of
the model which did not appear in the MTS paper. The model
presented here as a diagram is not analytic in the sense that a
simulation model is; rather, it presents a static "snapshot"
view of the flow of nitrogen under conditions averaged over
seasonal observations of the marsh, in many cases extrapolated

to approximate annual activity. Thus all flows in the model
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are expressed in kg N per year, and a good deal of the main
body of this report will be devoted to an exposition of the
data sources and calculations which produced the values used
in Figure 1. The "model” on which most of the analysis is
based is represented by Equation 5 of the appendix and is
adeguately explained there.

The additional analysis alluded tc above is of two types.
On the one hand, an alternative set of values to the ones used
in the paper is presented, with a discussion of the reasons why
the second set may be more germane to the problem at hand. On
the other hand further mathematical analysis which gives a more
precisely defined link between fertiliger inputs to the marsh
and shellfish outputs from it than that described in the MTS-
IEEE paper is presented. This analysis is an application of
a method devised by Jack Finn (1977). A corollary discussion
outlines ways in which revisions in the diagram structure itself
could build a stronger case for enhancement of shellfish pro-
duction than would any reasonable changes in values assigned to
flows in the present model. It is argued that such analysis
can guide the direction of future biclogical research when

applications such as, shellfish growth enhancement are a goal,
How to read this report

The reader unfamiliar with this material, especially the
mathematical methods used, should read the appendix before
reading the main body of this report. The mathematical technique
of input-output analysis is explained there and motivated by

means of both an example from economics and a hypothetical



ecosystem flow diagram. Also, more of the background of the
enhanced bioproductivity problem from an aguaculture and economics
point of view is presented. |

The reader will note that most of the main part of the report
is taken up by its third section, "Compartmental analysis of
nitrogen flow." Those uninterested in how the values which
appear in Figure 1 were generated can skip this section without
loss of continuity. Those interested in only some of the values
in the figure can guickly find the relevant material in the thixd
section by noting that the subsection numbering corresponds to
the numbering in the diagram. In each subsection flows entering
the system to the compartment under discussion from the outside
are termed 'inflows' while those leaving the system from it are
termed 'outflows'. Intercompartmental flows are always discussed
under the heading of the donor compartment. Thus the 65 units
net growth shown at the bottom of Figure 1 is discussed as an
outflow from compartment 5 in subsection 5, while the derivation
of the value 1250, listed as resuspension in the center of the
figure, is discussed in subsection 1 under the heading 'transfers
to other compartments.' Each subsection is organized so that
inputs and outputs of the corresponding compartment are discussed
first, transfers to other compartments second.

GENERAL DESCRIPTION OF SIPPEWISSETT MARSH NITROGEN FLOWS

The processes by which nitrogen enters and leaves Great
Sippewissett Marsh, and by which various organic and inorganic

forms of nitrogen are transformed by the marsh nitrogen cycle,
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have been amply described elsewhera. In particular, work in
the Great Sippewissett Marsh has generated more than 30 pub-
lished papers since 1973. We do not attempt more than a brief
summary of those nitrogen flows which are represented in Figure
1 here. ©None of the flows presently understood to be significant
to the marsh's overall function have been omitted. More de-
tailed discussions are contained in several of the papers listed
in the references. Especially recommended are: Valiela, Teal
and Sass, 1975; valiela, Teal and Persson, 1976; Valiela and Teal,
1978; and Valiela, Teal, Volkmann, et.al., 1978. The last two
named sources are especially relevant to the discussion immediately
following.

The flow diagram shown in Fiqure 1 has five compartments:
{1} shallow marsh sediments/pore water; (2) SEartina below-
ground biomass; (3} Spartina above-ground biomass; (4) tidal
water; and (5) shellfish. This organizational scheme reflects
a view of the marsh in which the mainstream flow of nitrogen and
other nutrients through it is roughly in the order indicated by
the numbering of the compartments. That is to say, ground water
and precipitation bring nitrogen into the sediment/pore water
pool. Surface algae and bacteria associated with Spartina grass
rhizomes fix free atmospheric nitrogen to make additional nitrogen
available to plants. At the same time, denitrifying bacteria
in sediments release a comparable amount of free nitrogen to
the atmosphere. Spartina grasses, the chief biomass crop in

the marsh, draw on the nitrogen pool in sediments via their root
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and rhizome systems. The nitrogen utilized by plants goes both
to additional root and rhizome production and to production of
above-ground stems and leaves. These above-ground parts, when
they die or otherwise become separated from parent plants, form
much of the detritus which floats in and out of the marsh on
tides. Tidal action and decay and other bioclogical agents break
detrital matter into smaller and smaller particles which ultimately
become potential food for shellfish and other marine organisms.

The food taken by mussels and other filter and detrital
feeding bivalves can be assumed to include an unknown proportiocn
of algae, phytoplankton and other sources of particulate nitrogen
which may or may not originate in the marsh. Large amounts of
nitrogen enter and leave the marsh in semidiurnal tides through-
out the year, but it is very difficult to relate the material
entering the marsh on any given flood tide to that which has
left the marsh on previous ebb tides. The analysis makes no
attempt to do this.

The picture drawn thus far is of a basically one-way flow
of nitrogen through the marsh -- at best two-way when tides
are taken into account. In part this is conceptual, but it
may also be an artifact of the traditional view of marshes held
by ecologists. Our conceptualization, a product of the problem
at which this analysis is directed, attempts to ascribe a func-
tional role to marshes as transformers of fertilizer inputs to
marsh sediments into outputs in the form of net shellfish
growth. The ecologist's view may be somewhat analogous, in

that marshes often seem to be regarded primarily as processors of



terrestrially originated nutrients intercepted on their way to
the sea.

Nitrogen flowing through Great Sippewissett Marsh undergoes
a significant amount of cycling as a result of mortality of
living tissue, sedimentation and resuspension of particulate
matter, and excretion and biodeposition by living organisms.
These processes are explicitly considered in Figure 1. No doubt
other phenomena not explicitly considered also have important
effects on the retention and reuse of nutrients in the marsh.
For example, microbial agents which drive decay processes are
not disaggregated in the diagram; nor are pore water - sediment
interactions considered. Data seem insufficient at this time
to quantify annual exchanges of nitrogen via these routes.
Future work may involve hypothesized linkages of this type,
designed to determine whether the flow of nitrogen from fertil-
izer to shellfish is particularly sensitive to these kinds of
processes and interactions.

The nitrogen considered to be in flux in the marsh can be
in any of the forms generated by the marsh's nitrogen cycle.
The major forms of nitrogen which must be distinguished are
dissolved organic nitrogen (DON), particulate organic nitrogen
(PON), and dissolved inorganic nitrogen (DIN), for which it
may be important to distinguish further the flow of nitrite
and nitrate from that of ammonia and ammonium. The availability
of nitrogen for a given biological process depends in some
cases on the form it is in. For example, the majority of all

nitrogen entering and leaving Great Sippewissett Marsh annually



is in the form of DON (57% of all inputs, 54% of all outputs
(Valiela and Teal, 1978)). The function of this form of nitrogen
in the marsh is uncertain (Ibid.)}; and it seems to play no role
in shellfish feeding. Since inputs and outputs of DON nearly
balance (total output is 98% of total input {(Ibid.)), it makes
sense to ignore DON completely in evaluating the nitrogen flow
associated with shellfish growth. This we do in the alternative
model below, with the result that the case for fertilizer-induced
shellfish growth is strengthened.

COMPARTMENTAL ANALYSIS OF NITROGEN FLOW

As described in the introduction, the material in this sec-
tion is arranged sequentially by the numbering scheme used in
Figure 1. Each subsection is in turn arranged to consider first
the inflow and/or outflow for the corresponding compartment, if
any exist, followed by transfers to other compartments from the

one under consideration.
(1) Shallow sediments/pore water,

This compartment represents the marsh surface on which marsh
grasses grow. We consider this to include all marsh sediments
down to the limit of penetrationby grass roots,as well as the
interstitial pore water which permeates these sediments. At
Great_Sippewissett about 98,000 m2 are dominated by S. alterni-~
flora while S$. patens covers about 28,000 m2. Roots generally

penetrate to a depth of about 20 cm (vValiela, Teal and Persson,

1976) .



Inflow,

Nitrogen is assumed to enter this compartment by four routes,
summarized in the table below. Note that the values actually
appearing in Figure 1 differ slightly in some cases due to rounding.
Details of the sampling procedures by which data were collected
and the integration techniques by which annual average values
were generated are in the source papers listed. This applies to
other values in this section wherever such information is not

specifically given.

Nitrogen inflows to sediments and pore water, in kg N x_l
Total N DON portion

Precipitation 180 90

Ground water 5470 2455

Algal fixation 140 o

Bacterial fixation 175 _

(non-rhizomal)
Grand total 5965
Total less DON 3420

Table 1. Nitrogen inflows to Great Sippewissett Marsh
sediments and pore water. Adapted from Valiela
and Teal, 1978.

Qutflow.

Almost all the export of nitrogen from the marsh system
via sediments is by denitrification, a process which occurs in
anoxic environments. 2830 kg N/yr are lost this way. An addi-

ticnal 25 kg are assumed lost to sediments below the plant root
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zone by sedimentation, and 10 kg are assumed lost by volatil-
ization of NH, directly from the marsh surface. (Valiela and
Teal, 1978). The total of these values was rounded to 2870 kg

N/yr for use in the model.
Transfer to Spartina roots.

The key mechanism by which nitrogen enters the rich bio-
logical production system of the marsh is through uptake by roots
and rhizomes of Spartina grasses. Nitrogen is fixed directly
from the atmosphere by bacteria associated with plant rhizomes,
and is removed from sediments and pore water by roots. The rate
of uptake of nitrogen by roots apparently has never been directly
measured in the field. Field conditions have been simulated,
however, in experiments in which transplanted Spartina grasses
were grown outdoors in controlled nutrient level hydroponic
tanks. These experiments were conducted in 1977 by James T.

Morris of the MBL Ecosystems Center, and the value we use is
extrapolated from his unpublished data.

Morris (pers. comm.) has measured hourly uptake rates for
plants grown at nutrient levels which approximate those in the
unfertilized marsh. He believes that a fairly constant rate of

11 mg N/mz/hr can be applied to both 5. alterniflora areas

(98,000 m2 at Great Sippewissett) and S. patens areas (28,000 m2)

for 24 hr activity over an entire seven month growing season. The
annual uptake value derived from this calculation, 6990 kg N/yr,
can be considered minimal if we assume that plants grown in OXy-

genated hydroponic environments are more efficient at utilizing



12.

available nitrogen than are their counterparts rooted in essen-

tially anoxic marsh sediments.

Transfer to tidal water.

The cycle of sedimentation and resuspension, by which finely
divided organic matter both settles out of tidal water into surface
sediments and is drawn out of sediments into suspension by tidal
currents, may be one of the most important processes in the marsh's
nutrient cycle. Its effects are poorly understood, however, and
the processes themselves very difficult to measure in the field.
While sedimentation rates can be measured with sediment traps,
there appears to be no satisfactory way to measure resuspension
rates at present. At the suggestion of Thomas E. Jordan of the
Boston University Marine Program, we estimated annual resuspension
of PON at 1270 kg, to bdance annual inflows and outflows with
respect to the sediments/pore water compartment in the model of the
appendix. In the alternative analysis which appears below we use
a value of 1250 kg. However, the sensitivity of the shellfish growth
questions posed in the introduction to variation in this value needs

further exploration.

(2) Spartina root/rhizome biomass.

Roots and rhizomes are regarded in this analysis as simply
translocators of nitrogen from sediments to above-ground pro-
duction. It should be noted, however, that this below-ground
tissue comprises a considerable biomass, and considerable nitrogen

pool, in its own right. Spartina roots and rhizomes are perennial,
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with living and dead plant material occupying a large volume
underground. Valiela and Teal (1978) estimate that at mid-
summer the nitrogen pool in living roots and rhizomes is more
than twice that in living above-ground plant tissue, and that the pool in
accumilated dead underground tissue is nearly 30 times that in living stems

and leaves.
Inflow.

We assume that the considerable guantity of nitrogen fixed
by bacteria associated with Spartina rhizomes is all available
to the plants themselves. Thus we list this quantity, 1270 kg
N/yr, as an inflow to Spartina below-ground biomass. This value

is as reported in Valiela and Teal, 1978,
Transfer to above-ground bhicmass.

The rate of transfer of nitrogen from below-ground to above-
ground parts by Spartina grasses as photosynthesis proceeds during
the course cof a growing season has not been measured in the field.
We again rely on the hydroponic experiments of James Morris for
data on nitrogen uptake by this route. Table 2 is based on his
unpublished data for mid-month to mid-month transfer, from April
to December, for nutrient levels comparable to those in the un-
fertilized marsh. Using the acreage estimates for the two species
reported above we calculate annual transfer to above-ground parts

to be 1055 kg N/yr for S. alterniflora and 155 kg N/yr for S. patens.

The data in Table 2 represent monthly averages of measured nitrogen content in
plant leaf tissue. Thus the annual values were obtained by suming before
multiplying by the acreage estimates. Details of sampling procedures and ex-

perimental conditions will appear shortly in Morris's Ph.D, thesis (pers. comm.).
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Uptake by Spartina above-ground parts1 (mg m~ %)

g_' . §_' 2

alterniflora patens
April-May3 750 500
May-June> 1500 1000
June-July 2030 1410
July-August 2770 900
August-September 2070 990
September-October 1650 630
October-November 0 0
November-December 0 0

lValues rounded to three significant figures.
values for 8. alterniflora grown at low nutrient levels

were used as proxies for 5. patens.
Estimates.

3

Table 2. Mid-month to mid-month transfers of nitrogen from
rhizomes to above ground parts. Source: J. Morris, pers.comm.

Transfer to shallow sediments/pore water.

We assume that all mortality of Spartina roots and rhizomes
results in a return of nitrogen directly to marsh sediments, i.e.,
that none of this material enters tidal water directly as detritus.
Valiela, Teal and Persson (1976) provide data on monthly biomass
densities of dead material below ground over the course of a
growing season. We interpret the change in their data from lowest
to highest monthly density in the direction of the progress of
the season as net annual death of roots and rhizomes, and assume

this material to be 1% nitrogen by weight, after a suggestion of
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Valiela (pers. comm.}. We find net biomass change to be 4 kg/m2

for low marsh (S. alterniflora) and 1 kg/m2 for high marsh (S.

patens) by this method. Multiplication by the nitrogen proportion
and appropriate acreage figures lead to numbers which are added

to produce the value of 4200 kg N/yr in Figure 1.
(3} Spartina above-ground biomass.

This compartment represents the annual production of plant
stems and leaves both in low marsh areas dominated by S. alterni-
flora and in high marsh areas dominated by S. patens. Other
species do occur in grass swards in the marsh, particularly in

high marsh areas. Also, S. alterniflora has morphologically

different tall and short forms, with the tall form occupying
the wettest sites along creek banks. Valiela, Teal and Deuser
(1978) report that fertilization can induce morphological changes

in S. alterniflora as well. These complexities, as well as

others, such as the high nitrogen demand plants have during

periods of seed set, are ignored in the analysis.
Transfer to tidal water.

This important link in the marsh's nitrogen flow system is
the one by which the marsh's large pool of primary productivity
becomes available for secondary producers such as shellfish.
Two mechanisms for the release of nitrogen to tidal water are
considered. The first, the leaching of ammonia directly into ti-
dal water during high tides, is assumed to account for 270 kg N/yr.
This figure must be considered at best a rough estimate as efforts

are only just getting under way to study the leaching process in
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Great Sippewissett Marsh thoroughly. We arrive at this value by
assuming that an average of 3 kg N/day is leached to tidal water
over a period of three months at mid-summer. (I. Valiela, pers.
comm. ) .

Considerably more particulate nitrogen is released to tidal
water when the marsh's annually produced sward of grasses dies,
to be replaced by the next year's crop. This death of above-
ground material does not occur all at once; nor is any one year's
production completely removed from the marsh surface before the
next year's crop appears. Nevertheless, since dead grass is
not accumulating on the marsh surface over the long run, it
appears reasonable to assume that average net annual above
ground production is equal to average annual production of
detritus by the marsh. This argument is analogous to one
given by Valiela, Teal and Sass (1975) in estimating net annual
above-ground production itself, which should be consulted for
further justification.

We determine actual net annual production values from Table
2 of valiela, Teal and Persson, 1976. Here the values listed
for annual production in control plots are taken to be repre-
sentative of the unfertilized marsh. It is assumed that the
above-ground biomass is 1.5% nitrogen by weight. The values
given for net annual biomass production are 423.7 gm/m2 for low
marsh and 631.8 gm/m2 for high marsh. Appropriate multiplication
and division result in an estimate of 59,200 kg detritus pro-

duction annually for the marsh as a whole, or 890 kg N/yr.
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(4) Tidal water.

Tidal water is regarded strictly as a transporter of dissolved
and suspended particulate nitrogen in and out of the marsh. This
transport has been measured directly at Great Sippewissett Marsh,
where all exchange with nearby coastal waters occurs through a
single tidal inlet. It should be emphasized that other marshes
with other physical confiqurations could have a greatly differ-
ent pattern of tidal exchange. This aspect of the analysis may
be the one which exhibits the greatest variation across marshes

in New England of all factors considered here.

Inflow and outflow.

Tidal exchange is the most significant of the forcing functions
acting on the marsh's internal cycling of nitrogenous compounds.
Tides import about 26,250 kg N/yr, of which 16,350 kg (62%) is
DON, and export about 31, 660 kg N/yr, of which 18, 480 kg (58%)
is DON. This DON is subtracted in the analysis presented below.

Values are from Valiela and Teal (1978).

Transfer to surface sediments.

Sedimentation rates in tidal creeks at Great Sippewissett
Marsh were measured by Thomas Jordan in 1976 (pers. comm.).
Particulate nitrogen falling into sediment traps over the course
of single tidal cycles amounted to 23 kg N per tidal cycle, on
the average. Assuming this to be a process which continues un-
interrupted over the nine ice-free months at Great Sippewissett,

we calculate that 505 kg N/yr settles onto the marsh surface.
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This value is based on an average of 1.87 tidal cycles per day
at Great Sippewissett. A slightly lower value of 490 kg N/yr

is ugsed in Figure 1 and in model calculations.

Transfer to shellfish.

The removal of particulate nitrogen from sea water by the

ribbed mussel {(Modiclus demissus) population of Great Sippewissett

was measured by Thomas Jordan in both 1976 and 1977. Jordan

placed individual mussels in jars of sea water and measured
nutrient concentrations in the water at the onset and at the end

of flood tides. This method may significantly underestimate
filtration rates (pers. comm.). Adjustments in the method used

may account for a near doubling of the 1977 rates over observed
1976 values. The lower values are used in the appendix, the higher
values in the Figure 1 and in the analysis below.

Filtration rates vary both seasonally and with the size of
individuals tested. Jordan has measured midsummer filtration
rates for a range of sizes of individuals and determined average
rates to be 8.3 kg N/tidal cycle for the marsh's large (4.8
million) muddy creex bank population. Rates are known to be
z#ro in early April and zero again by December. The curve 1in
Figure 2 was averaged to determine a rate of 5.9 kg N/tidal cycle
as representative of the seasonal activity of the muddy creek
bank population. Multiplication of this value by 240 days at
1.87 tides/day yields the value 2650 used in Figure 1.

(5) Shellfish}
Bivalue molluscs of several different species occur in Great

Sippewissett Marsh. The greatest concentration of biomass in
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this group, however, is in the marsh's population of ribbed

mussels (Modiolus demissus), estimated to be about 7.2 million

animals at present (Thomas Jordan, pers. comm.). Jordan has
identified four distict habitat types over which this population
is distributed: muddy or sandy creek banks, and tall or short

form S. alterniflora surface areas. These four populations

appear to differ from one another at least in terms of population
densities and growth rates. By far the largest number (4.8
million) and greatest density (454/m2) of animals occur in the
muddy creek bank population, and this is the population upon

which our analysis focuses.
Qutflow.

We assume that very simple population dynamics govern the
marsh's mussels. We assume no recruitment or mortality, but
calculate instead an average net growth for individuals which we
apply to the population as a whole. This net annual growth --
more specifically, the nitrogen content of mussel flesh added
in a year's growth -- is interpreted as an outflow from the
shellfish compartment in Figure 1. This approach was deemed
most appropriate for the analysis at which this construction is
directed. In other words, we assume that recruitment and mor-
tality of mussels are events exogenous to both the normal transfers
of nitrogen with respect to the marsh system and to the addition
of nitrogen to the system via fertilization.2

The calculation of growth rates for the muddy creek bank

mussel population is based on observed seasonal growth rates for
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individuals of "modal length", as determined below. Growth
rates vary greatly with the size of the individual, but both
the distribution of the population about the modal size and
the distribution of growth rates about those measured for in-
dividuals of modal size made this approach to averaging growth
rates feasible.

The growth rate calculation is as follows. 1In 1976 most
mussels at Great Sippewissett were between 5 and 6 cm in length,
and most growth occurred between the beginning of June and the
end of September. Jordan has experimentally determined the
following relationship between length and dry weight for the
muddy creek bank population:

gm dry wt. = (6.244x10"%) (mm length)?-748,
This regression equation was used to estimate the change in dry
weight associated with a 1 micron length increase for both a
50 mm and a 60 mm mussel. These values were then multiplied
by the average daily length increase observed over the course
of the June - October growing season for each size class. The
resulting pair of daily growth rates was then averaged to obtain
a rate applicable to the population as a whole. We used Jordan's
estimate that mussel flesh is 10% N to convert this value to
increase in nitrogen per day. Multiplication by the length of
the growing season (120 days) and the total population size
(4.8 million}) yields an estimated seasonal increase of 66.2 kg
in the pool of nitrogen stored in the flesh of the marsh's
standing stock of mussels. The actual data used are summarized

in Table 3.3
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Data used to estimate average mussel growth

rates

mussel length

how obtained

50mm 6 0mm

weight inc. per micron -5 -5

length inc. {gm) 1.6x10 2.2x190 regression
ave. daily len?th

inc. (uday *) 85 40 direct obs.
ave. daily groYth :

rate(mg day -) 1.4 9 multiplication
overall ave. growth rate

{mg day_l) 1.15

Table 3. Growth parameters associated with two size classes of the

mussel Modiolus demissus. Source: T.E. Jordan, per. comm.

Transfer to tidal water and to shallow sediments/pore water.

The processes inferred by the above title, excretion and bio-

deposition, are treated together since they are calculated simi-

larly.

in Subsection 4.

Both are assumed proportional to filtration as described

Excretion is understood to represent the direct

release of ammonia by mussels, while biodeposition refers to their

production of feces and pseudofeces.

our calculation of total annual filtration by Sippewissett

mussels involved an extrapolation from midsummer filtration rates
as measured by T.E. Jordan. In effect we calculate biodeposition
and excretion the same way by setting up proportionality equations
using Jordan's 1977 midsummer filtration rate (8.3 kg N/tidal cycle)

and his independently measured rates for excretion (1.3 kg N/tidal

cycle) and biodeposition (1.4 kg N/tidal cycle).

The proportionality
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assumptions are, more specifically, that total excretion (bio-
deposition) is to the summer excretion (biodeposition) rate as
total filtration is to the summer filtration rate. The equations
used are thus

2650/8.3 = total excretion/l.3 = total biodep./1.4.
The values obtained this way are

total excretion = 415

total biodeposition = 445
It should be noted that the values appearing in the appendix for
these processes are, like the filtration value, based on 1976
estimates thought less reliable. The revised estimates are in-
corporated into the flow diagram in Figure 1.

SUBTRACTING DON FROM THE FLOW

Elsewhere in this report we have discussed the domination of dis-
solved organic nitrogen in both the inputs and outputs to Great
Sippewissett Marsh, although it does not appear to be a food
source for shellfish and may pass through the marsh without being
much affected by biological or physical processes while there.
Dual sets of values are shown in Figure 1 for the two places
where calculations include DON: fresh water inputs to the marsh
and tidal exchange with the open ocean. This section presents
an analysis of flows for the value set which results when DON
is excluded, an exclusion which amounts to ignoring the values
within brackets [ ] in Figure 1. Table 4 below is the matrix

equivalent to Figure 1 for that set of values.4
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Great Sippewissett Marsh nitrogen flow, by compartment

From
{1} (2) (3) (4) (5) Inflows

To (1) 0 4200 0 490 450 3425

(2) 6990 0 0 0 0 1270

(3) 0 1210 0 0 0 0

(4) 1250 0 1160 0 420 9910

(5) 0 0 0 2650 0 0
Outflows 2870 0 0 13120 65

Table 4. Flows matrix for Figure 1, with DON excluded. Compartment
numbering is as in the figure and the text.

Table 4 should be compared with Table 2 of the appendix; its
use here is identical to that to which Table 2 was put in the
appendix. As before, the 5x5 central portion of Table 4 can be
thought of as the central portion of a much larger matrix A
which, after division by row totals, is subtracted from an
identity matrix and inverted to form the matrix (1-a)"'. This
is consistent with the model presented in equations (3), (4) and
(5) of the appendix. The matrix A generated by the computer
program used (Finn, 1977) is actually 16x16 in this case, since
it takes intc account flows which must be added to balance the
flow into and out of each of the compartments in Figure l.5 The
5x5 central portion of (I—A)-l is presented in Table 5,which

corresponds to Figure 3 of the appendix.
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Matrix inverse for Sippewissett Marsh intercompartmental flows

(1) {2} (3) {4) (5)
(1) 1.30 .575 .00928 .130 .0640
(2} 1.27 1.49 .00785 .110 .0541
(3) 1.27 1.49 1.01 .110 . 0541
(4) .211 .154 - .0745 1.04 .0355
(5) .211 .154 .0745 1.04 1.04

Table 5. Central portion of the matrix (I-A)—l, computed for
the flows of Table 4.

DISCUSSION

As the discussion of the marsh fertilization question with
regard to shellfish growth in the appendix indicates, the element
in the (5,1l) position in the matrix (I—J—‘s)"l gives a measure of
how closely fertilizer inputs are linked to shellfish outputs
in the schematic flow. That value, roughly the probability that
nitrogen passing through compartment 5 (shellfish) has also been
through compartment 1 (shallow sediments/pore waten , was 10% in the
flow analysis which included DON(appendix) and is 21% in the present
analysis, in which DON is excluded. The strength of the linkage
has doubled, but is this sufficient to indicate a significant
'response to marsh surface fertilization by tidal creek mussels?
While it is inappropriate to use aninput-output model to try to pre-
dict the effects of this changed input on the system, the prospect
of a significant response to such a change does not appear pro-

mising.
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It is not possible at this time to establish a "threshold"
level in the strength of the linkages among compartments, above
which responses to exogenous inputs like fertilization are
guaranteed to propagate. The marsh's response to perturbations
is generally not linear; nor do guantitative changes in one part
of the system occur without inducing a host of quantitative and
qualitative changes elsewhere in it. The steady state picture
of the system we have drawn, simplified though it may be, never-~
theless mirrors some of its important properties. Of central
importance in this picture is the way the effects of closed
loop cycling in a system like the marsh are made manifest, a
phenomenon that is often neglected. This cyecling is expressed
in the model as a kind of multiplication and summation of the
second and higher order effects which link various compartments
through such cycles. The resulting set of "mzltipliers” are
precisely those elements of the matrix (1-a)"L1 displayed in
Table 5.

Our tentative conclusion that tidal creek mussels are un-
likely to respond significantly to marsh fertilization is an
inference from a more direct observation that compartments 1
and 5 in the model are neither linked directly via nitrogen
flow nor linked indirectly in any significant way via cycled flow.
The combined strength of the direct and indirect flow from com-
partment 1 to compartment 5 is what the (5,1) element in the
matrix measures. This more precise statement of the nature of
the inferences flow analysis of this type allows may permit us to place
some bounds on the degrec towhich our results are predictive. For

example, the elements in the (2,1) and (3,1) positions in Table
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5 express inter-compartmental linkages which are significantly
stronger than the sediments - shellfish linkage. These values,
both 1.27, reflect the very strong connection experimentation
has already shown to exist between marsh fertilization (applied
to compartment 1 in the model) and the growth of both above

and below-ground biomass of Spartina grasses (compartments 3 and
2 respectively). Essentially all of the nitrogen outflow of the
latter two compartments can be thought of as having either orig-
inated in compartment 1 or passed through there due to return
flow.6 The dramatic responses of marsh grasses to fertilization
discussed elsewhere in this report could have been predicted
with confidence on the basis of this analysis for the unfertilized
marsh.

The analysis presented above quantitatively relates the ac-
tivity of one compartment, expressed in terms of the nitrogen
flowing through it, to that of another. The further analysis
shown schematically in Figures 3 and 4 is somewhat finer in
terms of the problem at hand. Figure 3 shows the percentage
contributions of the system inflows and of system compartments
in deficit flow to an outflow of unit intensity from the shell-
fish compartment. The values inside the compartments correspond
to the bottom row in Table 5, i.e., to the portions of the out-
flow of compartment 5 which have been through each of the other
compartments. The outflows of each compartment add up to the
value inside it, and the sum of all inflows and contributions
from compartments in deficit flow is one.

This analysis shows that almost 64% of nitrogen in shellfish

production is attributable to tidal influx, while only about
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6.5% is traceable to the inflow to marsh sediments. The tidal
flux is so large in comparison to other flows in the system
that the flow source in the tidal water compartment, added to
correct for the imbalance between inflows and outflows there,
is slightly larger than the total flow through compartment 1
(23% vs. 21%). The method used, and the variation on it which
follows, is again due to Finn. Finn (1977} should be consulted
for details.

Figure 3 was based on model egquation 5 of the appendix,
linking total system flow activity (vector X) to intercompartmental
flows (represented by the matrix A) and compartment outflows {(vec-
tor Y¥). Finn (1976) develops a dual formulation using a com-
partment inflows vector Z in place of the outflows vector. For
the same system activity, this results in a different matrix of
intercompartmental flows A' which solves the vector equation

X = (1-a") 1%,
which has a derivation parallel to that of equation 5 of the
appendix.

We do not present the details of this dual formulation which
is oriented to inflows, but Figure 4 is related to it in the
same way that Figure 3 relates to equation 5 of the appendix.
Figure 4 shows how a unit inflow to marsh sediments is allocated
among compartments accumulating excess flow and system outflows.
The values displayed in it have similar interpretations to those
in Figure 3. Thirty nine percent of this inflow is lost through
processes occurring in sediments, 25% through tidal export; only

.1% is transformed into shellfish growth.7
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Figure 5 shows a schematic of experimental plots in Great
Sippewissett Marsh, where the response of the marsh's ecology to
various levels of fertilization has been used as a gauge for mea-
suring the nature of fundamental processes in on-going exper-
iments. We include it to emphasize the scale of the experimenta~-
tion compared to the scale of the processes relevant to shellfish
growth in the marsh's tidal creeks. The present level of fertil-
ization is insufficient to provide a direct test of the down-
stream effects of fertilizer applied to the marsh surface. A
significant portion of a tidal creek will have to be directly
impacted by the effects of fertilization before a definitive
test of this guestion can be made.8

The flow diagram in Figure 1 was constructed on the assumption
that the only nitrogen available to shellfish is in the water that
covers them during semidiurnal periods of tidal inundation.

This is reflected in the very high wvalue, 1.04, in the (5,4}
position of the matrix in Table 5, which links shellfish to tidal
water. Figure 6 displays data from vValiela, Banus and Teal (1974)
showing a shift in the size distribution of a marsh surface popu-
lation of M. demissus in fertilized plots. The authors report

a 1 cm increase in modal shell height for these mussels after
four seasons of fertilization, while mussels in unfertilized con-
trol plots showed no significant increase over the same period.
These data, while possibly equivocal since differential mortality
could produce the same result, suggest that mussels do indeed

respond to fertilization in the right circumstances.
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Figure 5.

Experimental areas in Great Sippewissett
Lettering indicates test plots to
which fertilizer is applied at various den-
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Figure 6. Distribution of shell heights for M. demissus
in test plots at Great Sippewissett Marsh,
before and after fertilization. Source:
Valiela, Banus and Teal (1874).
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If we retain the hypothesis that mussels are only able to
ingest nitrogen by filtering it out of tidal water, then the
possibility exists that fertilizer forms a shallow but nutrient-
rich soup over the areas to which it is applied, which nearby
mussels in turn can ucilize to advantage. Higher water velocities
and the lack of a vegetative mass to impede nutrient dispersion
may prevent a similar effect from occurring in tidal creeks.

This suggests that future input-output analysis and future ex-
perimentation directed at the shellfish growth question should

focus on sediment-tidal water interactions.
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NOTES

The values reported in this section generally differ from those
used in the paper in the appendix. This is due to T. E. Jordan's
revision of the estimates he originally supplied. No DON is
assumed to be involved in any of the calculations for flows as-
sociated with the shellfish compartment.

Valiela, Banus and Teal, (1974) discuss the problem of shell-
fish mortality associated with additions of fertilizer laden
with heavy metal contamination. They also provide some data
on mussel growth associated with fertilizer enrichment which
will be discussed in the last section of this report.

Jordan, using 1977 data, has since recomputed growth rates by
a more direct method. He obtains practically the same result:
64.6 kg N seascnal increase in the nitrogen pool. (pers. comm.)

The calculations to follow will parallel those made in the appen-
dix. The reader will note that the set of values determined

from Figure 1 by including DON dces not coincide with those ap-
pearing in the appendix for reasons explained in note 1 above.

We omit the revised calculations which would reflect these mi-
nor alterations since they do not materially affect the model
computations of greatest interest.

The reader should note that none of the compartments in Figure
1 have balanced flows, i.e., total inputs do not equal total
outputs for any compartment. The matrix inversion process de-
veloped by Finn (1977) begins by expanding the 5x5 core portion
shown in Table 4 by in effect adding one additional row for
each of the three outflows shown in the table and one additional
column for each of the three inflows. These additions are then
balanced by adding, respectively, the same number of columns
and rows 0f zeros. The whole procedure is then repeated for
the balancing flows required for each of the five compartments,
sinks being added as rows, and sources as columns. See Note 7.

Values greater than 1 for multipliers are the result of multiple
counting; some of the flow through a recipient compartment passes
on to another compartment which ultimately passes it back again,
possibly through intermediary compartments. Such multiple
counting is not only desirable but the very noint of any input-
cutput analysis. ' '

The signed numbers in parentheses in Figures 3 and 4 are re-
lative measures of how badly the compartments in the model

are out of balance with respect to their inputs and outputs.
These values are substantial in scme cases and indicate the
extent to which present data fails to describe important pro-
cesses governing the transformation of nitrogen in the marsh.
The very large relative imbalance in the shellfish compartment
may stem from failure to consider the entire marsh shellfish
biota, as well as the overly simple way in which mussels are
assumed to process nitrogen in the model. It is doubtful that
a more balanced model would substantially alter the results of
analysis discussed in this section.
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As this report is being prepared, planning is underway to begin
large scale fertilization at Great Sippewissett. It is hoped
that an entire 2.5 acre site can be fertilized so that guestions
such as that of shellfish response to fertilizer can be studied.
The cost estimates in the appendix are based largely on estimates
developed for this expanded fertilization program.
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APPENDIX

Thomas M. Leschine
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abstract

Input-output analysis is applied to a salt
marsh system to describe possible bio-economic
effects of adding nitrogen fertilizer. A
simple model is developed to trace exchanges of
nitrogen among five compartments of the marsh
model: sediments, Sgartina root/rhizome bio-
mass, Seartina aboveground biomass, tidal
water and shelifish. The resulting matrix can
be used to show relationships in the systemamong
controllable inputs and outputs with potential
sconomic value., Some costs of fertilizing an
experimental plot are given, but no direct
comparison can yet be made between costs and
iikely economic benefits.

1. Intreduction

Recent research on salt marshes at Woods
Hole has emphasized both qualitative and quan-—
titative aspects of the flow and intercon-
version of nitrogen as it passes among the
various biological compartments of salt marsh
systems. It has been established that the
artificial addition of nitrogen-based fertilizer
can enhance the productivity of biclogical
systems within such salt marshes (10), although
the possible bio-economic benefits of salt marsh
fertilization - enhanced fish and shellfish
production - are relatively far removed from
initial perturbations on the system such as
fertilization, The structure of this small-
scale bio-economic system is in many ways similar
to that of economic systems which have been des-
criped with input-output analysis. Other eco-
nomic approaches have been used to describe
praoduction in manufacturing or agricultural
systems. Production functioms of various kinds
cither describe such systems in engineering
rerms or make assumptions about the contribution
and substitutability of various factors of pro-
duction (principally labor and capital). Most
of these systems, however, assume a high degree
of montrol over all inputs and outputs., In a
salt marsh used as a site for enhanced pro-
ductivity, many of the assumptions underlying
standard economic production functions do not
hold. In addition, the complex and wital reles
of biological interactions require different
treatment than a standard manufacturing system.
The input-output approach enables us to combine
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some of the important biological interacticns with
the total input requirements and potential eco-
nomic outputs of the system.

In a sense, nitrogen is the "currency" being
passed back and forth among tidal water, grasses,
herbivores and other compartments in the marsh as
biological activity takes place. Much ecosystem
analysis over the past 20 years has focused on the
flow of energy and nutrients through similar bio-
logical systems {among frequently cited energy
flow models are H.T. Odum (&) and J.M. Teal (3)}.
several recent authors have noted the similarity
of these flows to the flow of money through a
national economy, and a mathematical theory of
flows in ecosystems equivalent to the economic
input-output analysis of W. Leontief (5) has been
developed (Hannon (3) and Finn(1)). Gossclink
et al (2} have used this analogy directly in
placing a dollar value on an acre of salt marsh,
determined by measuring annual net primary pro-
ductivity, a proxy for annual energy flow, and
converting energy units to dollars. Our geal is
to link the costs of marsh Tertilization to the
potential harvest of fish and shellfish relatively
far removed in position in the Eood web Ffrom these
initial nutrient inputs, and it is natural for us
to use an input-output format.

Productivity of the grasses which comprise
the major component of the ridally borne detritus
in these marshes, mainly two species of Spartina,is
enhanced by fertilization. This detritus in turn
ig the basic food source for the marsh's food
webs. Primary production both in salt marshes (l0)
and in coastal waters (7) is nitrogen limited., A
gocd deal of research on the flow of nitrogen
through marsh food webs has been done in Great
Sippewissett Marsh of Falmouth, Massachusetts, and
in Buzzard's Bay, with which the marsh has tidal
exchange. A complete annual budget of nitrogen
inputs and outputs to and from Great Sippewissett
has been prepared (10}.

*prepared with funds from the Pew Memorial Trust
and by the Department of Commerce, NOARA Office of
Sea Grant under Grant #04-7-158-44104, and the
Marine Policy and Ocean Management FProgram of the
Woods Hole Qoeancographic Institution.



The salt marsh performs an important “conver-
sion activity on the nitrogen which enters it,
The marsl intercepts a flow of ground water rich
in dissnlued nitrates, its principal natural nu-
crient cource, and converts it to a mixture of
rarticnlats. nitrogen and disssolved crganic
aned Lnerganic nitrogen compounds, comprising a
new annual export Lo the Bay. The particulate
pitragen is mostly grass detritus while a large
portion of the dissclved nitreogen export is
ammonian. The effect of the marsh is chus to
manufacture particulate nitrogen food for har-
vestable shellfish which is then available to
man, and fur small mollusks and other benthic
creaturcs available in turn to commercially
valuabl fish. ALl are dependent on the
tidally inrundated habitat the marsh provides.
Wore the marsh not there, the impact of the ni-
rrogen from the groundwater would be primarily
on the phytoplankton in tha Bay, and through
them on thoe grazing food webs less directly tied
s resources harvestable by man.

The ef fects of nitrogen-based fertilizer
apjlications on the biomass yield of Spartina
alturniflora, the dominant grass in the marsh,
an be dramatic: an application of 8.4 g/m</
week, done biweekly over a seven month period,
was shown to double net annual aboveground pro-
ductiorn of 5. alternifleora in experimental plots,
while an apglication of 25.2 g/m“/week resulted
in & near tripling of biomass yield {l11). Thus,
the simple application of fertilizer can increase
the food supply for marine organisms, making it
tempting to regard fertilized salt marshes as
open aguaculture systems and to view salt marsh
fertilization in economic terms.

1t is unlikely that commercial aquaculture
based on salt marsh fertilization would be prac-
fical, since little control can be exerted over

rhe aatura! biological processes in a marsh. On
the nther hand, lack of controllability is a
wir-ne :n that the costs incurred in maintaining

a salt marsh as an open aquaculture system are

low., This is especially true if we adopt the
viewpolnt that fertilization, if it proves prac-
tical, should be conducted locally by towns for
the bencfit of local residents and in-shore fisher-
men who harvest marsh-dependent fish and shellfish.
The explicit costs are thus limited to maintenance
of the tertilization program if harvesting is
assumel free. It is possible that secondarily
treated sewage efFluent could be used as ferti=-
lizor in some areas, reducing costs even further
and providing an additional tertiary sewage treat-
ment benefit (8). Though the market value of

the potential increase in harvest may be small,

an important component of its total value is re-
eyreational and difficult to quantify.

Wir will show how "biomass flow" through the
marsh -—an be indircctly charted by an analysis of
the flows of nitrogen which result as initial
nitrogen inputs are converted biologically inteo
higher organisms. In the sections that follow
wi describe our input-output methedolegy in more
detail and develop some cost estimates for marsh
fortilization. We show how it is possible by
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"back calculation™ through a flow model to estimate
the nitrogen requirements of meeting a desired lev-
¢l of demand Por marsh cutputs expressed in terms
of biomass output of fish or shellfish. This cives
a way of estimating the feasibility of marsh ferti-
lization for the purpose of enhancing bioproducticn
as well as the probable costs of fertilization.

The method is general and can ke applied in any
situation in which an appropriate flow model is
available.

2. A Linear Model for 3icproduction

If a national or regional economy is composed
of n sectors i = 1,...,n, then the total cash flow
through sector j (i.e. the value of j's total pro-
duction} can be expressed as the sum of the cash
flows to all other sectors from j ({(the value of
sales made by j to other sectors for the purposes
of their production) and the value of sales to
consumers by j (final demand). Letting x. be the
value of j's total production, x;: be the value of
sales to i by j for production by i, and y4 be the
final demand for j's production, we can express
this formally as

1f we assume further that xy; is proportional to
%5, then Equation (1} can be written

2 X. =2 a +
(2) Xy =boax tyer

(3) X=THa+¥
in vector notatien, where X and ¥ are n dimen-

sional row vectors and A is an nxn matrix of co-
efficients.

The equations above are derived from the
usual assumptions of economic input-cutput anal-
ys5is, Replacement of the economic sectors with
compartments Iin an ecosystem nodel and the cash
flows with flows of energy or nutrients generates
the equivalent interpretations of Hannon (3} and
Finn (1). 1In the specific example we will pre-
sent below, Equation {1} will be interpretable
as a stawement that the total nitrogen flow
through compartment j is equal to the sum of the
direct flows from j to all other compartments and
the flow from j cut of the system, after Finn.

Tt is not necessary to assume that the system
modeled is conservative (i.e. that the inputs
balance the outputs for each compartment), though
in a technical sense the computations require
that inputs and outputs do balance. It is easy
enough, however, to balance the flows artificially
by the addition of sources and sinks without
changing the nature of the basic result. It
should also be noted that the substitution used
to derive Equation (2) assumes that a change in
total compartment flew leads ko proportional
changes in the flows which enter that compart-
ment from other compartments. Were the methods
of Isard (4) to be cast in this framework, then
the flows could be thought of as flows of goodsor



materials directly, rather than of the nutrients
or energy stored in such materials.

The model described by Equation (3) has two
simple equivalent forms of interest:

{4) ¥(r-a) = ¥, and
(5) % = v(r-m 7L,

where Equation (5) is understood to mean the
equality holds given that (I—A)_l exists. The
first form axpresses the outflow from the various
compartments in terms of the total flow through
them, while the second makes it possible to solve
for the total flow necessary for the system to
produce an ocutflow of a given intensity. This
latter interpretation is the one of greatest
interest to us and alse the formulation of
greatest use in input-output economics, In our
system we will consider marsh shellfish pro-
duction (measured as nitrogen content in average
annual mussel growth) as an outflow from the
model's shellfish compartment. By expressing the
total nitrogen flow through the compartment to
which fertilizer is an input (marsh sediments) as
a function of its nitrogen input, we can then
estimate the increase required in nitrogen in-
flow {and hence the required fertilization rate)
to support an increase of a given size in shell-
fish production.

In the economic literature the quantity
(I—m—1 is called the Leontief inverse of the
matrix A, In a sense, it expresses the multi-
plier effect that a change in final demand for
one sector's goods will have on the other sectors,
as a result of the direct and indirect cash flows
which that sector's changed production will in-
duce throughout the economy. This is easy to
see¢ in the simple cne-dimensional case: If we
replace ¥ by Y + AY in Equation (5} and solve forx
the new level of total cash flow X' which will
result, we find

1 -1 _

%' = (vany) (1-a) ey (1-m)he Av(l-a)

x +av-a)~!

in the special case in which AY = $1, X' =X+
{1-A}" ', so that (I—A)'l represents exactly the
toral new cash flows required to sustain the new
level of production. In the nitzggen flow model
elements of the nxn matrix (1-A) essentially
total the direct and indirect outflows coupling
the compartments at the row and column headings
which result when a unit change is made in the
outflow from the compartment at the row heading.
specifically, the element in the (i,j} position
represents the portion of cutflow from i which
has been through Jj.

1, A Flow Model for the Great Sippewissett Marsh

Figure I below illustrates a hypothetical
three-compartment ecosystem with intercompart-—
mental flows, inflows and outflows of specified
magnitude. MNote that the flow in the figure is

Figure 1

A three compartment ecosystem with flows. Plus
signs indicate compartments which are accumulating
excess flow.

unbalanced and that compartments two and three are
each accumulating an excess of five units of flow.
The system's flows aresummarized in input-cutput form
in Table 1. Here each column represents the out-
flows from the compartment at its heading, both te
the compartments at the row headings and out of
the system completely. Sinks are added to the
appropriate celumns so that total inflows and out-
flows balance. Rows provide similar information
with respect to inflows for compartments at their
headings.

Sour- | In-
(L) {2) [(3)] ces flows | Total
{1) 0 1 0 C 14 15
{2} 5 0 2 G 3 10
{3} 10 0 0 o 0 e !
sinks Q 5 5 0

flows o] 4 3 10

Total 15 10 10 10

Table 1
Flows matrix for the system in Figure 1.

The 4x4 matrix A, consisting of the inter-
compartmental and balancing flows of Table 1
after division by the row totals, is shown in
Figure 2, along with the corresponding (=B}
matrix. Direct calculation via Equation (%} shows
that if the outflows vector ¥ is replaced by ¥'
= {0,4,6,10}, in which the outflow from compart-
ment 3 is doubled, a total flow requirement from
compartment 1 of about 18 units results, a 20%
increase in the 15 units total flow it supplies
to the rest of the system in Figure 1. If



intercompartmental flows in the system are propor—
tienal to flows into the donor compartments, then
an appropriate manipulation of the magnitude 14
-nflow tn compartment 1 could produce the desired
total requirement from that compartment.

A 0 .07 4] a
.5 o 2 q
L o 0 0
b 5 .5 0
-ar "t 1105 L0736 .0147 )
i35 1.06 .210 0
1.05 L0736 1.015 Q
| .B93 563 612 1
Figure 2.

sormalized matrix of flows A and corresponding
matrix (1-A)"1 for the system of Figure 1,

The detailed marsh model, together with its
application te the problem of linking shellfish
product ion to marsh grass fertilization, is quite
gimilar to the example above. The model traces
the winual exchanges of nitragen {in units of kg
N vr i) among five compartments in a schematic
flow node! of the marsh, The compartments are (1)
Sediments, (2) Spartina root/rhizome biomass, (N
spartina aboveground bicmass, (4) Tidal water,
and {%) Shellfish. The path of a nitrogen input
wvia tertilization would be roughly through the
five compartments in the order listed, though there
15 a fair amount of internal cycling and flow to
and from the outside cnvironment in the model.

The nitrogen in all major forms of nitrogen

found .n the marsh (particulate organic, dis-
so.ved organic, dissolved inorganic) is included,
“nputs ke the system from outside include the nie
sragen in groundwater, precipitation and tidal

i teaw, and bacterial, algal and rhizomal fixation.
Cutputs include the nitrogen in tidal outflow,
dut.itrification, volatilization, and losses Lo
ey sediments.  All are summed over a year, In
Tt nascs data used are averages of several years.
pe-aits of how various values were calculated are
cmittod here, but are available upon request.

Fertllization, the nitrogen in groundwater and
preeip tation and that fixed by surface bacteria
and algas are lumped into a single exogenous in-
flow Lo compartment 1. The inflow value used in
the model excludes fertilization values, however,
so that the model actually describes the marsh in
1ts natural state. Pertilization is thus viewed as
o mardpulation of this inflow similar to that des-
cribed for the input to compartment 1 in the hypo-
thetical system. Likewise, the nitregen in net
annua) average growth of shelifish, as estimated
for the marsh's natural population of ribbed
mussels (Modiolus demissus), is listed as the sole
exngenous output Erom compartment 5. This is done
in an attempt to approximate a potential sustained
y1eld harvest, This figqure, 70 kg N yr“l, cor-
reapoinids £o roughly 8500 kg mussel meat production,

wet weight. Flows in the marsh are summarizod in
Table 2 below, in the format used for Table 1.
The flow diagram is omitted, but it can be eazily
drawn from the information in the table.

In-
(1) (2) (33 (4 {5) flows
(1) o] 4200 0 430 470] 5970
{2) | 6920 o] 0 '} o} 1270
{3} o] 1210 0 3 0 0
(43 ] 1270 0 1160 0 70 26250
(5) 0 9] o} 730 0 0]
Que-
flows| 2870 0 0 31600 70
Table 2

annual nitrogen flows for Great Sippewissett
Marsh in kg N yr ~, summed over the nitrogen in
all major forms found in the marsh. Balancing
flows are omitted. Compartments are: (1)
sediments, (2) Belowground biomass {3) Above-
ground hiomass (4) Tidal water {5) Shellfish.

The central portion of the matrix (I—n}-l is
presented in Figure 3 below. Aas explained above,
the elements of this matrix summarize the inter-
compartmental transfers which lead to the various
outflows from the system. This kind of informa-
tion can provide impertant clues about the specific
relationships between flows in the system. with
respect to the problem we have posed, the clement
in the (5,1) position is especially significant.
Tt tellc us that, given an outflow of a specified
magnitude from compartment 5, only about 10% of
that outflow has been through compartment 1.

This stands in marked contrast to the situation
in our hypothetical example, in which no fiow
could enter compartment 3 without first pas3ding
through compartment 1 (See Figure 1}y, Thus,
based on the model, it would be difficult, for
example, to double shellfish production 1n the
marsh (outflow from compartment 5) by fertili-
zation alone (i.e. by increasing the maghitude
of the inflow to compartment 1) .

{1 (2} (3) (4} {53
(1)51.48 .564 . QG5 128 L0683
{2y]1.25 1.48 .004 .108 .053
{3)11.25 1.48 1.00 .108 .053
{4)|.102 .074 .036 1.01 palel
{5) |.102 074 .036 1.01 1.01

Figure 3

The central portion of the matrix (I—A)*l, as com-
puted for Great Sippewissett Marsh nitrogen Flows.



This result is not surprising in terms of
the nitregen flow model we have presented., In-
spection of Table 2 shows, for example, that no
flow can enter the shellfish compartment without
first passing through compartment 4, tidal water.
This compartment in turn is strongly driven by the
large annual tidal exchanges it has with nearby
croastal waters, signified by the large inflows
and outflows shown for this compartment in the
table. A related factor which must be considered
is the fact that dissclved organic nitrogen (DON),
whose function is not well understood in the
marsh, makes up a significant portion of the in-
flows and outflows in our model. In fact DON
makes up 62% of tidal inflows, 58% of tidal out-
flows, 45% of groundwater flow, and more than
half of the total inputs and outputs to and [rom
the marsh (10). DON apparently plays nc role in
shellfish feeding and in fact may pans through
the marsh with very little interconversion,
since total inputs and outputs of this species
very nearly balance (10). The model presented
here must be regarded as a first pass attempt
at analytical assessment of the potential for
onhanced shellfish productisn via marsh fertili-
zation. A fairer test would probably involve a
model in which all DON is subtracted from the
flows. Final judgement on the ultimate practi-
cability of marsh fertilization must thus be
withheld until further analysis is made.

4. Costs of Fertilization

Estimating the cost of nitrogen fertiliza-
tion of a salt marsh is difficult because the
equipment for applying the fertilizer is not
standard. Rather than provide engineering cost
estimates of large - scale systems, we will in-
dicate the approximate cost of the system now
used to fertilize a 2 to 3 ha section of marsh.
This system pumps the fertilizer through spray
irrigation pipes to all sections of the plot,

The capital cost of the system is approximately
$29,000, excluding design costs. Depending on
remoteness, type of foundation roquired and other
site - specific factors, this cost could be redu-
ced by $5,000 or more. Vandalism has been a prob-
lem in maintaining the equipment, sc a ten-year
life is estimated. Assuming that the operator

of the system can check it during periodic visits
to the marsh for other purposes, and that approxi-
mately the present level of wandalism continues,
annual maintenance cost is estimated to be $3,000
per year or less. The operating costs are then
labor and fertilizer., If fertilizer is applied
for six months of the year, labor reguirement
will be about one-half time during that sixz months
(63,000 if annual full-time salary rate is
$12,000) to apply fertilizer daily and check the
equipment. Commercial fertilizer containing 45%
nitrogen is estimated to cosf 51,000 per year(25kg
N/ha/week for 25 weeks = 650 kg of nitrogen

in fertilizer). This is the high-level applica-
tion rate; researchers feel most of the increase
in growth of Spartina could he cbtained with only
cane~third as much fertilizer®. This would de-
crease fertilizaer cost but not labor and capital
upkeep costs.

223

The alternative of obtaining nitrogen from
secondarily treated sewage effluent would depend
on acceptance by the local community as well as
on the presence of a nearby sewage treatment
plant. Under these circumstances, the nitrogen
itself could be provided free of charge to the
marsh, but the labor and capital costs would be
higher to handle the greater volume required. In
contrast to the 45% nitrogen content of some com-
mercial fertilizers, secondarily sewage effluent
has only about 15 parts per million of nitrogen,
and an application rate comparable in nitrogen
content would be 1.25 million liters per week per
hectare (instead cf 25 kg N/ha/week of commercial
fertilizer). The feasibility of using this source
of nitrogen is clearly very dependent on parti-
cular characteristics of the site.

5. Summary and Conclusions

Input~output analysis can be a useful tool
for assessing the economic potential of hiological
systems over which man can exert little control.
It makes possible the linkage of controllable
inputs to outputs of potential economic value,
while allowing for explicit cohsideration of the
complex biological processes which ultimately
govern the system's output of such commodities.
This seems particularly true of salt marshes,
where research has shown that fertilization can
lead to dramatically increased yields of marsh
grass biomass, and hence grass detritus which is
petential food for shellfish.

wWe have used an input-output format to des-
cribe nitrogen flow through a New England salt
marsh which has been intensively studied by
biclogists over the past few years. While much
has been written about the use of input-output
analysis to integrate environmental and economic
concerns, attempts to do so are often limited by
the lack of a detailed data base for the analysis.
Wwe believe the problem of Linking a marsh's bio-
mass yield of fish and shellfish to fertilization
presents a valuable opportunity to test in detail
this extended input-ocutput methodology in a
setting in which all links in the system being
considered are under active study.

The input-output model presented here re-
presents a distillation of data collected in field
and laboratory studies. While the present model
is far from definitive in answering the questions
we have presented, it illustrates a method which
can be used to examine other similar ecolegical-
economic interactions, Fukure work should lead to
detailed analysis of the fate of the various flows
in the marsh system and provide some strong indi-
cations of the extent to which similar systems
lend themselves to this type of analysis.



Acknowledgements 11.
teveral people must be acknowledged for help-

ful criticisms and access to unpublished data used

in the jreparation of this paper. These include

Ivan Valiela and Thomas Jordan of the Boston

University Marine Program, Jim Morris of the Marine

Riclogical Laboratory Ecosystems Center, John

Tral and Poter ¥allio of Woods Hole Qceanographic

Institution. Special thanks go to Jack Finn of

tne MREL Kcosystems Center for his assistance in

the computer analysis of our results.

]Peter kallio, personal communicaticn, June 1978,
2John Teal, personal communication, June 1978.
References
1. ¢inn, J.T., "Measures of ecosystem structure
and function derived from analysis of flows,"

The Journal of Theoretical Biology, Vol. 56,
L97h, pp. 383-380.

2. wosselink, J.G., E.P. 0dum and R.M. Pope,
"The value of the tidal marsh," The Center
for Wetland Rescurces, La. State University,
Baton Rouge, 1973, 5G-74-03.

i, llannon, B., "The structure of ecosystems,"”
The Jourhal of Theoretical Biclegy, Vel. 41,
1973, pp. %35~546.

4. 1sard, W., Ecclogic-Econcmic Analysis for
Regicral Development, The Free Press, New
York, 1972.

5. weontief, W., "Quantitative input-output
relations in the economic system of the
United States,”™ The Review of Economics
and Statistics, Yol. 18, 1936. pp. 105-125.

¢, tdum, H.T., "Trophic structurc and productivity
of Silver Springs, Flerida®™, Ecelogical
Monojraphs, vel. 27, 1957, pp. 55-112.

Y. Hyther, J.H. and W.M. Dunstan, "Nitrogen,
rhosphorus, and eutrophication in the

coastal marine environment," Science, Vol. 171,
pp. 1003-1012.
7, smith, L.J. and J.F. Huguenir, "The economics

nf waste water - aguaculture systems," IEEE

WEAN '75 Proceedings, 1975, pp. 285-293,

. Teal, J.M., "Energy flow in the salt marsh
vwocosystem of Georgia," Ecology, Vol, 43, 1962,
M. 014-624,

valiela, I. and J.M. Teal, "Inputs, outputs
and interconversions of nitrogen in a salt
marsh ecosystem,” Paper presented at the
First Eurcpean Ecolegical Symposium, Ecolo-
gical Processeg in Coastal Environments,
Norwich, U.K,., 1977,

224

Valiela, I., J.M. Teal and W. Sass,
"Production and dynamics of salt marsh
vegetation and the effects of experimental
treatment with sewage sludge,” The .Journal
of Applied Ecelogy, Veol. 12, 1975, pp., 973-

ag2.



June 1978

DISTRIBUTION FOR SEA GRANT REPORTS

No. of Copies Address

3 National Sea Grant Depository
Pell Marine Science lLibrary
University of Rhode Island
Kingston, RI 02881

1 Ms. Mary Holliman
Sea Grant 70's
Food Science Dept.
V.P,.I. and S.U.
Blacksburg, VA 24061

5 Qffice of Sea Grant
3300 Whitehaven Street, N.W.
Washington, D.C. 20235
ATTN: Dr. Naida Yolen

25 Mrs. E. Downs
Acquisitions Section, IRDB-D823
Lib. & Info. Serv. Div., NOAA
6009 Executive Blvd,
Rockville, Md. 20852



BIBLIOGRAPHIC DATA |!- ®eport No. 2. 3. Recipient’s Acecossion No,
SHEET WHO [ =79-29
4. Tirle ard Subtitle 5. Report Date
February 1979
SALT MARSH NITROGEN ANALYSIS: FERTILIZATION AND THE ALLOCA~- s,
TION OF BIQLOGICAL PRODUCTIVITY
7. Author(s} 8. ucrformlng rpanicanion Repl.
Thomas M. Leschine e
9. Periorming rganization Mame and Address 10. Project- Task Work Unie No.
Wocds Hole Oceanographic Institution = -
. Contract Grant Nu,
Wocds Hole, MA 02543 Mo 2o
12, Sponsoring Organization Name and Address 13. gypc ofi Report & Period
lovere
Pew Memorial Trust, Department of Commerce (NOAA) .
Technical
14.

15. Supplementary Notes

16. Abstracrs

A five compartment schematic mode! of the flow of nitrogen through Great Sippe-
wissett Marsh is presented. Flows are described in terms of annua! inputs, outputs
and intercompartmental transfers of nitrogen. The nitrogen in all forms occurring
in the marsh is considered, though dissolved organic nitrogen Is disaggregated from
the total flow.

A computer aided [nput-output analysis 1s performed on the model to assess the
degree to which nitrogen inputs to the marsn surface are linked to nitrogen outputs
in the form of net growth in marsh shellfish, [In this way, the effects of both
direct and indirect flows linking the two compartments involved are considered. The
analysis is done to assess the likelihood that a large scale application of fertilizer
to the marsh surface wil! signlficantly enhance shellfish growth in marsh (Cont. *¥

17. Key Words and Document Anmalysis. 174, Descriprors
I. Salt marsh productivity
Z. Salt marsh fertilizaticn
3. Nitrogen flow analysis

¥¥ Tidal creeks. While no definitive answer to this question can be given, it is
arqued that the present level of understanding of the marsh nitrogen cycte does not
support an expectation that shellfish growth will be enhanced. This argument is
supported by a comparative analysis which shows a strong likellhood that Spartina
growth is enhanced by fertilization, an effect which has already been observed.

17b. Llentihiees 7Open-Tnded Terms

17¢. CONATIL Field/Group

18. Availabiliry Statement 19.. Security Class (This 21 No. of Pages
Report) 47

UNCLASSIF I%D
. Security Class (This 22, Price

Page
UNCLASSIFIEL

FORM MT S-15 1AREVY. 3-72} UECOMR-DC 14982-FP22




= — = = ——

— O3AISEVIDNN %) plEd $yy

wpaboay
jumwabouny voeng
Ul AD| a4 BujJey

_ {4umag eeg;

SF1~10n-0-1)
— BRI ROy ARy
“WowRwRy) ey yaten

_ LTE I Y
g usboa, |y

_ LI P
—HLHS ySaew | eg

Apagyanp
=514 ySaew 4|R%

_
L
-

webouyg
usunbicusy ueeayg

[4Vedg BO5)

— HENJL (O Ney
THotewoy] YU yaseT

294 ouw
ROL) LaBouy N

— ua| ez

=118 ysJew 4 eg

A pagganp

«0ud ysiew Jjeg

_
- — —

PuR AJ140g BulaBy -

&bl-1On-g-r) *

Al

i

QIEAISEVIDNN 5| paed gy

—

TREAIRSYE Ulng _
ARSSS [ BRY YT(UM IO 40 U LD |4O2) ) (gomg AQ pUsLEgue S| yiasul FuroRdg
+R44 POOy | ey ) ucﬂ..#n ® IMQYS YOINA 5| SA[RUE G| 4RIRdwoD B g pogsnddns
S JusunSie g1yt rpedueyLs 9q 1118 yymoal yag, ) 1eys Loy Uo{ 1R dedxe ve _
Hoddns jou seop w343 uebouy | U ySIRW sy 3o Bujpugisaepun o [eaey pussasd
4 4oy penbur 5) 4 ‘usn |5 pq ez US| 448nb £y o) Lemsie ALLIN] 40D
OU SIiyN  “SNUJS |GD|4 NS Yy yumoab US1HIBYS QOURYUR A|jues)y | uE)g —
ITiR WSRLING YSIOW 841 Of JZ||{4awy 40 uojesi(dde #)eat ebug| @ 0UL pooy QI J1SIONN $1 pIED Sy
SHIMILL ®4) S32SSH CL 000 £] S|8A|008 BU)  “DRUIGP ST Buw POA[OAU] Tiuew
~4u0d oay myy BulNuL ) NG| 4 4OmIpu) pug 01 1p GJ0% 40 S04 e wy, “Aen
FINL 4y TUSTH] (WS ysamw up yisoi ey jo wiop ey, Ul sandyng uebouy u oy
PEiu| [ #au 838303 USJPu ey oy *indu) usbolyju yapys oy wnfup oyy 15msse
94 1%PCU My, U PG D K| ) TALNUR LNOLNO-4NdU| PEP(D Jeinduas ¥ w60y
+vesebuury ueean
MO tR40) myy waty peyoBeaBlos)p x) usbouyju o) uebuo PuR A2 og eujaey g
PR OES P yOnoyy ‘peJepisuoD 5| ysJpw Uy Ul Buldinsso wioy e u| uebouy ju
&y ‘veBouy|u o SrEptuedy (T U I9duadieiu] pUR EindLno fEndu]  [RRuue
#9 MU, U] PR IIEEP eIR A0, ‘geiucsesd | USJIW 448535 madd|g yoaug
ubnogy usBouiju 40 ROIL BUL SO I8POW 3)4RUBLDS puway saducs LT

tauksg @95}
&FI-ICH-B-70 "]

"egJBaiy Jusiaelkuoy wee3) pua A3| [Og eujamy 5,VOLLNL1aTY WYL puw

6F [=[OM-I=9Q LUCIG JOBUR Luld 485 JO W3 11}0 YVON ‘S0UMEOY 4O Jutw

~4Imdeg wyy AQ pue pngg IR Joum Aoy L NOJ) SPUNG yyim paoRdeay  rgig

Aumnige) ‘weled ;y cwiiyaser vy sewoq) Ag ALIALLONGOH Tv0i 307019 30
NOLLVIIIIY 3HL OWY MOLLVZITILYIS  PSISATVY NROCHLIN MSHWM 11YS

W OSSuCY) ‘eujyose] -

|84 | Ru@
nol weBoay N g

!

_ AEMUL EJOU Mg 7|

— ez
=11144%) yuiew 4jug -7

_ Aylagqamp

S2-4L—10HA —odd ysaow L1e5 )

WLINE B0 S]ydvaboures) wiogy SPooe

Apwau e 3ay 43 |ym 42048 UE LO)LEZ| || piey Aq peavEyus S| YLrouB | aRds
M POOY | 19411 Buaile B 5A0uS 43 ym 8 |BAIRUG 8AjLIN0NOS B Aq peguoddng :
S Jemnliw sy)  Cpesuequs eq || (8 waedl WL IO Qg w0 |LeLoedxe ue _
Hoddngs oy secp w|3do ueboay |u yesme wyy jo Bujpulisiepun o i8AR] Juetead |
S ey panbue %) 4| ‘uen B e urs UOILERND S1Y) D) RASUR &AL jugep
OU BILGM  HYBIID (BRI gEaow 4| ypmal yags ) jeys sousyus Alsaesy g uBs _
111 edwing yriou ey o) tez)||40e; Jo uo oo |dde wreos oo 4 ey pooy Q314 15SYIMN 5i PaeD x|y
SHIRHL] #y) SEESSE O, BUOP 5| SIBA(RUR Byl DRIEP}FUOD-muR PRAIOAN] Spuew
“a0dwod omt wyy Bupni) | EMOI L3N Pu| pUR OB (P M0 4O SLO8))8 my) “des
B ME CYSI| ey ysaee vy ygasaB 4ou 40 auoy wyi vy Sndino ueBouy v oy —
PRjUL] ate mowpins ysiomw sy op spndu) ueSadpiu yojys o) saiBep ey ssesse
4 [epom By U0 pRLGIEd 5| S|RA|Ue Lndino-andu] pep e Jepnduos ¥ __ we.iBeg

.I|..I.||!|I.|I.|.||~|1||I||||.I

+uowebrur, ureopn

MG (404 841 wou) peyeBelfBes,p £ ueloug)u 3 uRBio PUR AR (B Qu ek ‘Al

Posjosx|p ynoyg) ‘peaep|Buao 4] graeg eyy U] Bu)Jinaoe o | e u)| usbouy tu

ay) CusBoupju o trejwumdy |Rjusma deduodieju] pue syhdgno *spndu) | ehuue

JO WLS, U] POQ1JI5R0 BJR KO ' peiossead ] YSRY pess)medd|s .ereug
WBnoUYY UMlodylu 40 W31 ey JO @DOR 31 LRUeyDS JutIRD A |y

(HURdg Reg)
GrI-ICH-g-730 “1ti

_ $SUL acumy aag t))
rweabouy | usuwsbaucy UREDG PUR A3) Oy u|dBy €L LNL14] ey puR

GF 1= IQM-0-90 JURT JEPUR LURJG EW§ 4O €31130 VWO eSO 1O puea "W OBRWOy[ Tesujyase] )
~440deg Wy Aq PR 4S0UL |RjJoway Wy Eul woug BDURY LA Patudely  5i6) _ S

Adeny *ambed TEUYIEET iy SRw A 1AL hUall 18 40
G ir 192597 "y QL AQ ALIAILONAOND 1¥Di907016E wops wabouyy g

NOLLYOOTTY SHL OMY MOLIVZITILNEd  SISATYNY NIDCHLIN H5HVH 1¥s

o 4Rz
=i GEJRw yeg g

AL1A| 430D

2-6L-)(HA
-l ysaew yieg g

VOLINY | 4% I1ydesboueesy sjoy spook

_— = e e e e — e o e

“PRAIRS QO usag

APRBILO SOy U |uM 004 )R R TuD|4RTE| R0 AG pROUEYUS €} yimoub Tugyoeds

UL paoy| ey Buaiys e ssoys g3 ym ArsAjeve eaaRiedwan & Ag pajaoddns

B| UownBaR €14 ‘peOLRYUE B ||| M Yy eolb HE[]19YS 4RyY uO|L1e400d%g L@

HO9dnE Jau saap e )oAn ueboupiy ysaew augp 4o Bujpue s iepun 4o [BAe| jussesd

U4 w0y, poabav 5| 4| tuea (b aq uer USIISEND X1Us Of JIBMSUR 844 u)jep

O BLIYM TENRUD (€Y, ysaew up wumadB ys)) ) ays BouRyue Alpued)ubys

111n 832,403 ysivw @4y 04 40214484 40 Ua)eD) |ddn & ass ofuw| § 4eyy pooy

“1®4]} 84y ESOES0 Of wuOp S| S %A|NUE By CDEUBPSUBY waw PRA DAL SpaN

=IRUOY DNy By Bupyu) | SRO|4 4304 [PU] PUR LI8J P Gu0q 4O EL39) e syy TAopa

FLUE UL CYELEL NS y5IRw U yymodE Leu jo wioy wyy u) $4ndyne wedouyju oy

PRIUL] 82 S2044RS yIoew i 04 §50du) WeBOUL U yIys o) wesEep "y ESesIE
G4 |8POW @Yy UO pewioamd 5 SITA(SUR JAAINO—yNdU| PP R JRLROWED '

Pon 105510 yBnoy, ‘pRIRp ELGD S| ySJew wyy u| Bujdanazo WG | |2 u] uebalyju

vy Cveboui|u 4O Saesuesy IRjusui ieduotaniy| pue sindino ‘spndu| (enoue

B0 FLLIGL U] PRQLIITBR BIR WMO| ] CPRLUSERIS 5| ysiwy Hpessmadd g Leway
yBnouyy usbouyiu o mapy wus +O 19000 JLLNUSUIE LuRUaaRdud BA |} Y

“wRabouy jusweSeury YEE3) puUR A 104 SULIW S LS| 4N asu| Y4 pur

SF 1= 0GP0 4240 JEPUN UG WeS 4O BS1440 WWON ‘eDIEWN0D JO 4usu

=L 0] WYy Aq pue 30U) R ]Joucy Al WYy WU} SpuUn, Nilm PRIBOIIS  gig)

Aensged -aebod £y eudusewl vy Seuea) A AL 1A LNOos WII90018 30
HOLLY2OTTY 3HL ONy NOILYVZ!T 11434 SSISAWNY HIJHLIN H3uWN 1TyS

SZ-6L=1Ovm

TROL [RieE eyy wouy peLoBesBBas)p s usBoly)u 3juebic —
uoleny | 4au] 3 ydeaBouresg ooy spocy _

il-lll'llll.lllll.r—

"PRAIRSOG woeg

ApEna R soy HIIHA BOe4 8 Ut U Lez| (|40 AQ paduZLUS % yymaub ouyawds

+94L paoy| ey Buoays o SRONS YO [WA 5{SAIRUE @A) geaRduoy g AQ pejioddng

SI pueunbog s|yp  cpeduGyLa Bq | |(A uemadE sy ays jeyy vo|iesomdxe up

4doddns pou secp 81243 weboug|u yriew oy, 4o Bujpueisswpun 1o jerd| juesesd

WY 4oy, panBue 5| 4] ‘uea B eq ves VO 43Rnk S|y 0L JoNTuR A U] ep

U BIUM  CSNBED RBP4 YSiBu U yemodS WS LIS edueyue AjLued|gjubis

(1% 8304.ns ysimg wyy oy J02[(|}ie} 40 uo e |dde & 935 eEuE) B 4ey) pooy

“LIW] ] 84y CEeNER 04 euohH 21 5. %A wue *y]  CPAIGDEUOT eum PaA|OAL] wjuqu

=HIRAUCD Omp myy BUlYU|| $20)4 4oed|PU) PUE 43eu1p Y409 40 5408500 wyp “Aen

SIH4 U CYSLL RS YSJew UL Yool Leu 40 WS sy vy Egndyno weboay u o

POjUL] I B0BUNE ysaRw wyy O 140dy) ueBou LU yajys o) woubop syy sso5e
4 19PQU 3yy uo pauuoyaed 5| £)S& eur 4ndpno-yndu) peppe Jegnduas v

PRAJOES|P yBnoy, ‘pedepisucs x| ysawwa oyy vy Suplinsas swoy e W] uedody ju

syl Cuebouyu o SSMBURIL [luswpieduoo ey pue sindgno Taunduy renyuw

4O FIGL U] PEGIID560 WU SAG|J  CpejuBsald 5| ysapy piess madd |5 kwag
WhncuuL UBBOULIO JO ADIY GuL 4O |RPOM O] LRWNUDS 4umas 00000 “y

rweifouy Juewsbeuy UREDd puR AJ] 04 Bujaey B UG NE IR Sy pue
EP4=10M-2-70 JUSI) JBDUN JURID RES 4O 831140 WWON 6DI8AEON 4o uew
~ATUA] Bus A pUR 1S0J) |@)acwes wag By Wody SPUNY ypa pesndesy  'gsg)
Asenigey cwefed [y euiydser 'y swmoq) Ag ALIALLINOOD I¥IID0T0IE 40

TASLE 1RE0L ey wod) peLeBeabhos p s, ueBoayiu 2| ueluo _
HOLLVIOTY FHL OWY MOILYZITILINAS  151SATWNY N3IDOHLIN HSYWH L1vs _

BE-5i~10HA
WOLimy14%d] 3 ydeaBoutesy ooy spoow

||||||||||||| |






