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PREFACE

The nation's estuaries provide a valuable source
for the economic development of our ocean and
Great Lakes resources, Many of the commercially
important fisheries species depend upon an
estuarine habitat for at least a part of their
life cycle. Estuaries lie at the end of rivers
that drain vast land areas. Therefore, they Serve
as receptors of water, sediment, nutrients and
whatever else might have reached the streams,
Thus, it is in our vital interest to understand
how basic processes function and to determine the
best way to manage the milieu, This will reguire
our besat research efforts,

The purpose of this "national® symposium was to
develop a research strategy needed to manage the
nation's estuaries. The most capable researchers
peered into the future and, based on the very
latest scientific protocol, suggested those
research directions necessary to better understand
estuarine functions, Assessment of problematic
needs resulted in five basic categories of
research directions: water inflows, sediment
inflows, nutrients and other chemicals, coupling
of primary and secondary productivity, and
fisheries habitats, Speakers accepted the
challenges of addressing resgearch needs, and the
final chapter of the proceedings summarizes their
recommendations. We hope that funding agencies
will use these recommendations as a guide to
future research programs.

The Haticnal Oceanic and Atmospheric
Adminigtration plays a prominent role in leading
the necessary research efforts. Sea Grant and
National Marine Pisheries Service are two
components of NOMRA with primary research
respongibilities in estuaries. Therefore, they
took the lead in planning and sponsoring the
symposium. Appreciation is extended to those
organizations for making this opportunity
possible. The University of North Carolina Sea
Grant College Program published the proceedings
and is responsible for its distribution,

B.J. Copeland



ASSESSMENT CF ECOLOGICAL RISK

Lev R. Ginzburg
Department of Ecology and Evolution
State University of New York
Stony Brook, N.Y. 11794

INTRODUCTION

The evolution of terminclogy that we witpeas
today, from “assessing the impact®™ to “assesasing
the risk," reflects a growing awareness of
inherent uncertainties in the parameters of the
models that we build. These uncertainties are
both subjective, a result of our poor knowledge of
the systems in guestion, and objective, the result
of a true stochasticity that cannot be removed by
additional data collection. The latter of these
two has influenced a welcome change in
terminology, which reflects the important
underlying change in the perception of the
problems that we face.

First of all, "risk® is by definition the
probability of something undesirable happening,
Being a probability, it is a hard concept to
grasp. There are fundamental reasons why
probabilities are hard to intuitively understand.
Our vision, as well as our hearing and other
senses, is distorted in many ways: our perception
of randomness is severely distorted, too. I will
address this subject of perception at the end of
my talk., At present, let me state that there are
interest groups in our society that would like to
play the game of underestimating or overestimating
ecological risks. The problem and the challenge
for us is to objectively evaluate ecological risks
and to defend this objective position in public
forums,

Two types of theoreticians work in the field of
mathematical ecology today. Let me conditionally
divide them into “thecrists " and *modelers. ”
Theorists build simple and general models to
advance our general understanding. Modelers build

complex simulation models to describe concrete
systems,

From the modeler's point of view, the theorist is
Someone whe sits with his feet aon the desk, never
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touches a computer, and develops insights that are
valid for a wariety of systems, but does not
describe any of them because of too stringent
assumptions. Modelers do not trust the
Lotka-Volterra equations that say competing
populations usually do not coexist, but sometimes
they do, and it depends on four unmeasurable
parameters,

The theorist views the modeler as someone who sits
in front of a computer, frantically turning 100
knobs. Out comes the curve that finally fits a
dozen data points. The model is calibrated!

"Can I trust your model," asks the theorist,
"There are tco many parameters in your model that
we do not recognize from independent experiments.*

"1 performed the sensitivity analysis,* answers
the modeler, "and 98 out of 100 parameters are not
that significant,k*

"Well,* replies the theorist, “shouldn't you then
build a two-dimensional model with parameters that
matter?*

"The problem is that I did not know a priori which
are those two impertant parameters," says the
modeler. “Besides, to stand up to typical
courtroom criticisa, I need to demonstrate clearly
what does, and does not, matter. The statement of
ingengitivity is, therefore, as important as the
identification of the critical parameters,*

This conversation can be continued indefinitely.
Let me place myself in the middle of the two types
that I have described, Although I began as a
theorist, I have moved, step by step, towards the
modeler's gside, ‘The dichotomy that I have created
is certainly an artificial one.

One difficulty that modelers face ig presenting
their models in the one hour often allowed for
presentation., The list of parameters and
variables are frequently sc long that just reading
them would take up half the time.

I have, therefore, chasen a topic for this
presentation that begins as purely theoretical,
then moves closer to Yeality, step by step.

— . w- - - = - -

Let me see how far we can go. To define what sort
of risk T am talking about, let us start, for
simplicity's sake, with a one—dimen51opa1 mgdel.
Let us say we have a record of population size as
a function of time. What is the risk that this
population will go extinct? If asked for ]
eternity, it is probably 1. Most of the species
that have inhabited the earth are extinct now.
When the same question is asked for a fixed,
finite period of time, it becomes a more
interesting, practical question. Let us address
this question, using a sequence of models of
increasing complexity.

DENSITY-INDEPENDENT GROWTH

The basic equations of the Malthusian model are
either of the discrete-time type,

Nit + 1) = mitIN{t),

where N(t} is the population size at time t, m(t)
is the net growth rate at time t; or a
continucus~time analog

dN _
dr e{eIN(t).

This model was studied by a number of authors (see
references in Ginzburg et al, 1982).

In most work, rit} has the form

r{t! =1 +ae {t},

where r is the mean growth rate, «{t) is the_
standardized white "noise," and ¢ characterizes
the amplitude of the fluctuations.

Let us assume that the growth process starts with
the population size N,. We are interested in the
chances of the population size crossing a given
preassigned level, N-.< MN,, which is meant as a
“critical level® corresponding to so-called
quasiextinction. The answer is certainly
time-dependent. Asymptotically for infinite time,
these chances, P, are given by the simple
expression

P =(NC )21';10’2

N,



for positive v, For the negative and zero value
of r, the probability is 1. Let us assume now
that we will adopt this probability as the measure
of persistence of ocur population and compare it
with the same measure for the population being
impacted. Assume, for simplicity, that the
environmentally induced variance stays the same,
but impact results in a new, lower value of the
mean growth rate, 5 . Let us define as the
measure of our impaé%% I, the relative change in
the probability of guasiextinction

P = Pimp E;

We have

Clearly, the greater the reduction in the growth
rate, the larger is the value of our index, I.
Interestingly, if the variance in the growth rate,
o?is increasing, the index becomes lessz and less
gensitive to the reduction in r. It igm,
therefore, absolutely insufficient to measure the
impact in terms of the reduction of the average
growth rate without considering the level of
variabillty., How the critical level of
quasiextinction, N., should be chosen constitutes
another problem that should be discussed
separately. I wish to show here the significance
of the variance in the growth rate in reasonable
criterion of the impact. In the case of striped
basa in the Hudson River, the survival of the
first-year fishes varies 50-fold, depending on the
water temperature. Therefore a huge variance is
produced in the year-to-year growth rate. A
deterministic model of assessment is a misleading
way to estimate the impact. As shown many times
with different kinda of models, the mean behavior
of the model does not correspond to the behavier
of the mean model. This is always the case

because the population trajectory is a nonlinear
function of demographic parameters.

Another problem appears if we loock at finite-time
chances as opposed to asymptotic probability of

quasiextinction. We have an exact impression for
the density function for the first passage time at

a prescribed level, N;:
1n[EE - rt]2
exp |- No

2el¢

This density adds up to the asymptotic probability
given by the previous formula, f o dit) = p. We
are interested in the finite inteqral expressing
the chances for the first passage to happen before
time, T, With this we could compose an index of
impact that will be time-dependent and determine
the measure of the impact for a given length of
time. Without calculations, the result will be
strongly time-dependent for a relatively small T,
tending to our asymptotic formula with T- o, In
cases when impact has a finite duration, this
could be a reasonable approach to take. We can
also calculate the expected level, its variance,
and so on. All of these criteria, which are much
harder to calculate than the simple deterministic
criteria, seem more informative than the latter
when assessing impact,

DENSITY-DEPENDENT GROWTH

Many people have worked on the logistic equation
and its generalization. The standard form of the
logistic egquation is

dN _ _ N
dF - rN(l K)'

where K is the carvying capacity of the
environment. In the best understocd cases, {t is
assumed that the "noise®” is concentrated in r, and
K is a fixed constant. 1In this case, the equation
can be transformed by introducing

N

=1 -
X S ——
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to the simple form

dx _

dat =~
After that, the "noise” in r is introduced, and
results are principally similar to the pre;ious
exponential growth model. FProm the standpoint of
the probabl}lty of quasiextinction, the results
can be obtained by replacing the ratic (N /NG
with another expression involving carrying

capacity N
: N (1_ *2)
-~ K/

TN
N, [1- ==
(- %)

TLLUSTRATIVE BXAMPLE

Consider the simplest densit
model, the logistic equation

dN

atc = rN(l— ;),
where we assume the carryin 1
constant and the mean grgwtg S:E:fl:y' §
environmentally induced fluctuations’described
previously. An analytical expression for the
9r9b§b111Fy, B, that a population started with
tnitial size, Ry, will fall, at least once, below

the actual level in a tim T, i i
the integral * Ne v Te 1S glven by

y-dependent growth

r to be
subject to

T
P =
fog(t)dt .
1-
n(NC ML
N, (1-N_./K)

owét_;tj

where

2asy -

The answer ko this problem is gij i i
al. “taen" p given in Ginzburg et

N -N_/
ln(uE t NO;EE)- rt 2
N, (1-N. K} {

Let us examine graphically the probability
distribution, P, numerically using the following
assumptiona:

o 1, N _ 1.,
£ 2 K 16

i.e., initially the population is at one-half of
the carrying capacity and the critical level is
chosen to be at 10 percent of the carrying
capacity. We choose a range of -0.06 + 0.06
{units 1/time) for the mean growth rate, r, and
0.10 * 0.30 as the range for variance of the
growth rate, ¢, Five periods of time---T=10, 50,
ipQ, 16,000, ---are examined toc see the time
aeffect on the probability. (Figures 1-4}.

As expected, the probability, P, of passing once
below the critical level, Nc' increases with time
for each fixed r and ¢, Thé higher the variance,
the less sensitive the probability, P, to a
reduction in v, 1In 10 years (Figure 1) the effect
could be insignificant, The longer the time, T,
the more influential the effect of a given
reduction, r.

For r negative we can observe a counterintuitive
effect on the probability reduction with growing
environmental variance. 1In reality, with negative
r, a population will fall below the critical level
given enough time, Stochasticity increases the
chances of staying above the critical level. This
effoct is seen only for large periods of time, T,
and strongly negative values of r. See Figure 2
with r = -0.06 for a demonstration of this effect.

AGE=-STRUCTURED MODELS

Let us now move to a more realistic,
age-structured approach, We start with the
description of the underlying model. This is the
standard Leslie matrix model that has been used in
a variety of applications., The major difference
is that we allow the elements of the matrix, which
are fertilities and survivals for different aqe
qroups, to be stationary stochastic processes
rather than constants as in the traditional model,
To simplify our consideration, we assume the only
stochastically varyiny parameter is juvenile
survival. This assumption is reasonable for the
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example that we will develop and is a biologically
gsound intermediate step between fully
deterministic and fully stochastic life history
description, Early stages of life are most
vulnerable to environmental changes. Therefore
the variability in juvenile survival is much
greater than variability in fertility values of
adult survival.

Consequently, the model is simply a recurrent
system of linear equations

Xeel = AXes

where t is the discrete time, t=0, 1, ...,
X, is the vector of abundances of n
dffferent age groups txit, s xnt),

At is the Leslie matrix of the form

0 f f . f f

2 1 n-1 n
Pyt 0 0 0 0
Ay = Jao p, © 0
0
0 Py .e 0
0 0 0 T 0

where f. represents fertilities of the females of
the i-th age and p; represents the survival
between ages (i-1) and i. The only stochastically
varying parameter in the matrix is p  (t)}. Let us
note from the beginning that this asSumption is
not a limitation to the suggested method. The
method will work with all the fartilities and
survival being stochastic in an arbitrary
covariation Btructure. We have chosen to work
with this special model to simplify our
formulations, 1In practice, the use of general
models inyolving stochasticity in more, or aven
all, parameters is limited by the available data
rather than mathematical technicalities. This
does not mean that the problem is mathematically
simple. However, most of the mathematical
difficulties encountered are already contained in
the simplified version. I feel the idea of our



approach would only be obscured by
ovaergeneralizations.

In applications, w2 are usually interested in a
particular scalar variable, such as the abundance
of adults, juveniles or any specific subgroup of a
population, It may alsc be a biomass of a
subgroup or any other variable of interest that is
a linear combination of the original age group
abundances. Let us denote this variable as N:
113
Nit) = (b, X ) = ¥

t b. x

iZ1 171t

The choice of the vector, b, is dictated by purely
practical consideration and has ne relation to the
population dynamics. If b = (1, ..., 1), N{t)
will represent the total poepulation size at time,
t. If b=1(0,1, ..., 0), N(t) will be the
abundance of juveniles.

Tul japurkar {(1981) established an important
asymptotic property of the process, X_ using a
set of bioclogically nonrestrictive asEumptions
about the parameters. Under this property, the
asymptotically vector, X , is approximately
lognormally distributed.” In other words, there
exist two constants, a and , such that

inib, X, 1- at

-Vt

where Y is the standard normal variable with a
zero mean and a variance egual to 1. The
convergence is in distribution, It is
particularly important that constants, a and ¢,
are independent of b, In other words, any
variable of interest, N{t}, with different
vectors, b, is asymptotically egqually and
lognormally distributed.

Ny

This result gives us the possibility to evaluate
the risks of the population variable, N(t},
falling below a given critical level, Nc . at
the time, t, as

10

InN_ - at
Prob{N(tlcnclmp(ﬁ-Eﬁ_-).
where
wy) - Te S
er -

This formula is valid only if t is large enough.
For one-dimensional models, this formula works for
all t. Since we conaider it as an approximation
for a more complex multidimensional process, the
actual time depends on the initial age
distribution. Practically, a few generation times
are sufficient for this formula to be accurate,
Thus, in some sense, the problem of the long~term
risk evaluation is resolved as long as we are able
to evaluate parameters, a and o. Formulas for the
approximate evaluation of these two parameters
were developed by Tuljapurkar {1981).

The more difficult, but practically more relevant,
question is the evaluation of the probability that
N(t} will cross the level, N _, at least once in a
given period of time, or

Prob: min M) GINC}
Dg gt

This is the problem that we discuss next. We
approach the problem in two steps. Pirst, we
build the one-dimenszional "effective"™ model, which
asymptotically simulates the behavior of the
underlying age-structured model. Then, we
congider a one-dimensional, first-passage time
problem in terms of the variable, N{t).

TBE "EFFECTIVE" ONE-DIMENSIONAL MCDEL

The fundamental asymptotic property cited in the
introduction and, particularly the independence of
a and ¢ of the vector b, suggests that it might be
possible to develop a one-dimensional model for
the variable of interest, N(t), in the form

Nt*] = {a + ;t+!)N(t] s

where - is a rero-mean atationary process with

some autocorrelation structure. Although a and ¢
are independent of the vector, b, we will sees that

11



the autocorrelation structure will strongly depend
on the choice of this vector. We therefore have
different "effective™ one-dimensional models for
different definitions of the variable N. For
every specific choice of b, however, the
one~dimensional model behaves asymptotically as
the underlying multidimensional process. We can
attempt to use the simpler model to estimate
desired probabilities. Note that the process,

£ (t), will be autocorrelated aven if we assume the
original process, p_(t), to be uncorrelated.

The autocorrelation is borne by the underlying
age-structured, multidimensiconal model. Nothing
prevents us from assuming that envirommental
fluctuations, and therefaore, the juvenile
survival, p_(t}), have a particular
autocorrelafion Structure. The resulting
autocorrelation function for <f(t} will then
depend on hoth, environmentally-induced historic
influences, the Leslie matrix parameters and the
choice of the variable of interest, b. 1In arder
to simplify notations, let us assume the
environmental fluctuations to be of the "white
noise” type, i.e., p_(t} is the pracess with

zero autocorrelation®, all the calculations can
be generalized to include environmentally induced
correlations if necessary., Details of the
techniques for the suggested approach can be Ffound
in Ginzburg et al. (1984). Here, I will only
present the results of our analysis as applied to
the model of the Hudson River striped bass
popualation.

To test our method, we have carried out extensive
Monte Carlo simulations representing the "natural®
behavior of the stochastic, age-structured growth
process. We have estimated risks based on these
simulations to generate the "true® values, Then
we applied our method to the same problem to see
whether the true results can be predicted
analytically. A certain amount of numerical work
is necessary to generate tha theoretircal
prediction,

The other issue that should be discussed here is
the choice of critical levels. In the
density-independent model that we are considering,
it is natural to choose critical levels in terms
of a percentage of the initial level. In the
age-structured context depending on the variable
of interest, N(t), the effective initial level of

12

this variable should be assigned so that the
critical levels are computed as its percentages.

The case of the Hudson River striped bass, which
we used as a test case, is one of the hardest
cases for the theory because the age distribution
is very breoad (bass live for at least 20 years),
and asymptotic considerations require very long
simulations. The value of the asymptotic rate of
increase that results from the parameters is
1.0092, such that the population would remain
almost stationary if driven by the mean matrix,
Consequently, the probability of quasiextinction
will be sensitive to the choice of the eritical
level.

Since we use these values only as an example for
checking our methodelogy, the relevance of
varticular parameters to the actual population is
a secondary issue. In general, for short-lived
species, our approach will work better because
more generations will be fitted into the same time
period and the trajectory will be closer to its
asymptotic behavior.

Let us review some of the results we obtained for
the striped bass model. We have chosen p_{t) tao
be the logenormally and independently di s®ributed
random variable with CV = ,5. The variable of
interest, WN(t), was defined as the overall numbear
of adults (ages 5 through 20}, such that b =
te,0,0,0,1, ..., 1.

First, in Fiqure 5, we show the simulated results
varsus the asymptotic expectation faor the
probability of falling below a certain level at
time, t. The thecretical curve agrees with the
simylated results gquite well. For comparison, we
also plotted the curve based on the purely "white
noise™ theory (disregarding the autocorrelation in
the (t) process}. The comparison demonstrates
that we cannot ignore autocorrelation borne by the
underlying age-structured process when we try to
examine the population growth macroscopically in a
one-dimensional process. At the same time, from
the standpoint of risk calculation, the
autocarrelated one-dimensional model catches the
egsence of the process well.

In practice, the decision of what should be the
critical level is difficult. In any case, this

13
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RISK OF CROSSING DURING THE INTERVAL fo,t) decision lies cutside our method. We can only
Q - ~ w - > estimate risk given the level. It makes sense,
; ? < < therefore, to present results as a function of the
: . critical level. PFigure 6 gives results in this
v form, Again, we see close agreement between
b simulated and theoretically estimated results. 1In
N Tl conclusion, the idea of one-dimensional
: approximation, which relegates all the complexity
of a multidimensicnal process into the
autocorrelation function for the growth rate,
seems to work well. With shorter generation time,
autocorrelation dies out quickly with the time
: lag, and the method works better. I can claim,
S : therefore, that for a large variety of natural
v ' populations, we have a method of evaluating
K ' ecological risk, given their life-history
\ (] characteristics and their levels of variability.
L]
v

(]
-0
0

[+]

09 0_0 01t ot az o
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The next logical step is to take into account
density dependence, or what industry calls more
optimistically, "compensation.™ This is a very
difficult problem and the difficulties are
fundamental rather than merely mathematical. In
most cases, we do not have gsufficient empirical
data to evaluate the shape or even the strength of
density dependence. The results of risk
evaluation will certainly depend on this critical
information. There i3 one interesting statement
that T can prove for a simple one-dimensional
mwodel and can predict to be correct for
age-structured models also. Risks evaluated based
on a nondensity-dependent model, which I
discussed, are conservative estimates of risks
evaluated on the basis of a wide class of
density-dependent mechanisms. What we have,
therefore, is a good conservative evaluation. If
onhe needs to do better, the Monte Carlo
sairulations will work, That is the anly method we
have to address this problem today,

o
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FIGURE S Finally, let me say a few words on the subject of
people's perception of risks. As I have already
mentioned, people have difficulty in intuitively
evaluating random events, A variety of Faults in
the human perception of randomness have been
identified by psychologists working in thia area.
I do not have the time to discuss their findings
in detail here. What is intereating in relatlion
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The probability, P, of passing below the critical
level, N . The critical level divided by
carrylngccapacity at time T=10 for a stable r=0
population.

to our topic is that these faults demonsatrate
themselves clearly ir relation te random
processes,

Here ls an experiment that I performed recently
with my undergraduate class (Figqure 7).

I simulated five random processes on the computer,
all with mean zero and a variance equal to one.
The processes, however, have different values of
the autocorrelation coefficient, r, which is
assumed to be constant for any two consecutive
values. The neqgatively autocorrelated proceas
fluctuates more than the "white noise® (raG) and
the positively autoacorrelated process fluctuates
less. I asked the students in my undergraduate
class to rank the five processes in order of
randomness, All of the processes were random, but
some were more random than others.

The results of my poll are given in Pigure 7.
Clearly, most people perceive the most negatively
autocorrelated processes as most random and the
mast positively autocorrelated processes as least
random. The most random process (graph D) was
recognized as intermediately random.

This experiment shows that, eaven if we gather a
large committee and vote on the risk of the
outcomes of a random process based on the data
presented, the faults in individual perception
will not cancel each other ocut. There are
definite general human biases in the ways that
random events are evaluated, The committee is
bound to be wrong.

The only way to approach the problems of risk
evaluation, which we are going to face more and
more often, is through careful, objective
mathematical analysis and modeling. That is why
the methods that 1 described today, combined with
simulation modeling techniques, will be of greater
importance in the future. We have no alternative
but to create methods of clearly translating our
doubts and uncertainties, both subjective and
objective, into the language of risk, and to
educate the public and the policymakers about the
way it should be used to make decisions.
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I would like to conclude with a picture (Pigure 8)
and some words from my colleague and friend, Dr.
R.A. Goldstein:

The policymaker weighs the costs and benefits of
alternative management policies. These include
the benefits of additional research to reduce
uncertainties and risks. The scales signify the
importance of expressing quantitatively
environmental effects, costs and riska, The
policy judgment process is based on models and
data supplied by scientists. The risks and
uncertainties inherent in the process, models and
data are indicated by the policymaker's position
of unstable equilibrium. The aword represents the
means of implementing or enforcing govermmental
policies and regulationa,

Although it is desirable for justice to be blind,
it would be preferable for the policymaker to see
all the risks and uncertainties that make up the
base on which she stands, A blindfolded person in
a highly unstable position can raise tremendous
havoc with a sword.

It is the scientist's responsibility to transmit

clearly the information about the risks and
uncertainties and hence remove the blindfold.

19
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DISCUSSION

B. CHRISTIAN: Your models all dealt with an

N_ that is less than N_, namely an extinction

t¥pe of thing. What w8'll be talking about in the
next couple of days is an N_ greater than L

Will that change anything qﬁalitatively?

L. GINIBORG: Yes. I was recently talking to

the pest control people for which the critical
level is just on the other side of the initial
level. They want the outbreaks to be below
certain levels rather than above certain levels,
Mathematically it's the same. I never worked with
the models on that side, WNot that the mathematics
is different, but maybe something in reality is
different that I should think about. T don't have
experience in that. But I deon't see any
fundamental differences. I think the approcach
fundamentally is as applicable to the critical
level above the initial level as below.

T. CLEMENTS: I'®m with the North Carolina
Division of Environmental Management. I am ona of
the persons with the unfortunate title of modeler,
and I have some questions for you from a practical
point of view.

You mentioned that you sometimes study on
relationships where you have uncertainty. From my
perspective, unfortunately, I feel that a lot of
the uncertainty is system specific. Whether I'm
dealing with an estuary that's dominated by lunar
tides or one that's dominated by wind tides makes
a difference. Yet, I have to make some management
decisions that I would like ta include uncertainty
in. I feel that because it's system specific I'm
having a great deal of difficulty in dealing with
uncertainty. How do you handle that in terms of
incorporating it into the decision-making process?

L. GINZBORG: You mean you want the decision for
all systems together, not for ocne?

T. CLEMERTS: Sometimes we make acroass-the-board
decisions or look at individual cases and make
decisions. We deterministically use a model to
feach an answer that 1 feel is unreasonable, I
don't knpow how to incorporate the uncertainty
because 1 can't make a statement according to the
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real relationships. They are different. They are
specific, If they have to be estimated for a
particular system, they may be different across
systems. How do I handle uncertainty in the
decision-making process with that in mind?

L. GINZBURG: That's pretty bad. If you have a
number of systems that are all different, then you
are forced to make decisions uniformly for all of
them,

T. CLEMENTS: Maybe not necessarily, but you
must deal with each system, I don't have the
resources to measure and set up a data base.

L. GINIBURG: Usually one uses the bounding
approach to be on the conservative side, Assume
the worst. 1If you're talking about risk
estimation, assume something that is definitely
worse than it is,
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INTRODUCTION

Among the most pressing water resources gquestions
today are those that concern the allocation of
fresh water to bays and estuaries, In the lists
of water uses, freshwater inflow to estvaries is a
relative newcomer, but its importance is
comparable to many of the highest priority uses.
However, the procedures for determining the
guantities and timing of water needs lag behind
other uses, which guantities can be determined
with precision and forecasted intc the future.
Such guantities must be calculated if freshwater
inflows to estuaries are to gain and retain their
proper status in water-use pricrities,

Determining these inflows depends on our ability
to understand how they govern the salinity reginme,
provide nutrients, couple primary and secondary
productivity, and sustain habitats, The extent to
which we can understand and quantify these
tunctions and assess the amount of freshwater
inflows needed will determine the success we will
have in adopting inflow requirements,

WATER MANAGEMENT

To manage water means to use whatever means
possible to provide water for beneficial uses. 1In
a watershed, these uses can be many and varied.
Conventional users include municipalities,
industries, steam-electric power production,
agriculture, mining, hydroelectric production,
navigation, and recreation and tourigm. Of these
uses, hydroelectric production, navigation, and
recreation and touriam are considered to be
non-consumptive {i.e. no water is lost from the
drainage basin because of them). Howevar the
other uses, particularly agricultural irzigation,
results in substantial consumptive use. It is the
consumptive use of water in the drainage basin
that competes strongly with the bays and estuaries
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for water. To the upstream consumptive user,
water "lost™ to the bays and estuaries i5s also a
consumptive use. Adding use of bays and estuaries
te the list of legal water uses in a drainage
basin creates an inherent conflict, which is
larger than most others that devalop. The usual
recommended flows of fresh water to the bays and
estuaries is the historic annual flows with
natural seasonal wvariations. With such
requirements at the lower end of the drainage
basin, the water available for allocation upstream
becomes limited, particularly in times of drought.

The agencies responsible for water management must
allocate water among competing uses. Their
allocation decisions must be based on the best
information available about the amount of water
needed and the timing for those uses. Municipal
and industrial water supply demands can be easily
estimated and projected. Agricultural demands are
estimated and projected less easily. But these
ugses have a substantial data base on which to make
their case. Allocation of water to bays and
estuaries must be able to compete in the minds of
those decision makers. The difficulties already
encountered in establishing those required flows
reflects the priority given to the allocations.

Water management includes water development, which
is the reliable provision of water for various
uses through the capture of surface water in
reservoirs, the tapping of groundwater via wells,
etc. Those who regulate water must allocate it
among usSers based on priorities. 1In Texas, for
example, the following priorities are used:

1. domestic and municipal uses,

2, industrial uses,

3. lirrigation,

4, mining and recovery of minerals,
5. hydroelectric power,

6. navigation,

7. recreation and pleasure, and

8. other beneficial uses.

Such a list recognizes the preeminence of water
supply as the highest use, the support of the
industrial economic base second, and the value of
food production through agriculture third. No
specific provision is made for waters to bays and
estuaries, although they could be included among
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ather beneficial uses, The Texas Water Code
(Section 1.003) was amended in 1975 to recognize
the importance of freshwater inflows to estuaries
as follows:

"It is the public policy of the state to
provide for the conservation of the state's
natural resources including: (6} the
malintenance of a proper ecological environment
of the bays and eatuaries of Texas and the
health of related living marine resources,”

Also, state statutes require the Texas Department
of Water Rescurces to consider the effects of
upstream water rescurces development and new
applications for water right permits on the bays
and estuaries of Texas {Texas Water Code, Sectiocons
11.147 and 16,051, as amended).

Such public policy and water allocation priority
procedures bring problems, which have been
recognized by the Texas Department of Water
Resources (1982). To provide minimum freshwater
inflows to certain Texas estuaries, it may be
necessary to release more water at certain times
from reservoir projects than would normally be
released in accordance with the provisions of
water right permits. When stream flows and
effluent-return flows are insufficient to meet the
minimum needs of certain estuaries, releases of
water Erom reservoir storage would be needed to
maintain specified water guality conditions.
Raeleases of water would reduce the dependable
yield of these projects during critical dry
periods and raise the unit cost of water --
possibly to the point of making some projects
economically infeasible, For existing projects,
the loss of yield could mean less water to sell
for revenue generation to pay for the project.

Such releases would compete with upstream uses
such as irrigation, 1In the last session of the
Texas legislature, a bill to update the Texas
Water Plan was not allowed to pass out of
committer because of the conflict between cpstream
water users and those wishing to allocate waters
to the estuaries, The Texas Department of Water
Resources had just updated its Water Plan (Texas
DEp§rtment of Water Resources 1983) and developed
estimates of freshwater inflow needs to estuaries
over the previous eight years. A better
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scientific basis for freshwater inflow needs in
Texas was available, But the magnitudes of flows
needed were questioned as were the priorities to
he given to the estuaries,

Why not give the estuaries a low priority in the
allocation of fresh water? How well are we able
to determine freshwater inflow requirements? What
should the basis be for these requirements -—-—
salinity maintenance, productivity maintenance,
habitat maintenance or other factars? why should
the estuaries be given higher or egual priority
than municipal, industrial or agricultural uses?
Who should pay the costs of water storage in
upstream reservoir projects used for estuarine
maintenance? Should population and
water—inteasive industrial growth be limited in
Tiver basins contributing fresh water to estuaries
where significant, future reductions of fresh
water could reduce their productivity,

These questions are being askad by those who set
the priorities for freshwater allocation and by
those who designate the amounts of flows to reach
them, They are not unreasonable questions. If the
allocation of fresh water to estuaries is
incorrect, the economic damaje to other users,
present and future, can be great. At the same
time, the damage to estuatries due to inadequate
2llocations can also be great.

What then should be the basis for allocation of

fresh water to estuaries? Salinity maintenance

and productivity (primary and/or secondary) have
been suggested most often. Let us examine these
two factors.

BASES FOR ALLOCATIONS QF FRESHWATER
Salinity

By definition, estuaries are coastal bodies of
water measurably diluted with runoff from land
drainage, {(Pritchard 1967) and hence, are subject
to management of water resources in their drainage
basins, Freshwater inflows to estuaries determine
their salinity regime, influence their amixing,
impart nutrients, trigger organism migrations, and
do many other important functions. To lose its
inflow, alter its flood events, or modify it in
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almost any way, raises the specter of irreparable
damage. Information presented at a recent
conference on freshwater inflows to estuaries
indicated that a 25 percent to 30 percent
reduction in natural river inflow can result in
disastrous ecological conseqguences to estuaries
{Rozengurt and Haydock 1981}. Rozengurt and
Haydock say, "The early warning signs of excessive
withdrawal are apparent in reduced productivity of
fish and wildlife rescurces; changed biclogical
structure of plankton, benthos, and fish
communities; increased salinity intrusion
affecting municipal and agricultural water
supplies and the biota; and increased effects of
pellution leads in progressively more stagnant
waters.® Clarke and Benson (1981} used this
information to recommend a cessation of further
consumptive depletion of natural freshwater inflow
until it could be shown that additional depletion
could be tolerated., They further recommended that
the U.5. Water Rescurces Council include a
criterion for evaluating adherence to such a
standard as part of the president*s proposed
Independent Projeckt Review Process,

Most of the early workers in estuaries recognized
salinity as the mest important factor in
regulating organism distribution and survival (for
example, Gunter 1956; 196l; and 1967). Others
{e.g. Darnell 1981) saw such tolerance limits as
key tools in estuarine management. Certainly it
is recognized that maintenance of a regular,
natural salinity regimen is desirable to minimize
perturbations caused by floods, droughts and
man-made alterations, The earliest federal water
gquality criteria contained recommendations for
maintaining salinity variation in estuaries within
about 10 percent of normal salinities (National
Technical Advisory Committee 1968}. During
droughts, salinities increase and marine waters
can be found in the mouths of rivers at the head
of the estuary. Drastic changes in biota
compesition and population are found at the end of
such a period when freshwataer Elows increase
substantially (Hoese 1960). Reduced freshwater
inflows during droughts alsoc limit the guantity of
organics imported to the estuary from the drainage
basin and hamper detrital food chains dependent on
that snurce {(Copeland et al. 1972), At the cother
end of the spectrum, floods can decrease biotic
populations hy reducing salinities or flushing
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organisms out of the estuary (Matthews 19B8l; Kalke
1%381). Flcod flows do, in fact, reduce salinities
and the populations of certain predators, Flint
and Rabalais (1981) reported increased benthic
producticn following such events,

Upstream water management can reduce the impact of
droughts and floods by releasing water during
droughts and retaining high flows during floods,
The ability to manage freshwater flows implies an
ability also to control salinities in the
downstream estuary. For salinity, this ability to
manage water for the benefit of the estuary may be
the key to determining freshwater inflows.

Indeed, Clark {198l) proposed that an optimal
salinity regime be established for each astuary.
He also suggested that maintenance of the optimal
regime be the guiding objective for management.
Clark recognized the oversimplification of deing
so, but argued it was justified given the
political nature of mahagement and that other
functions of the estuary fit in with it.

Productivity

It long has been thought that estuaries are more
productive than most other ecological systems.
The high productivity of estuaries has been well
documented (Odum 1971 and many cthers). As
Chapman (1973) summarizes:

The productiveness of an estuarine system is an
expression of its energy input. Whether that
energy comes directly from sclar radiation
stimulation of photosynthesis or is from tidal
flow, wind, rain, or tributary runoff, its
conversion to cther forms of energy such as
food, is essential te the total life complex of
the estuarine system. The energy from the
gravitational forces of tide and river flow is
centrolled mostly by local and regional
conditions whereas the direct energy of solar
radiation depends mostly on latitude,

Variations in an estuarine system relate
directly to the sources and amounts of energy
received; and the amount of energy available
controls, to a large degree, the kind and
variety of aquatic life present,
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chapman says that the mechanics of energy transfer
are not well understood and cites the importance
of vascular detritus from saltwater marshes to the
food chains of estuarine organisms. He also
points out the importance of nutrient recycling
within the estuary. Finally, he concludes that
"without tributary fresh water, this

sel f-perpetuating system would cease te function.”

How important is nutrient input to estuaries from
freshwater inflow? WNixcon (1981} addressed this
question, noting four theories proposed in the
literature about the importance of freshwater
inflows to the nutrient regime of estuaries.
These thecories were: (1) fertilization by
advection of deeper offshore waters, (2}
fertilization by marshes, {31) fertilization by
concentration - the nutrient trap, and (4)
fertilization by rapid recyecling. Although the
first two mechanisms received much attention, they
were discounted recently. Marsh systems, in
particular, are now known to be importers and
exporters of nutrients, Their role is to provide
habitat not export nutrients, There is still
controversy over the marsh®s role and the
importance of offshore waters, However for Texas
estuaries, Armstrong (1982) showed the small recle
that marshes play in the nutrient regime. He
ralculated their contribution to be less than S
percent of the total external inputs to any of the
six major estuarine systems., In addition, he
showed nutrients derived from exchange with
cffshore waters to be even less {in Wiersema et
al. 1982) in Matagorda Bay, Texas.

Nixon (1981} explored the nutrient trap concept by
examining a number of estuaries for their primary
production characteristics, reasoning that the
influx of nutrients with freshwater inflow should
show up in the magnitude of the subsequent primary
production. He was struck by the similarity of
the levels measured and concluded that "some
other, more constant feature of estuarine sygtems
... makes them so productive.® He also explored
the influence of freshwater inflows on secondary
production, He examined production versus inflows
on a year-to-year basis and on an estuary~to-
estuary basis for systems with widely varying
annual inflows, Several examples of positive and
negative correlations of commercial finfish and
shellfish landings, and freshwater inflows were
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1982) plots of
commercial shellfish landings versus freshwater

renewal rates (inverse of residence time) for five
Texas estuaries. The data used were limited by
the accuracy of the data base and were rearranged
from Copeland (1966). Since then, Armstrong
(1982) used freshwater inflow, freshwater content
of the estuary, and nutrient loadings on an areal
basis for six Texas estuaries to show the relation
between commercial finfish and shellfish landings,
and nutrient flow to estuaries with fresh water.
The relationships derived show the positive
influence of freshwater inflow and associated
natrient loading cn landings up to a point, Then a
reduction is caused by too much fresh water.
Cthers have developed complex multiple regression
equations to relate seasonal freshwater inflow to
commercial landings. These equations were used to
develop the various levels of freshwater inflow
requirements faor Texas estuaries (Texas Department
of Water Resources 1980a, 1980b, 198la, 1981b and
198le). All of these previous works illustrate
some relation between freshwater inflow and/or
nutrient loading, and commercial landings, but the
mechanism of that relationship is not clear.

Nixon (1981) supports the nutrient recycling
theory abont estuary production, He hypothesized
that:

- - the high production of estuarine waters

Om general is brought about and maintained by

the almost complete and rapid coupling of

heterotrophic and autotrophic processes,

Moreover, if the relative rates of organic

Synthesis and decomposition are considered, it

Seems likely that the upper limit of production

is sat, for the most part, by the slower rate

of remineralization. If 50, one of the
important features of an estuary may be the
relative importance of pelagic versus benthic
remineralization, because the rate of these
processes is quite different. The most rapid
way to recycle nutrients is to put the organic
matter through pelagic animals, such as
microzooplankton,

Ward et al. (1982) came to similar conclusion in
their stedy of Matagorda Bay, Texas. They
calculated that external scurces of nitrogen
{primarily freshwater inflowe) accounted for only
2 percent of the nitrogen fixed by producers
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imaril hytoplankton), And sim@larl¥, .
;3:2?:a1 gosrces of phosphorus (again prlmarllyh
freshwater inflow) produced only 5 percent of the
phosphorus fixed by the producegs. It_wcg
ceoncluded that most of the_nutrlents flxe were
recycled through the pelagic or benthic systenm, 4
Calculating secondary product19n based on measure
primary production, it was estimated that the .
commercial catch of finfish and shellfish within
Matagorda Bay accounted for only 2 percent of that
theoretically available., This small amount,
however, was similar to secondary production yield
from primary production measured by Hellier (1962)
in the Laguna Madre of Texas. But the large
discrepancy between theoretical and actgal yield
is bothersome. Certainly some gf the dnffe?ence
can be accounted for by emigration of organiams
from the estuary to the ocean. Other )
possibilities are that primary p;oduc?xon
estimates are too high or that fisheries
production is limited by factors other than food,
such as habitat utilization, increased mortality
rates at critical life~cycle stages and
overfishing.

What is the coupling between freshwa;er inflows
and primary and/or secondary prodgctlon? Can much
faith be placed in the relationships developed
between freshwater inflows and segondary )
production represented by commercial }andnnqs
either on a chronological basis for single
estuaries or con regional basis for several
estuaries? Are such relaticnships limited to one
region of the country? TIE the nutrients brought
te the estuary by freshwater inflows are so small
eompared to internal sources, how can they be
rtelated to production in the estuary - short term
or long term? If freshwater inflows were cut off
and the associated nutrient source lost to the
estuary, would production be drastically affected
in the short or long term? Will, on the other
hand, internal cycling sustain high pfoductlop in
the absence of freshwater inflows as it does in
the Laguna Madre of Texas (O0dum 196717

RESEARCH NEEDS AND PRIQRITIES
To answer the questions water managers are asking

about the allocation of freshwater inf;ows to bays
and estuaries, the following research is needed:
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1. To determine the basis (salinity levels and
gradients, productivity, and/or some other
property or function of the estuary) to use to
establish the amounts of inflows needed and the
reliability of freshwater inflow estimates
based on this property.

Will we find, as Clark (1981) believes, that
salinity is the parameter to control and that
other function indicators will fit in with
salinity?

2, To establish the functional tie between
nutrient inflows to the estuary with freshwater
inflows and primary and/or secondary
productivity as has been done between inflows
and salinity.

Can we unravel the hazy link Nixon (1981) sees
between nutrients brought into the estuary with
freshwater inflow and secoendary productivity?

3. To establish the rcle of the benthic system
in nutriert recycling and the provision of food
for higher trophic level organisms,

Is the benthic system the missing link between
nutrients in inflows and secondary productivity
as Flint and Rabalais (1981) propose? What are
the major internal pathways of nutrients and
the biota responsible for recycling?

4. To prepare nutrient budgets on other
estuarine systems to show more clearly the
roles of the freshwater inflows, marshes,
benthic systems, coastal waters, precipitation
and other sources, and to delineate the
importance of each source in providing
nutrients and recycling them.

Are freshwater inflows the major source of
external nutrients and marshes a minor source
as Armstrong (1981) and others have found? How
do these external sources compate in magnitude
to internal sources? 1f external saurces are
consistently small in comparison, what I8 their
true importance?

5. To delineate the value of a salinity as an
indicator of freshwater inflow needs versus
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productivity or some other functional property
of the estuary.

can salinity be used as the only basis for
freshwater inflow calculation? Ig sa, what
gspatial and temporal salinity regime should be
maintained? How reliable are freshwater inflow
requirements based on salinity?

6. To determine the amount of freshwgter
inflow needed for the bays and estuaries on an
annual basis, the amount of inflow needed on a
seasonal or monthly basis, and the reliability
of these estimates.

The bottom line is determining inflow
requirements and their timing based on whatever
criteria are developed in the research outlined
above. What cause and effect relationships
should be used? How should they be embodied in
mathematical or conceptual models of the
estuary and used to estimate inflow
requirements?
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IRTRODUCTION

The Everglades differs significantly from most
drainage and estuarine systems studied, There is
no associated river with the upland marsh or
estuary. The upland marsh is extensive, and the
interface with the estuary is broad, extending
nearly 80 miles. The slope of the marsh is
appreximately 1 inch per mile. Therefore water
discharge into the coastal mangrove forests and
shallow bays is diffuse. Tidal range in the
estuary is less than 2 feet, and wave action is
nearly nonexistent. The Everglades estuary is not
a very dynamic physical system. But it has a
well-known reputation as a sportfishing mecca and
; a nursery ground for several commercial fisheries.

Costello and Allen (1966) showed that the

Everglades' pink shrimp, Penaeus duorarum, spend

two months to six months in the mangrove estuaries

and Florida Bay before migrating to the Tortugas

i shrimp grounds. In a recent study of spiny

: lobsters, Panulirus_argus, Dodrill (in prep.)
tagged juveniles in Florida Bay and recovered them
from the Gulf of Mexico, the Florida Keys and
Biscayne Bay. We also know adult populations of
sport and commercial fish were abundant

! historically in the bays and mangrove greeks of

; the Everglades., Clearly, the Everglades estuary

is an important site of biological production and

contributes significantly to the shelf fisheries

of Florida, Since the Everglades estuary is

snlike most systems studied and is an impartant

site of fishery producticn, it may serve as a

proving ground for scientists' assumptions about

how estuaries work.

i WATER MANAGEMENT
The Everglades isn't just a national park. 1It's a

| much larger drainage system than most people
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imagine, It begins in the Rissimmee Valley with a
cluster of lakes drained by the Kissimmee River,
and it feeds into Lake QOkeechobee. Lake
Ckeechobee historically overflowed its shallow
bpanks into the saw grass marshes of the
Everglades, But today it is contained by high
levees and separated from the Everglades by a wide
belt of agricultural land. Four canals connect
the lake to the Everglades. The saw gqrass marsh,
south of the agricultural zone, is divided into
five water impoundment areas, a marginally
developed region called the east Everglades, and a
national park with a large estuary. The
Everglades no longer functions as a flow-through
system extending from Orlando to the Gulf of
Mexico. It is divided into parts that are
connected by canals, gates and pump stations.

The parts are heavily managed. 1Indeed, division
of the Everglades allowed for gome resolution in
the conflicting uses of the system. Management
uses of the Everglades include flood proctection,
agricultural and municipal water supply, coastal
salinity contrel, nutrient uptake and recreation.
However, the value of the Everglades to ccastal
fisheries and the health of the estuaries was one
of the last important relationships to be
recognized. Little regard was given to the
Everglades estuary while designing the existing
water management system., Fach upstream use
probably has a particular effect upon the
Everglades estuary, and combined, the uses may
dramatically alter gome aspects of estuarine
oroductivity,

Flood Control

The dominant design features of the Everglades
water management system are the levees that
contain high water and the canals that rapidly
convey flood waters or drain wet areas, Flood
control works reshaped the historical Bverglades,
The controls made it smaller, divided it into
manageable pools, displaced its central axis, and
redistributed its diacharged waters, The
Kissimmee River is now channelized, hastening
drainage of its marshes, Lake Okeechobee, which
formerly discharged only into the Everglades, now
passes large volumes of water to the Atlantic by
the St, Lucie Canal and to the Gulf of Mexico by
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the Caloosahatchee. Four large canals (the West
palm Beach Canal, the Hillshorough Canal, the
North New River Canal and the Miami Canal} cut
through the Everglades to the Atlantic. Following
storms, these drainage canals add immense volumaes
of fresh water to local estuaries. The canals
were built to convey Everglades' waters rapidly
through the coastal ridge to the Atlantic without
flooding agricultural and residential areas. But
the canals changed the relative discharge location
of the Everglades. Now a larger proportion of the
Everglades' surface-water runoff is discharged
into the Atlantic Ocean and Biscayne Bay. Indeed,
one minor canal discharged into Biscayne Bay
during one vear an amount of water egual to the
mean annual volume delivered to Everglades
National Park (Scheidt 19831}. MNot only has
management shifted more water to the Atlantic and
concentrated its effect at canal outfalls, but it
may have changed the historic estuarine salinity
regimes along the Atlantic coast, in Florida Bay
and the Gulf of Mexico.

Water Supply

Early drainage excesses caused saltwater intrusion
into the highly permeable limestone aguifer along
Florida's southeast Atlantic coast., This forced
water managers to control release of canal
discharges and to construct impoundments within
the Everglades to retard and store water for use
in drier times. Municipal well fields were
located adjacent to the larger canals, but
relatively close tc salt water. The well fields
are recharged during the dry season by bringing
stored water from the Everglades. Managers must
use the contradictory practice of passing large
volumes of water to the coast in dry times to keep
well fields operating. The only way to gain water
in the wells is to lose water to the coast.
Confronted with this dilemma, water managers
maximize the reserve water storage within the
Everglades before the local dry season (December
to May}. Withholding water in the Everglades
interior and allowing only conservative releases
to coastal canals ghifts estuarine salinity
regimes in two ways. (1)It reduces the total
discharge to the estuaries, accentuating early
annual salinity increases; 2) it confines
discharges in some areas to canal outfalls,
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causing extremely disproportionate longshore
distribution of fresh water.

With the end of the dry season comes the hurricane
season in scuth Florida, and stored water within
the Everglades changes from an asset to a
}1ability. An early storm can fill the
impoundment areas quickly and damage the levees
and g?tes. The beginning of June usually means an
overnight shift from water-supply strategies to
glcod—control actions, Water is released From the
xmpoundments; coastal canals are activated: and
discharge gates to Everglades National Park are
opened. Everglades water is lowered rapidly in
anticipation of the wet season. This often has noc
relationship to current downstream conditions.

The modulation of the histor:.cal, hydrological
system was altered effectively. Prior to canals
and impoundment, the abundant water during wet
season moved more slowly through the Everglades,
releasing water to the estuary longer into the dry
season. And, early wet season volumes took longer
to reach the estuary. A phase shift in salinity

levels occurred in several parts of the Everglades
estuary,

CONSIDERATIONS FOR ALLOCATIONS OP FRESHWATER

Salinity

Salinity is the important organizer of estuarine
b1ologxca1 compunities. Salinity dictates what
organisms will occur in a particular location, but
not how productive they are. Productivity is
detefmined by the availability of suitable
nutrients. Within estuaries, an association may
ocour between salinity and nutrients. Increased
freshwater discharge often accompanies increased
transport of nutrients, Changes in nutrient
levels, however, probably have a less dramatic

gffect_qun estuarine communities than do changes
ln salinity,

Salinity_ogqanizes communities in several ways.
It can limit or promote entry of organisms intc
the estvarine habitat, depending upon the
physiglogical limitations of the species. At any
one time, the current salinity level oaits or
discourages all but a physiological-tolerant set
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of species or life-cycle stages. We know salinity
levels change with season, event or long-term
climatic cycles. This fact, coupled with its
action as a species and life-cycle filter, means
salinity determines the progression of change in
estuarine community assemblage. Salinity regimes
act as clocks in estuaries, determining not only
what organisms will occur in a particular
lecation, but when,

Phase shifts in annual salinity regimes, such as
occur in estuaries assocliated with altered
drainage basins, may be of particular concern.
Many organisms are cued to salinity levels at
important points in their life cycles. Release of
gametes and spawning may be associated with
salinity, Settlement of larval invertebrates and
fish may be determined by salinity. Depending
upon the salinity, an appropriate settling habitat
within the estuary may or may not be available to
an organism. Phase shifts in salinity may upset
the timing of many species' production cycles.
Consequentiy the habitat may appear unproductive,
even with adequate local nutrients.

A point must be raised regarding the relationship
of upland discharge to salinity within tropical or
semitropical estuaries. The relative importance
of rainfall within the estuary and the added
upland discharge needs consideration. In the
tropics, rainfall within the estuary may
significantly determine salinity levels.

Depending upon where discharge measurements and
nutrient counts are taken, it may be hard to
separate the actual contribution of upland
discharge from estuary rainfall. Moreover,
rainfall levels normally have a seasconal cycle
that reinforces the effects of upland runoff on
estuarine salinity. 1In altered drainages,
rainfall cycles may be asynchronous with altered
discharge cycles. This asynchrony will complicate
the interpretation, and perhaps the effects, of
phase-shifted salinity regimes.

Just as timing of salinity levels is important
within an estuary, magnitude variation in salinity
also may have an ecological role. Rather than
manage estuaries to avoid the impacts of upland
floods and droughts on "reqular® salinity regimes,
it might be wise to allow salinity to reset the
biclogical clock within the estuaries for
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ecological reasons. Productivity of ecosystems is
often keved to disturbance events. High
productivity may follow the disruption and
reestablishment of community assemblages. In
managed estuaries, the trick is not to overly
accentuate rate of change by increasing discharge
too rapidly orx initiating unduly long droughts by
upstream retention. Also, repeated extreme
perturbations never allow for the recovery that
spurs higher productivity, Maintenance of the
reqularity of salinity regimes may have its own
ecoclogical pitfalls,

Productivity

If there is a connection between runoff and
productivity in the Everglades estuary and
productivity is determined by nutrient levels,
then the probable source of nutrienmt contribution
is the upland marsh, the mangrove forest or both.
There is no river to transport mineral nutrients,
Atmstrong (1982) found that the marsh contributed
only 5 percent of the external inputs to Texas
estuvaries, but that may be because those estuaries
ara dominated by rivers and the areal extent of
the marshes are small campared to the total river
basin. If the upland marsh contribution to the
Everglades estuary is only 5 percent, then one
would have to agree the marshes play a small role,
However, the nutrient contributions to the
Everglades estuary from upland marshes, mangrove
forests, estuarine rainfall and offshore input is
unknown., Since there is no river contribution,
the soutce of nutrients becomes intriguing. The
Everglades estuary exports great quantities of
mangrove and sea grass detritus. Shrimp, lobster
and some fish stocks move to the coastal shelf

upcon maturity. What replaces these losses in the
nutrient budget?

Declines in fishery harvest in the Everglades
during the 1970s accompanied reduced rainfall
throughout south Flerida., However, annual water
deliveries to the park and its estuary during that
time were maintained at historical mean levels.
The overland deliveries to the park were based on
the same historical period when fish production
was high. Rither delivery volumes in the 1970s
were inadequate or rainfall within the estuary was
ingufficient. Perhaps local rainfall plays a more
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important role in the Everglades estuary than we
considered. Also, heavy rainfall during storms,
hurricanes or an unusually wet year may move
nutrients from the marsh and mangrove forest to
the estvary. The rainfall event may be more
important at times than the maintenance of a
ragular regime,

The Everglades has not experienced a hurricans
since the early 19608, During the 19708, storm
events were quickly absorbed by a relatively dry
upland or shunted to the coast rapidly by canals.
Perhaps hurricanes and storms that occecur in wet
years provide the volume required to flush the
Everglades and deposit nutrients in itg estuary.
Few studies have evaluated these kinds of events
and their effects upon estuarine productivity,
The events may disrupt estuarine productivity
temporarily. Therefore the scientist and manager
should examine a time-lagged cycle. Fish harvest
within the Everglades estuary this year increased
about 30 percent since the 1970s, Coincidentally,
the park's annual delivery of water from October
1982 to October 1983 was nearly triple the
historic mean. In additicn, the rainfall within
the park and in the estuary was significantly
higher than other areas of south Florida. Heavy
rainfall accompanied large water deliveries.
Perhaps estuarine managers should examine mean
salinity regimes more closely because their use
may be too restrictive. Estuarine productivity
may be coupled with runcff, but in a more
complicated sequence than formerly thought.

MRNAGEMENT OF ESTUARINE PRODUCTIVITY

Management of many estuaries would undoubtedly be
indexed to the success of a few commercially
important species. However, some caution should
be used in how one approaches this kind of
management. The success of any species usually
involves the outcomes of other species and
ecological processes. This network is so
complicated that scientists and managers must
reduce and simplify the issue to a handful of
models for easier understanding, Models are
important, but care must be exercised in their
application to management, Management models
currently in use discount the exceptional
condition or disallow the importance of extreme
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conditions., Estuarine management models may be
more appropriately regarded as the dials we watch
to see how things are going, rather than tools to
calculate management goals.

Selection of a few species, either as indexes of
estuarine health or as the focus of production
goals, presents inherent ecological problems. The
temptation is to study the special species'
ecolegical requiremeants and suggest which
management actiong will benefit them. The idea,
or the hope, is that what's good for the species
af interest will be good for the whole estuary.
It's doubtful our models integrate enocugh
environmental equations, account for sufficient
species interactions, provide for alternative
bielogical strategies, or adegquately incorporate
chance events, Unfortunately, those interested in
estuaries and their protecticn are often defensive
when justifying fair treatment of the estuary.
Upstream users of the drainage often gquantify
their needs with confidence; i.e., projected per
capita water consumption, acre feet of water
needed to irrigate an agricultural field in order
to maintain a specific root-zone moisture, etc.
Ecosystem managers and scientists must avoid such
simplification because their systems usuvally are
not simple., We must recognize that the
reductionists' power of scientific inguiry should
be tempered with the humble admission that
extrapolation of our findings tco management acticn
often oversimplifies the original problem.

CONCLUSION

Management of the Bverglades and its estuary is a
good example of oversimplification of a complex
ecological process. Basing water allocations on a
mean historical monthly schedule has not protected
estuarine productivity, That productivity
apparently needs more than overland allocation of
water. We suggest that local rainfall in or near
the estuary may be important. Also, some
consideration must be given to the extreme events,
especially floods, that move nutrients into the
estuary. Whereas regular overland flow may not
transport many nutrients, hurricanes and storms in
wet years may provide sufficient momentum and the
required volume. Even though nutrients are
important to the estuary, we suggest it is the
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salinity regime between event periods that
aestablishes what biological assemblage will use
the available nutrients, Management that tampers
with this salinity regime may make the estuary
subtly unavailable to traditional species or
life-cycle stages. We suggest that phase~shifted
salinity regimes must be avoided to provide
important reproductive and settlement cycles of
estuarine species. In the Everglades,
phase-shifted salinity regimes are likely to occur
in estuaries because of the combinaticn of
upstream uses of Everglades water. Everglades
managers retain water upland in the dry season,
then rapidly release the water to the ccast at the
beginning of the rainy season. HNot only has this
changed modulation of upland hydrological cycles
affected marsh communities, but it has alsao
shifted salinity patterns in the estuaries, The
Everglades is not a river-dominated system, so the
mechanisms for salinity and nutrient maintenaace
in its estuary are likely to be different than
those established in most studies. However, the
Everglades and its estuary offer an exciting
ecosystem for testing our assumptions about the
interconnection of management actions and
estuarine productivity.
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PACIFIC NORTHWEST

Robert C. Wissmar and Charles A. Simenstad
Fisheries Research Institute WH-10
College of Ocean and Fishery Sciences
University of Washington
Seattle, Wa 98195

INTRODUCTION

This paper addresses future estuarine research
needs and priorities discussed by Armstrong (this
symposium} It focuses on biclogical and chemical
processes in the major freshwater-seawater
interfaces of the Pacific Northwest estuaries,
Specific topics include freshwater-seawater
interactions, nutrient cycling and trophic
dynamics within the region's estuaries., A
description of the estuaries in the Pacifie
Northwest, with emphasis on the Columbia River, is
followed by discussion of: (1) priority water
uses and the importance of current and future
hydrologic projects; and (2) major
freshwater-seawater interfaces and their chemical
and biological gradients, specifically turbidity
maxima and salt marshes. The research community
should recognize that the tapics addressed
comprise only some of the major research needs.
Other equally important and relatively unknown
components of estuaries in the Pacific coast
should not be ignored ti.e,, nutrient and trophiec
dynamics of tidal flats and eelgrass beds),

ESTUARIES OF WASHINGTON STATE

Washington State has the largest variety of
streams and rivers in the continental United
States. They range from the giant Columbia River,
which drains most of the state and region, to
coastal systems with short reaches of less than
200 kilometers from glacier to the ocean. These
lotic systems connect 96 coastal and inland (Puget
Scund) estuaries that are structurally,
hydrologically, and biologically diverse, Major
estvaries include those greater than 100 square
kilometers (Columbia River estuary, Willapa Bay,
Grays Harbor) and the numerous, small riverine
@stuaries of Puget Sound, Contemporary estuarine
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structure and dynamics reflect urban, industrial,
recreational, miscellanecus developmental
activities and past abuses (i.e., dredging,
diking, logging, and road and dam construction),

The availability of estuarine habitats is=s
extremely important to the maintenance of
fisheries and fishery resources in the Pacific
Northwest (Simenstad et al. 1982; Stevens and
Armstrong, in press). For example, current landed
value for Pacific salmon {(five spp. of
Oncorhxnchus), which pass through and utilize
estuarine habitats twice during their life
histories, approaches $360 million per year.
Dungeness crab {(Cancer magister} populations,
which use eelgrass (Zostera marina) beds and
oyster and clam shell reefs for nursery habitats,
sustain commercial landings between $26 million
and $57 million per year. Oystets {principally
Crassostrea gigas), which are grown and
harvested almost exclusively in the region's
estuaries, account for $25 million per year,

Undoubtedly, the most manipulated riverine system
in the Pacific Northwest is the Columbia River,
which is also the largest river entering the
northeastern Pacifig ggean. Its extant average
flow (about 7,280 m°s ~) contributes about 60
percent (winter) to 90 percent {(summer) of the
freshwater discharge to the ocean between San
Francisco Bay and the Straits of Juan de Puca
{Barnes et al. 1972). Water removal and
regulation due to hydroelectric power and
irrigation projects began about 1840 (Depletions
Task Force 1983), Most of the resulting flow
modifications originate east of the Cascade
Mountains (92 percent of the total drainage basin
area but only 76 percent of the total discharge;
Good and Jay 1978), where 13 major dams and over
100 minor dams have been constructed and
approximately 32,000 squate kilometers of land is
under irrigation. The magnitude of the changes
resulting from the construction of the dams was
considerable (Jay et al. in prep.). The average
spring freshet decreased by approximately 5,240
cubic meters per second. 1In contrast, average
flows during the rest of the year increased,
Minimum monthly average Elows increased about
1,130 cubic meters per second during the normal
low flow season in the late summer and early fall,
Although the annual average flow depletion due to
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was not included in these calculations, irrigation
withdrawal, which is greatest in June and July,
also regugfs the spring gfeshet (approximately
1,130 m~ s to 1,700 m s ),

As a result, modern river flows into the Columbia
River estuary rarely exceed 17,000 cubic meters
per second or decline below 3,000 cubic meters per
second, compared to an extreme historical range
fdaily average) of approximately 1,000 cubic

meters per second and 35,000 cubic meters per
second.

In recent detailed studies of the Columbia River
estuary by the Columbia River Estuary Data
Development Program {(CREDDP}, scientists
interpreted the anthropogenic changes in the
structure and dynamics of the estuarine ecosystem
(Jay et al. in prep.). The CREDDP studies ghowed
that the effects of river flow regulation and
withdrawal could not he easily separated from the
effects of changes on the estuary itself (diking,
Eilling, dredging, jetty construction).
Simulation models (laterally averaged and
time-dependent) of estuarine ¢irculation prior to
human modification of the river flow or the
estuary indicated that many of the differences in
the estuary's physical and ecological processes
could be attributed to uniquely riverine
influences (Hamilton 1984}, Despite the decrease
in low flow extremes, the residence time of the
water in the river has increased, resulting in
slower flushing times and higher summer water
temperatuseglin the estuasy;l Extreme fresheats
(25,000 m" s to 15,000 m”s ) no longer

oceur. Consequently, the energy level of the
modern estuary is lower and less variable. This
Suggests that deposited sediments and endemic
estuarine biota were flushed annually from the
estuary during the highly energetic freshet and
winter high flow periods. And maximum salinity
intrusion probably declined to the lower minimam
flows prior to the turn of the century,Because of
anthropogenic changes in estuarine circulation
processes, many ecological features undoubtedly
changed over the last century. The mid~estuary
accumulation of suspended material, called the
“"turbidity maximym, " probably became more
pronounced and less variable in its occurrence and
spatial distribution, This isg ecologically
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Ereshwate; phytoplankton, where cells lyse upon
eéncountering low salinitijes, This is particularly
importapt to the modern estuary because the
reservoirs behind the dams enhance the
phytoplankton and zooplankton biomasses imported
into the estuary. The turbidity maximum is alsa
An area for detritus entrainment, maximum standing
stocks of primary consumers (i,e., epithenthic
zooplankton and motile macroinvertebrates) and
high demersal fish food consumption, Obviously
the changes in the Spatial and temporal !
dxsFrlbution and the variability of the turbidity
max imum zone has important, though unknown,
implications to the estuarine Food web.

S§mi1afly,'the higher salinity intrusion in
historic times indicated that salt marsh

assemblages, Historic alterations in emargent
plant production within and phytoplankton import

percent and 58 percent of the modern, net rimar
produftxon estimated annually (Jay eé al. fn Y
press},

HYDROLOGIC PROJECTS

for established priority uses Priori

; . Ority uses
include: (l)domestic and municipal, (Z)Kyrdoelec-
tric power, {3)lirrigation and {4}industrial.

Of the above priority uses, f
r + Ireshwater allocations
to hydroelectric power and irrigation become the

inflow requirements must exist within the
constralnts of existing priorities. Hydroelectric
allocation offers the greatest potential sgurce of
water requlation for estuaries because of itsg
lonconsumptive use and provisions, which limit
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impacts on migrating anadromous salmon, However,
hiatorical provisions have been primarily confined
to low=-flow periods or years and only provided for
the maintenance of adequate flows for upriver
migrations of returning adults,

Future research on water management and estuarine
productivity in the Pacific Northwest should
consider the current planning activities under the
Pacific MNorthwest Electric Power Planning and
Congervation Act of 1980 (P. L. 96-501; Northwest
Power Planning Council 1983), Under the act, the
Northwest Power Planning Council determines future
electric power needs for Washington, Oregon,
Montana and Idaho. The act includes *due
consideration for environmental quality and the
protection, utilization, and enhancement of fish
and wildlife," The council's fish and wildlife
plan contains a water budget for the Columbia and
Snake rivera to provide adequate flows for
migratory fish., Additional measures minimize the
harmful effects of water level fluctuations and
temperature contrel for specific dams. The plan
also calls for a study to identify and rank
potential hydropower development sites and
potential risks to fish and wildlife within the
riverine and estuarine ecosystems (Northwest Power
Planning Council 1983).

ENVIRONMENTAL GRADIENTS AND FRESHWATER- SEAWATER
INTERACTIONS

The definition of freshwater inflow regquirements
for Pacific Northwest estuaries might be best
accomplished using an estuarine grid that portrays
gradients of important environmental variables and
biotic habitats encountered between upstream
riverine and marine waters, Along these
gradients, further definition can be made by
examining relationships among select environmental
variables, geochemical cycles, trophic dynamics
{i.e,, carbon and nutrient cycling}, and commpunity
dynamics (i.e., plant and animal successicon and
production).

Turbidity Maximum

A asimple example of environmental gradients are
surface concentrations of salinity, suspended
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matter; "and ﬁuEfiengﬁ‘Trom tné matine to - T
freshwater reaches of an estuary. For instance,
such gradients can be used to define the turbidity
maximum. The magnitude of the turbidity maximum
can ke influenced by numerous factors, such as the
concentrations of suspended matter in the river
and tidal waters, settling velocities of different
particle sizes, and estuarine circulation. As
evidenced by the Columbia River estuary, its
occurrence, location and behavior {e.q.,
landward-seaward excursion) is highly influenced
by river discharge and spring neap tidal cycles.

The turbidity maximum and associated materials can
be augmented continually by river and tidal flows,
suspending and entraining material long encough to
sustain considerable chemical and kiclogical
processing, For instance, asscciated low salinity
depth profiles in DOC peaks and a decline in
chlorophyll from upriver values could indicate
abrupt osmotic and compositional changes as
postulated for the Columbia River. Plagsmolytic
telease by freshwater plankton of degradable
dissclved ocrganic material may support localized
cxygen consumption by microbiota (Morris et al.
1978). Turbidity maxima also could behave like
tidal fronts by concentrating phytoplankton and
prey organisms for consumers (Hobson 1966; Pearcy
and Mueller 1970; Bowman and Iversgon 19781,

Such features provide dramatic examples of major
guestions that need considerable research. For
example, is the major role of bacteria that of
remineralizers, converting organic matter to
inorganic matter and recycling it to primary
producers {Mann 1982}7? However, more detailed
questions and examinations will be required. The
high primary production and nutrient recycling
capacities of estuaries, as noted by Armstrong
(1984, this symposium), indicate that dynamic,
complex trophic-nutrient pathways undoubtedly
exist, Another major guestion is whether bacteria
consumed by heterotrophic flagellates, which are
in turn consumed by microzooplankton (i.e.,
ciliates), result in a "microbial loop," in which
microconsumers represent at least three trophic
levels that excrete minerals recycled to the
phytoplankton (Azam et al., 1983). If so, do
microbiota, which cover the same size range as
most phytoplankton (<100 um), also comprise an
additional, but unrecognized means, of
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transferring energy to the conveﬁtional plankeonic

food?

The above discussion indicates that the chemically
and biologically active turbidity maximum probably
comprises a major estuarine interface becauBe of
the interacting influences of resuspension,
entrainment and low salinities, These features
will require greater attention and
characterization than previously provided in
estuarine investigations, The development of
precise geochemical models for elemental cycling
and a better definition of the oxygen models used
for management are major subjects that would be
enhanced by an increased understanding of
turbidity maximum processes,

Future research on turbidity maximum would provide
a logical, important extension of our knowledge of
sources and contributions (organic and inorganic
congtituents}) to the dissclved and particulate
components of suspended matter in estuaries.
Sources of particular interest are tidal
circulation of marine matter, riverine inflows,
shore erosion and biological production of
estuarine habitats (primarily salt marshes,
eelgrass beds, and tidal flats).

Salt marshes

An example of major estuarine habitats, which are
extremely sensitive to variations in freshwater
inflows, are intertidal marsh communities. Our
emphasis on salt marshes is contrary to the
impressions given by Armstrong (1984) that salt
marshes are of minor impertance in estuarine
nutrient regimes, We expect that salt marshes act
as the forested, riparian zones of streams and
rivers by providing a buffering system against
numerous watershed-riverine perturbations {i.e.,
erosion). Furthermore, these riverine-estuarine
ecosystems not only play important roles as
sources of organic matter (L.e., detritus) and as
habitats for commercially important species, but
their nutrient dynamics (i.e., storage) and
hydrolegic {i.e., groundwater) features may
perform critical, long-term functions in estuarine
development,
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Salinity and elevation play important roles in
contrzclling community composition (Burg et al.
1976: Ewing 1983; Kistritz et al. 19821),
However, knowledge of the influences of salinity,
elevation and other factors upon community
composition and patterns is lacking for this
tegion. Research needs to assess changes in
community composition along environmental
gradients for such Factors as: (1) pore water
galinity, (2) sediment structure {(organic and
nutrient content), (3) temperature, (4) redox
potential, (5) site elevation, and {§) nearshore
flow velocities (i.e., erosional, transport and
depositional). Emphasis should be placed upon
interactions of stressful environmental
conditions, such as low redox potential, salinity
levels and site deviations. Coupled with model
development, such experiments would be able to
predict the influences of freshwater and tidal
flow variations upon below-ground saltwater
intrusion and the resultant response of plant
communities,

CONCLUSION

In conclusion, although turbidity maxima and salt
marshes in Pacific Northwest estuaries serve as
examples of regiaonal research needs that are
highly dependent upon hydrologic regimes, it
should be emphasized that little information
exists about most facets of Pacific estuaries.
Past estuarine research has focused upon Atlantic
and Gulf Coast estuaries because of extensive
habitat area and pressures for urban and
industrial developmental, The result is that our
gcientific knowledge of the functional and
structural aspects of Pacific Coast estuaries lags
behind that for East Coast systems., At present,
Pacific Coast estuaries need considerable research
attention due to the rapidly disappearing small,
but diverse ecosystems, The need is especially
critical given the current and projected
urbanization and industrializatien of coastal
areas.
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WATER MANAGEMENT AND ESTUMRINE PRODUCTIVITY:
A PRESHWATER VIEW FRCM THE GREAT LAKES

H.J. Barris and P.E. Sager
College of Envirgnmental Sciences
University of Wisconsin at Green Bay
Green Bay, Wisconsin 54301-7001

INTROCUCTION

Armsttong's paper, “"Water Management and Estuarine
Productivity,™ offers a challenge to identify a
functional property of estuaries that will provide
a meaningful and operational guide to management.

Ideally this fuactional property should be common
to most if not all estuaries are to have broad
appeal and application. Danger exists in
suggesting a single criterion to judge the
integrity of an ecosystem and translate it into
economically defensible and operationally feasible
management gbjectives. Such a criterion may
exist, however, if it is based on an integrated
functional property such as productivity.
Productivity is the bottom line of nature's ledger
and reflects an inteqration of the whole. The
question of its utility as a meaningful guide to
estuarine management remains open for debate.

From a Great Lakes perspective, productivity
certainly has more utility than salinity.

The remainder of this paper will present a case
for the use of productivity as a gquide to
estuarine management. The case is based on
University of Wisconsin Sea Grant-supported
research in an important estuary of the Great
Lakes --- the bay of Green Bay, Lake Michigan.
For that reason a brief description of Green Bay
follows.

STUDY AREA

Green Bay can be characterized as a long, shallow
bay of northwestern Lake Michigan (Figure 1).
Morphometric statistics include: a length of 193
kilometers; a mean width of 22 kilometers; a mean
depth of 15.8 meters; a water surface area of
4,520 sguare kilometers; and a volume of &7 cubic
ki lometers (Mortimer 1978},
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FIGURE 1
The bay of Green Bay showing five regions

delineated on the basis of trophic characteristics
map, Adapted from Brigham (1984).
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Green Bay constitutes only 7.4 percent of the
surface area of Lake Michigan, yet the land
drainage area for the bay is about one-third of
that for Lake Michigan, or 40,500 sgquare
kilometers. About one-third of the watershed is
foreated, with the remainder made up of rich
agricultural land, 2 heavily industrialized area
along the Lower Fox River has one of the largest
concentrations of pulp and paper mills in the
world (Harris et al, 1982), Mortimer (1978}
estimated the total water supply for Green Bay
amounts to about one quarter of the mean outflow
of Lake Michigan through the Straits of Mackinac,

Of the six major tributaries, the Fox River is the
largest, entering the bay at the south end with a
mean flow of 118 cubie meters per second. The Fox
is one of the most significant tributaries for the
bay and for Lake Michigan because of its flow rate
and load of dissolved and particulate substances
(Sager and Wiersmg 1972: Roznowski and Auer
1983), The transport and dispersion of these
substances provide a basis for considering Green
Bay and other Great Lakes bays as analogous to
coastal estuaries (Ragotzkie et al. 19g9). The
tidal feature is pPractically missing, but surface
seiches provide an analogous physical mechanism
for water motion (Heaps et al, 1982).

The gradient in salinity or dissolved Substances
is reversed from that found in ¢oastal estuaries,
Specific conductance of the Fox River and lower
bay is typically 1.5 to 2 times that of northern
Green Bay waters {Ahrnsbrak and Ragotzkie 19703,
Gradients in nutrients and algae production alsne
are evident and have been utilized For comparative
studies of uptake kinetics (Norman and Sager 1978,
Vanderhoef et al. 19747,

Another estuarine feature is the morphology of the
basin., The south end is shallow with mean depths
of 2 meters to 3 meters; thermal stratification isg
rarely observed in summer. The deepest peint in
the bay (54 m) is in the north end approximately
seven kilometers wesgt northwest of Washington
Island. The morphology gradient corrasponds
closely to the trophic conditions obiserved along
the longitudinal axis of the bay.
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RESPONSE

Armstrong (1984) has identified water guantity
{freshwater infleow) as an important variable
affecting the conditions of estuaries, 1In
geographic areas of higher precipitation, water
quality input may be as important to the integrity
of the estuary as water guantity., However that may
be, it is important to recognize that a common
dimension between the two is nutrient loading to
the estuary. The common denominator of estuarine
management is management of watershed activities.
While this observation does not provide the basis
for a guide to estuarine management, it does
recognize the importance of the coupling between
watershed management and the receiving body of
water. i}

From our experiences in Green Bay, we suggest that
estuaries are highly responsive to nutrient
subsidy, perhaps more so than land-locked lakes
hecause of the continuous inflow feature. That
response is reflected in the quantity and quality
of primary and secondary production, Por the
first time, a data set on Green Bay, including
physico-chemical parameters and major pelagial
trophic levels (phytoplankton standing stock,
species composition and productivity; zooplankton
and fish standing stocks and composition), is
available for analysis (Richman et al. 1983a;
1983b}.

Physico-chemical gradients (south-to-north
increases in mean depth, water volume and light
penetration, and decreases in nutrient
concentration and specific conductance) correlate
with gradients in standing stock distributions aof
phytoplankton (numerical density, bicvolume
concentration, chlorophyll ajl, species

composition and primary productivity {(Sager et al.
1983; 1984). These parameters demonstrate a
gradient in the bay from hypereutrophic conditions
in the extreme southern end (i.e.iasummgf average
primary productivity = Saglmg Cm day °,
chlorophyll a = 49,8 mg 1 ~, phytoplankton
biovolume = 12 parts per million, and -1
phytoplankton density = 15,000 particles ml
to mesotrophic/oligotrophic conditions in the
upper bay (i.e., ayerage primary productivity =
20,6 mg Cm day ~, chlorophyll a = 2.1 mg

1 °, phytoplankton biovolume = 0.8 ppm, and

}
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phytoplankton density = 1500 particles ml~lj.
Similar gradients were noted in algal species’
abundance and composition, especially in shifts
from blue-green to green algae,

The distribution of zooplankton also shows a
south-to-north trophic gradient in density,
biovolume concentration and species composition.
Total zooplankton biovolume concentrations drop
from average summer values of 1.4 parts par
million in the extreme southern region to 0.2
parts per million in the northern bay waters.
These changes are due to distributional shifts in
both rotifers and microcrustacea, and appear to be
related to the influence of nutrient loadings on
the food guality of the phytoplankton community.

A relationship between phytoplankton productivity,
zooplankton production and fish yields has also
been defined (Sager and Richman 1984: Richman et
al. 1983b). The spatial distribution of fish
yields in Green Bay correlates with mean depth,
total phosphorus, phytoplankton biovolume,
chlerophyll a, phytoplankton productivity and
zooplankton productien aleng the trophic gradient,
Maan annual3yiel§s from 1972 50 1980 ranged from
313 mg Cm ° yr © (3.130 g m™~ " fresh wt.) in

the south to 3.47 in the north for major
commercial species., Yield is highly correlated (r>
-90} with each of the trophic variables.

While space does not permit a detailed discussicn
of the statistics presented above, we have tried
to summarize the essence of our present
understanding in Table 1. The data are presented
as pooled averages for particular regions of the
pbay (Figure 1), which were delineated on the basis
of similacr physical, chemical and biological
characteristics.

The data in Table 1 reveal interesting
relationships between the trophic condition, basin
morphometry and food chain efficiency of carbon
transfer. Efficiency of carbon transfer from
phytoplankton to fish vield is higher in the
mesotrophic, middie bay region (0.66 percent) than
in the hypereutrophic, lower bay (0.14 percent),
1he same pattern 1s observed For the efficiency of
carbon transfer to zooplankton, suggesting
important differences in the suitability of the
phytoplankton production utilized by higher
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TABLE 1

Trophic¢ characteristics and food chain

efficiencies

{carbon transfer) of five regions of

i ici ies are calculated
{Figure 1), EEflCLgnc . Sy
ggeigt?gi of production or yield for fish (

P
zooplankteon (ZP) and phytoplankton (PP), T
total phosphorus,

chlor = chlorophyll a, z = mean

depth, From Sager and Richman {1984).

TP(g1~l)  CHLOR(g1™) z  zP/PP FY/PP
I 190 49.8 2.9  2.3%  0.l44%
1T 76 8.4 7.6 8.3  0.588
IIT 45.5 5.8 8.9 5.9  0.664
v 40 4.4 17.0 6.8 0.22
v 26.7 2.1 29.0  10.2  0.04
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trophic levels in the regicns of the bay. The
proportion of the fish ield for the entire bay ig
highest inp regions II and ITI, and species
composition of the catch shifts dramatically along
the trophic gradient (Table 2),

On the basis of carbon trangfer efficiency and
fish yield, the data Suggest the existence of a
ragion and an accompanying set of conditions where

The crux of the Matter is this. wWe believe that
production in the Green Bay estuary is drjven by a
nuatrient influx (perturbation} introduced at the
head. 1In region I, the influx constitutes a
s"ress (with lowered transfer efficiencies and
vield), while in region IT and ITI it acts as a
subsidy. Region IV and V are areas where the
perturbation has litt}e effect, neither subsidy
nor stress,

This interpretation partly is based on the Odum et
al. (1979) hypothetical performance curve for a
perturbed ecosystem (Figure 23,

We suggest that production is a measure of the
performance of an ecosystem, We also suggest

there may be a consistent relationship between
increased trophic transfer efficiency and figh

measure of effective Mmanagement thus lies in its
potential link to economic theory. 1In thisg
regard, Farnworth et al, (1983) identifies the
parallel in theoreticat cohstructs between
subsidy-stress ecological perturbation theory andg
economic production functions. They demonstrate
the utility of these concepts for the management
of a tropical forest, using market (priced) and
nan-market (unpriced) values,
Farnworth et al, (1983} argue that tropical
forests, in addition to producing private goods,
Provide free or unpriced public goods and services
to man that result from the integrated functioning
of the forest system. fThey further suggest that
both public and Private values can be assured only
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through the maintenance of an integrated
functional system,

In this context the need for criterion to assess
the overall performance fefficiency) of estuarine
ecosystems becomes obvious, 1If the criterion is
responsive to measurable, ecological
subsidy-stress gradients, and if a good
relationship exists between yield and the overall
efficiency of the system, then the two can be used
a3 measures of ecosystem output and be coupled in
a production function model. The resulting model
can be used as a management guide that integrates
both economic and ecological values.

SUMMARY

In summary, the Green Bay estuary like all other
estuaries is inextricably coupled to upstream,
terrestrial ecosystems. Man's activities in the
watershed, which are driven by economic market
forces, are frequently reflected in estuaries as
subsidies or stresses {e.g., sediments, nutrients
and toxics) that produce measurable perturbations.
When upstream watershed activities act as a
subsidy to the estuary, there will be no loss of
market or non-market values of the estuary. There
likely could be an increase.

When watershed activities act as a stress on the
estuary, non-market values {ecosystem processes)
are likely to decline before market value [yield)
is affected., The ecosystem dysfunction results
from a failure of the eccnomic system to maintain
non-market values of the estuary. In order to
assess dysfunction and prevent it from occcurring,
some measdre of the overall performance of the
estuary is needed that considers both market and
non-market value$. Market values clearly can be
assessed through yield guantity and compositian,
We suggest that carbon transfer efficiency may be
another criterien that ran be used to account for
losses of non-market values in astuaries, If so,
it may provide the ecclogical/economic link to the
externalities produced in upstream watersheds,
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DISCUSSION

R. BIGGS: Trying teo specify an ideal salinity
regime could get us into trouble. TIn Chesapeake
Bay, faor example, it has been preoposed that we try
to regulate the flow of the Susguehanna, 1If that
waere done, you could seriously affect the flushing
of all of the tributaries of the upper Chesapeake
Bay and enormously aggravate the water quality
found within those tributaries. That variable is
extremely important.

J. ZEDLER: I want to add to vour list of

research needs, We need to figure out how these
systams respond or recover after you either impede
or fall below the right salinity level. I think
this is a property that differs by species and by
functional group within the estuary. But it's
extremely important to know the consaquences, the
long-term consequences, if we give it toc much or
too little fresh water,

N. ARMSTRONG: We have experienced that in the
Texas estuaries in the drought of the 1950s in
which freshwater inflows were reduced
substantially. And, in fact, there were cases
where full-strength sea water wasa found at the
head of estuaries and river channels, Going from
that case to one in the next year when there were
large flood flows, the estuarine productivity
changed drastically, But it was found that within
three years, normal estuarine biota had returned
to the estuaries.

The recovery process took a fairly short time.
Dick Hoese and B.J. Copeland looked at this
problem when it occurred in the Texas estuaries
and would be able tc comment in more detail on
that. But it's one that had a short-term effect,
and as far as I can tell, the long-term effects
were nil.

In the Chesapeake Bay, it's different., I think
the oyster problem there is one that's been very
different from what we've seen on the Texas coast.

W, ODUM: Lumping carbon, nitrogen and phosphorus
under the master title of "nutrients® can be a
little misleading. Carbon, its sources and the
way it behaves, might be different from the ways
nitrogen and phosphorus behave. I think it's

75

- - e .



important to differentiate between the Lwo when
you talk about sources.

ified that the
TRONG: I should have clarl ]
gért&ﬁssggrce I was talking about was particulate

and dissolved organic carbon.

i the earlier

L; I would like to gn@erscorg : ;

Sém;2§§ with regard to salinity mod;il:ﬁtégg:iin:e
i t forth in r
have many suggestlons pu f L
eshwater
t would affect the quality o

§3ztems feeding into estuaries and also create
tremendous engineering feats and problems.

I would like to emphasiz? some of the
gﬁ:gggg{{ve aspects of the productxyzty Eh;toésand
being discussed --- namely the quality gh o
particulate matter that is coming from the ‘n
freshwater environments into our estuaries,

North Carolina, we've had severe problﬁmgiue_ Ceen
particularly during drought years, wit blu mgy
algal blooms and dinoflagellate blooms E':ative
not be interpretable from a guretgegzagr;anisms

i f view. In other words, "
Egénﬁog r;adily consumable by the food chain that
is receiving them in the estuary.

i Bud Harris,

. SPENCER: I have a question for Har
gcu mentioned that carbon transfer ef?lcxegcyfwas
reduced in the stressed or hypertrophic end o .
Green Bay. Is this stress due to the dominance o
the phytoplankton by blue-green algae? ?3 :e be
follow-up to Hans Paerlés gqe;iign,oiho:hOULd be
interested in total productivity .
égncentrate on types of production and whe?herS
these are going to move up the trophic chain a
efficiently?

A. HARRIS: Yes, it is domlnated by blue-q;:egsils
particularly in the upstream region, and .O:
off very rapidly from there to the nexttregx .
We see various shifts with the §ogplan on reens
population, because s?me g?n zt1t;;eagtﬁg;gce i
han others, n effect, :
gizzf;rzens is reflected in actual shifts of the

zooplankton.

b we don't
brought up earlier that althoug

;zv:a: goodghandle on the benthos quantifiﬁd in
terme of biomass, it would appear that it is
shifting from the grazing food chain to the
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detrital food chain, then to the microorganism
food chain. So, production is simply going a
different way. Consequently, the lower end of the
chain is light-limited to a large extent. Of
course, the blue-greens, which are able to utilize
atmospheric nitrogen have same advantage.

N. ARMSTRONG: One of the issues ] think we need

to focus on, and one we see in Texas, is what
criterion to use to allocate freshwater inflow. a
couple of months from now we'll be at hearings to
determine how much water will be required to be
teleased from a reserveir near the coast to supply
a downstream estuary with fresh water., The
questions of which criteria to use and how much

water to release have to be answered almost
immediately,

Whether one uses salinity, productivity or some

other factor is now the critical issue. One of

the things we've discovered is that salinity and
productivity are uncoupled in part,

Salinity reflects the freshwater inflows and tidal
exchange in estuaries, making it a more direct
indicator of freshwater inflows than mast other
parameters., Productivity, as suggested, is more
of a function of recycling in the systems and is
somewhat uncoupled with freshwater inflows.

We've seen in our mass balance calculations that
freshwater inflows contribute small amounts of
nutrients relative to what is being recycled in
the system. How is that coupling achieved? How
does cne actually say that fresh water is related
to secondary production? 1If gne cannot make that
connection very clearly, then is productivity a
proper basis to use? Correlations between
freshwater inflows and commercial harvests are
fraught with all the problems of using commercial
harvests based on effort, economics and sa forth.
But it's a tool that's available now, The
question of whether it's the best tool is one that
has to be debated.

Salinity may be the easier eriterion to use,
However, it is often assumed that there's a

constant salinity throughout the year. But this
18 not the case,
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Tes ol
freshwater needs to the estuaries in Texas, the
Department of Water Resocurces, particularly Gary
Powell, looked at salinity needs for the organisms
using them. The department asked for examples,
what are the salinity requirements for shellfish,
primarily shrimp, using the estuary at various
times of the year? Or what salinities need to be
maintained in the estuary for the feeding and
nursery grounds?

Once acquired, the salinity requirements wera
translated to freshwater inflows at that time of
year. 1Ib this case, salinity was used as the
basis to come up with monthly freshwater inflows.
And, it turns out, that if those inflows require
some fraction of the normal inflows there is a
seasonal pattern to them. One constant salinity
cannot be maintained throughout the year,

One of the guestions I was hoping to get some
guidance on is how does one judge the importance
of salinity versus productivity as a measure of
the freshwater inflow required?

J. SHARP: T think there's another aspect of

river flow conditions to salinity that should be
addressed. We have analyzed flood and drought
data for the Delaware estuary over several
decades. The extreme variances in salinity,
largely from differences in river flow, are
factors that I think push water managers toward
the idea of regulation. What data like this doas
not show is the depth structure of salinity,

Througheut most of the year, the salinity
structure is almost homogeneous from top to
bottom. With spring flow, we get salinity
differences as high as 15 parts per thousand from
surface to bottom, This stratification sets up
and persists with some intensity throughout the
spring period. ‘This is when we get much of the
productivity of the year. From March to May,
there is a pronounced chlorophyll maximum,
pronounced productivity maximum, just below the
turbidity maximum in the broad, lower parts of the
open estuary. This is almost entirely because the
photic depth is shallower due to stratification.
If we were able to control the salinity and the
water flow of this spring flush activity, control
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of the productivity of the estuary would be lost
to a more homogeneous year-round flow.

Another aspect of this big spring flow is that its
flushing activity may wash out some of the things
in the estuary that are undesirable,

One of the major parameters in water quality has
always been dissolved oxygen content. We have
normalized dissolved oxygen concentrations in the
Delaware by plotting it against salinity. The
"apparent oxygen utilization" compares dissclved
oxygen present with theoretical dissolved oxygen
for each temperature and salinity measure. This
gives you an idea about oxygen demand in a
somewhat integrated manner. The total measurement
of dissolved oxygen is difficult to evaluate,
because the temperature and galinity greatly
affect solubility. But by plotting dissolved
oxygen against salinity and using AOU, we find
that the Delaware has a consistently strong oxygen
demand in the upper portion of the estuary where
salinity is zero to five parts per thousand.
Throughout most of the rest of the estuary there
is near saturation and in some cases
Super-saturation of dissolved oxygen. Therefore,
I think this may be a valuable parameter in
evaluating water quality and stress,

D. BOESCH: One of the problems, with respect to
making management decisions about freshwater
inflow and anything else that's potentially
manageable in these estuarine systems, is that we
have a poor definition of the resources we're
specifically trying to manage., Varicus
discussions of overall productivity, primary
productivity, species-specific management and
other problems lead us to a sort of blind
assumption that all of these sources have values
that are completely compatible. We assume that if
we target for some sort of simple good we will
have all of these things.

The systems we're dealing with vary widely in
their characteristics and potentials. Therefore,
it seems to me that in the long run, we have to
lock at estuarine basins from the viewpoint of the
fesources we expect them to provide. Then we must
try to develop our strategies on the basis of
those resources, in terms of research and
management Strategies.
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Te give you an example, in Louisiana we have
profuse estuarine drainage basins, where
freshwater input varies widely from year to year.
It seems that what is a good year for oysters is a
bad year for shrimp. fThis is large freshwater
inputs, or moderate freshwater inputs at least are
good for oyster production because they prevent
disease organisms and predators from encroaching
on the coyster beds. But low flow conditions
enhance the nursery ground habitat for shrimp. 1In
addition, we have a very strong competing interest
with management for waterfowl and for fur bearers,

My question, then, is how do we as scientists
develop research strategies that couple the actual
resources we should be managing with the process
of learning how the system provides these
resources? And how do we interact with social
techniques to overcome the difficulties of
erecting strategies for managing specific
resources that may eliminate other resources
people depend on in the system?

N, ARMSTRONG: I think our management strategies
should focus on what we want to get from the
estuary. In Texas, commercial fishermen have the
choice of dealing with shrimp or finfish. By
increasing freshwater inflows in some estuparies,
one can increase the harvest of the shrimp and
decrease the harvest of finfish, and vice versa.

Water quality management embodies the questions
we're raising., Based on the uses one wants to
obtain from the estuary or any water body,
criteria needed to support them must be decided,

A research strategy should focus on the variety of
uses possible for the water body.

Uses may change over time, We may change from
wanting shrimp in this decade to wanting finfish
in the next. Our strategy for managing the system
should allow us to shift from one to the other,
The research strategy has to be broad encugh to
encompass a variety of uses. It must incorporate,
not limit us te only one use.

G. HENDRIX: We expect different estuaries to do
different thinga. In my particular orientation,
national parks, the mandate is to manage an
estuary for its natural agsemblage, natural
progression of change and natural processes,
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I do not believe, even in systems managed for
harvest production, that we often know enough to
take one species and work backwards to protect
that particular praduction. Many factors need to
be taken into aceount in making models for
productian. An understanding of the events, and
of the phase shifts and various cycles and
natterns is just now becoming available to us.

I'think thaF management hased upen production of 5
Single species or of a few species is stil] a
dangerous route to follow at this peint. I would

H. AARRIS: One of the problems is defining *we,*
and‘you've identifiad that, There is a
sociological problem in trying to get some kind of
consensus. You brought ayt the fact that
estuar@ne systems have evolved and have received
man's impact ovet time. 50 cne of the things
that's been driving the estuaries is the fact that
they are used for their assimilative capacity,
This has been the case with Green Bay.

Assimilati?e capacity of the estuaries for wasteg
is a legitimate use in evary system, It is driven

by market forces and those market values are easy
to compute,

We need to do research in the area of non-market
econom?cs. That's a tough area, but the link
there is some criteria or criterion that reflects
the overall "health® of the ecosystem.

I am suggesting that productivity is a bottom
llne._ The efficiency of any system represaentsg a
baseline upon which we may be able to measure the
neh-market values of those systems,

R. NISSHAR§ The Columbia River iz unique to the
Northwest in that it has approximately 60 to 90
percent of the fresh water coming into that part
of the Pacific Ocean between San Francisco and the
Straits of Juan de Fuca, 1It's a high energy
system, as far as flushing.
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Because of this, the river is, and has bheen,
considerably unproductive. With the construction
of dams, it is probably more productive now than
it ever has been. However, it is still a high
enargy system. Because of the dams, we do have a
chance of managing this system by looking at the
allocation of fresh water,

R. BIGGS: I think sometimes we believe we can
manage these systems as we might manage chickens
in a chickenhouse, controlling the organism or
population from the cradle to the grave.

This is not true for estuarine systems. What we
can hope to do, in terms of nutrients or fresh
water, is control only the most fundamental
aspects of the system. We're not going to control
a 200-year flood, because we cannot build enocugh
dams or impoundments to keep it from coming.

We're not going to contrel next week's affshore
forcing function that might dump a couple of
billieon cubic meters of salt water at the mouth of
the Chesapeake Bay. These processes are on a
scale that is not reducible, at least not unless
we want to engineer such systems,

The best we can hope to do, at least in the
foreseeable future, is try to define what we think
will affect the overall health of individual
systems, All processes and components stay within
some reasonably defined bounds of system
integrity. Therefore, we project that the system
will provide the amenities and benefits we expect
from it in the future.

I. VALIELA: Setting economic goals and

ecclogical values in estuaries is not easy. Many
of the kinds of problema that we're talking about
are difficult to translate into economic terms.
Although some non-market values have been pointed
out, I don't see the overall strategy behind this.
Even if you estimated an economic value, you would
cone up with a few thousand dollars, and that
doesn't convince anyone. Por example, there are
places in Hew Jersey where one hectare of
marshland ia worth $200,000 for an industrial
concern. Thia is not beneficial from an econowic
standpoint, If thia idea succeeds, it ia not
going to do 80 in the arena of politics and
economics where you want it to succeed.
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H. HARRIS: In effect, what you're saying, is

that the economic market has driven us to a point
where we're trying to react, take account of the
non-market values, and then use the same argument
as the justification for management and the work
of the system that we See as important. This can
be a dangerous position, because it may lead toc a
lose-lose situation,

My response is that we are satisfied with the
present system. And to say that we should not
investigate those may mean we don't understand
what some of the non-market values are.

J. WILLIAMS: T would like to address my

guestion to DUr. Harris on the analysis of
productivity and nutrient transport in the zones
aof Green Bay. I would alsoc like to say that
fisheries productien and yield are not necessarily
synonymous.

Did vou look at any other methods, such as
standardizing, in the different regions of Green
Bay with some sort of estimate af production using
Catch Per Unit Effort (CPUE)?

H. HARRIS: Actually, those data are not mine,
That was done as another project, and I just
pulled some of them together, There are a lot of
assumptions, I don't think they computed Catch
Per Unit Effort.

It is a variable, and we know, for example, that
in the upper part of the bay we saw the yield
falling off considerably in terms of whitefish.
What we know about that area of the bay is that
we're producing the whitefish in Michigan, and
Wisconsin is harvesting them., Our yvield bag,
therefore, is biased by movement. So, there are
some holes here.

W. ODUM: We ran intoc a problem about price a

leng time ago in Florida in dealing with mangrove
swamps, There are acres in south Florida that are
worth a half a million dollars for economic
purposes,

We found an ideal solution to that. Some of you
may have come to the same conclusioen., That is,
you simply establish the fact that wetlands are
priceless. In other words, they cannot be
replaced with anything else. They don't have a
price; it cannot be calculated.

B3



W. SBAMAN: In closing, I will state a few
observations., Early in his presentation, Neal
Armstrong listed users and uses of the estuarine
system. Often, the users we deal with are in the
public sector --- usually the ordinary citizen who
buys a condominium and wanta to live on the
waterfront.

It is interesting that Florida's Department of
Natural Resources recently commissioned an
attitudes and education study of a coastal
population and found that a significant majority
of the public could not differentiate between a
mangrove and a manatee, They had no real
conception of the nursery function of estuarine
systems,

In response to Don Boesch's second point about the
soclio-ecanomic setting, we've got a tremendous
education job to do in linking our scientific
information to social understanding,
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' - N'S AUTIVITIES ‘AND shoiMEWLD - -
INPUTS TC ESTUARIES

Jerry Schubel
State University of New York at Stony Brook
Stony Brook, New York

INTRODUCTION

The topic T have been given is sediment management
and estuarine productivity. My assigmment is to
present an overview of the subject and lay ocut
some research priorities to provide needed
knowledge for future management., At the outset,
we need some definitions and some boundary
conditions.

I shall restrict my discussion to fine-grained
sediments, those sediments in the silt- and
clay-size ranges (particles with diameters less
than 62.5 gm)., I shall use a broad definition of
productivity. I do not restrict it to primary
productivity, to secondary productivity or even to
biclogical productivity. For the purposes of this
paper, I define an estuary's productivity as a
measure of the range and diversity of the
estuary's uses upon which society places a high
value. 1In other words, productivity is a measure
of the extent to which an estuary meets society's
expectations for it.

My role is that of a challenger; my assignment 18
to challenge. My dictionary defines the verb
challenge as "to call, invite or summon to a
contest, controveray, debate or similar affair;
especially to invite to a duel.,” I would like to
stop just short of a duel. But to make an
effective challenge 1 feel cbliged to make scme
rather blunt and uneguivocal statements,

In this paper I shall concentrate on my assignment
' to lay out some research priorities tec provide
needed knowledge for future management.
I already have described in some detail estuarine
sedimentation processes (Schubel 1983) and the
effects of estuarine sediments on environmental
guality (Schubel 1976; 1977; 1982). I shall deal
with these topics only selectively and briefly
' here. In my discussion of research priorities, I
| shall draw heavily upon several papers and reports

| 87



that I have authored, coauthored, or edited, which
deal with the subject at hand (Schubel et al.
1978; Schubel 1983; and Burns and Schubel 1983}.

The most effective way to manage estuarine
sediment is to reduce the amount of sediment that
enters the estuary and to improve the quality
treduce its associated contaminant levels) of that
which does. The most effective long-term strategqgy
for reducing sediment inputs to an estuary is
through proper soil conservation practices
throughout its drainage basin., The most effective
long-term strategy for improving sediment quality
is through reduction of the inputs of contaminants
at their sources,

Two of our management goals should be to reduce
the amount of sediment released from the land
{i.e., the sediment vields) through proper scil
conservation practices and to reduce the inputs of
contaminants to our nation's waterways,
Reductions in either of these will have
meliorative effects downstream in the estuary,
But, even if we could achieve these goals in the
extreme (if we could reduce sediment yields and
contaminant inputs to zero, which we can not,) we
still would have sediment management problems in
many, probably most, of our major estuaries for
several decades to a century. These are the time
scales for movement of sediments from

their sources in the drainage basins of major
rivers down into the estuaries. While reduction
of sediment inputs to estuaries may be desirable,
reduction in the supplies of sediment to wetlands
and deltas may be undesirable in actively
subsiding areas, such as the Gulf Coast of the
United States.

Little can be done to manage sediment while it is
suspended within the waters of an estuary. Many
of the more important effects are associated with
sediment in suspension, but tha opportunities for
management are few. It's a little like trying to
manage the path of a golf ball after it leaves the
face of the club by applying *body English,"®

After sediment Finds its way into the estuary, ita
only management occurs after it is deposited on
the bottom. And the management often happens in
conjunction with dredge-and-£111 operationa, which
is associated with channel dredging and
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I descrin
the inputs of sediment tp estuaries,

dredged-material disposal. 1t ig my cpin

the management of thig sediment andf mg;eion Fhat
specifically, eour activities to deat with it
could bg improved substantially with a relativel
modest investment, It is here wherae we should !

concentrate pur sediment managem i i
the estaars. gement efforts within

I have grouped my research pri
general categories inp decreasi
to management per unit cost of

orities into four

g order of payoff
the research:

1) Development of estuary-wi i
Y-wide dredgin and
dredged materjial Management plans; 7

2) Documentation of estuarine sediment
systems: sources of sediment, rogtes angd

rates of transport, 8ites and rates of
accumulation, transformatio

composition betwean points of entry and
Sites of accumulation;

3 Characterization

41 Characterization of the processes that
control the particle-sigze distribution
and degree of agglomeration of

fine-graineqd particles within the water
column and on the bottom and an

asgessment of how these processes affect
bottom stability, athee

The ranking represents my subjecti
average across research prioriti

sedimant management withi
estuar;es. For small estuaries ang

e some of man's activities that af fect
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!N'SHIVIE AHDIFMINPE!S TO ESTUARIES

Particles are added to estuaries by rivers, by the
atmosphere, by shore erosion, by bioclogical
activity within the estuary, by municipal and
industrial discharges, and by the sea. The
Sources are external, internal and marginal,
People's activities have affected the flow of
particles into estuaries —-- their guantity, their
composition, their size distribution and the
substances associated with them.

Regardless of the criteria one uses to measure
environmental quality, the increased influxes of
particulate matter into estuaries that result from
man's activities have had a deleterious effect on
many estuarine uses and salutary effect on few, if
any. This is true whether the particles are
suspended in the water column or deposited on the
bottom. The most undesirable effects are
associated with fine-grained materials and
materials in the silt- and clay-size fractions, T
$hall restrict my attention to them., It probably
is not an exaggeration to say that Fine—

grained particulate matter has a greater affect on
environmental gquality than any other single
factor.

Although sediment in estuaries comes from many
sources, the sources most affected by man are the
rivers that carry sediment from upiand areas into
estuaries. This discussion focuses on the
sediment loads of rivers that are increased by
farming, mining, deforestation and urbanization;
and are decreased by construction of reservoirs
and other protective works.

People's activities have affected not only the
ahounts of suspended particulate matter added to
estuaries, but also the size distribution and
composition of these materials. There has been a
shift to smaller particles and an increase in the
amount of organic matter (Schubel 1976).

Man's Activities That Increase
River Sediment Loads

Soil erosion is the ultimate source of most
fluvial sediment. Ever since the first European
settlers landed in North America, man has affected
the amount of sediment in streams. The influence

S0

of man on sedimentation is well documented in the
Chesapeake Bay region, where clearing of foresta
and wasteful farming practices (especially those
used in raising tobacco) contributed encrmous
loada of sediment to the rivers. Clear streams
became muddy and deep harbors at the heads of many
Chesapeake Bay tributaries wera filled rapidly
with sadiment (Gottschalk 1945). The Potomac
River, whose waters were already turbid but still
suitable for muricipal use in 1853, had become so
muddy by 1905 that the city of Washington had to
install its first filtration plant., A comparison
of the 1792 and 1947 shorelines of the upper
Potomac shows that large areas of the Potomac near
Washington had been filled with sediments stripped
from farmland further upstream. The Lincoln and
Jefferson Memorials now stand on what was
described in 1711 as a harbor suitable for great
merchant vessels. Even today, an average of about
2 million cubic meters of sediment is deposited
every year near the head of tide in the Potomac;
not all of this sediment i3 the result of
agriculture. There are former seaport towns on
the western shore of northern Chesapeake Bay where
decaying docks are separated from navigable watar
by several kilometers of sediment-filled lowland.
Streams that drain modern day farmlands in many of
the Mid-Atlantic states carry about 10 times as
much sediment as streams that drain equivalent
areas of forestland. And this relationship is by
no means unique. In the coastal plain of northern
Mississippi, sediment yields from cultivated lands
are 10 to 100 times the yields from equivalent
areas of forestland {Gottachalk 1945; Trimble
19741, In two other areas where studies have been
made, the Tobacco River Valley of Michigan and the
Willamette Valley of Oregon, streams draining
farmiand carry two to four times as much sediment
a3 streams draining equal area of forestland.

Mining is another activity that has increased the
sediment loads of some rivers that Flow into
estuaries. San Prancisco Bay, for example,
contains nearly a billion cubic meters of sediment
washed from the Sierra Nevada during the
approximately 30 years of intensive hydraulic
mining for gold in that range,

Even after the hydraulic processing was stopped in

1884, the mining debris continued to choke the
valleys of the Sacramento River and some of its
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tributaries for many years. Gradually over the
years the debris was deposited downriver in the
marshes and shallow areas surrounding San ‘
Francisco Bay. The mining debris released in
three decades is more than the total sediment from
all other sources (including farmland) that the
Sacramento River has carried in over 12 decades
since 1850 (Gilbert 19171, It has been shown that
this sediment had an important effect on the )
circulation of San Francisco Bay. The tidal prism
was decreased, and the flushing regime changed
significantly.

The high soil erosion rates prevalent in many
unglaciated areas during the 19th and.early 20th
centuries now have been reduced by soil
conservation practices and by reversion of uplands
to pastures and woodlands (Meade 1?80). But the
effects of the earlier higher erosion rates are
still being streongly felt downstream in the lower
reaches of rivers and their estuaries. “"Much of
the soil material that was eroded off the uplands
gince 1700 is stored on hillslopes and on the
floors of stream valleys," says Meade._ Many )
alluwial valleys ir the southern an@ mld—gtlantxc
piedmont of the United States are }lned.wlth a
layer of sediment a meter or more in thickness
that has accumulated since European sett}ers
arrived (Costa 1975}, Since upland erosion was
curtailed by appropriate soil conservation
practices, sediment has heen supplied to streams
from intermediate storage sites between the
uplands and the river (Meade 1980; Meade and
Trimble 1974; Trimble 1977). Trimble (1975) has
estimated that more than 90 percent of the
sediment eroded from the uplands of the southern
piedmont of the United States since 1700 still
remains above the fall tine =-- the boundary
between the piedmont and the Atlantic coastal
plain. The implication is that soil removed
during an ercsional episode can be released from
intermediate storage sites over a period of
decades to centuries and move downstream as a
wave,

In glaciated areas, the influence of man on s0il
erosion rates has been less marked. (Gordon 1979;
Meade 1980; Williams and George 1968). 1In a study
of the Connecticut River valley, Gordon (1979)
found little evidence that sediment yields had
changed since precolonial days.
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Urbanization is the most recent of man's
activities to contribute large amounts of sediment
to streams. Sedimant loads derived from land
being cleared or filled for the building of
houses, roads and other facilities are hest
documented in the United States between
Washington, D,C, and Baltimore, M4, During
construction of housing development g, shopping
centers and highways, the socil is disturbed and
left exposed ta wind and rain., The concentration
of sediment in storm runcff from construction
sites is 100 teo 1,000 times what it would he if
the soil had been left in a natural, vegetatad
state, Even though the soil is exposed to intense
erosion for a shart time, the amount of land
cleared for new housing and ancillary uses in the
Washington-Baltimore a&rea was so great in recent
years the contribution of sediment has been
significantly large, Harold Guy of the U, s,
Geclogical Survey has estimated that the Potomac
River receives about a million tons of sediment
per year from streams that drain the Washington
area. This is about the same amount of

sediment that the Potomac River brings into the
Washington area from all its other upland sources,

In some areas of the world, lumbering has
increased dramatically the sediment yields and
Sadimentation rates in rivers and estuaries,
Large areas of forest have been stripped in
southern Chile without replanting.

Another of man's activities that increases the
sedimentaticn ratesg of estuaries is the discharge
of dissolved phosphorus, nitrogen and other plant
putrients into rivers and estuaries, Municipal
sewage effluents, including effluents that have
received secondary treatment, the highest degree
of conventional treatment, contain high nutrient
concentrations. In some areas, agricultaral
runoff from Fertilized croplands and animal
feedlots also contributes nutrients to rivers anad
estuaries, These nutrients promote the growth of
diatoms and other microscopie plants
(phytoplankton) in the rivers and in the estuaries
inte which the rivers flow. The mineral
structures formed by many of these organisms
persist after the organisms die and become part of
the sediment loads of rivera and the sedimentary
deposits of estuaries. The U.S. Army Corps of
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Engineers estimated, for example, that diatom
frustules, produced in the Delaware River and the
Delaware Bay, contribute about the same amount of
sediment (a million-and-a-half tons per year) to
the Delaware estuary as all upland river scurces.

The effects of nutrient loading from municipal
wastes on primary productivity are readily
observable in the Potomac estuary, in the
Baltimore Harbor -and Back River estuaries
{Maryland), in the Raritan Bay and Arthur Kill
estuaries (New York/New Jersey), in the Hudson
estuary (New York), in the Delaware estuary, in
S5an Francisco Bay (California) and in many other
estuaries around the United States and throughout
the world. Stimulation of plant growth by
nutrient-enriched runoff from agricultural areas
is apparent in the upper (hesapeake Bay {Maryland}
in the estuary of the Susguehanna River.

Man's Activities that
Decrease River Sediment Loads

Reservoirs probably cause the most significant
interruptions in the natural movement of sediment
to estuaries by rivers. Reservoirs are built on
rivers for a number of purposes: hydroelectric
power generation, flood control, water supply and
recreatian. Regardless of their purpose or size,
reserveirs trap sediment (Schubel and Meade 1977).
For example, a reservoir that can hold only one
percent of the annual inflow of river water is
capable of trapping nearly half the river's total
sediment load.

A reservoir whose capacity is 10 percent of the
annual river water inflow can trap about 85
percent of the incoming sediment (Meade 1976;
Meade and Trimble 1974). Although a river tends
to erode its bed downstream of a reservoir to
partly compensate for sediment it has lost, the
net effect of the reservoir is to decrease the
overall amcunt of sediment carried by the river,
In the larger river basins of Georgia and the
Carolinas, the sediment loads delivered to the
estyaries are almoat one-third of what they were
about 1910, mainly because of the large number of
reservoirs that have heen built for hydroelectric
power and, to a lesser extent, for flood contrel
{Schubel and Meade 1977).
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The trapping, however, cannot always be considered
permanent, not even on time scales smaller than
the life span of the reservoir. The sediment held
behind some dams can be mobilized by extreme flood
events (Meade 1980). Flooding of the Susgquehanna
River in Pennsylvania and Maryland following
passage of tropical storm Agnes in June 1972
purged 10 to 20 years of sediment accumulation
from reservoirs on the lower river (Schubel 1974;
Zabawa and Schubel 1974; Gross et al., 1978).

On some rivers, settling basins and reservoirs
have been built as sediment traps to improve the
guality of water downstream. In 1851, three
desilting basins were constructed on the
Schuylkill River of Pennsylvania to remove the
excessive sediment that resulted from anthracite
coal mining in the upper river basin, The basins
are dredged every few years, and the dredged
material is placed away from the river out of
flood reach. As a result of these basins, the
sediment load carried by the Schuylkill into the
Delaware estuary has been reduced from nearly a
million tons per year to about 200,000 tons per
year.

Return of cultivated lands to forests can
significantly reduce sediment yields. 1In the last
S0 years, the average suspended load of South
African rivers has decreased by 50 percent largely
because of the stabilization of river banks by
vegetation (Rooseboom 1978),

Net Effect of Man's Activities
on Sources of Sedimant

The net effect of man's activities has been an
increase in the sediment supplied to most
estuaries, but we cannot say by how much.
Although reservoirs and other controls have
reduced the sediment in rivers in recent years,
they have only partially offset the influences
that caused the increasas.

Added to this is the fact that sadiment takes
decades to move through a river system, Much of
the sediment released by past mistakes, such as
poor mining practices and poor agricultural scil
conservation practices, is in transit storage
between its sources and the estuaries, Even if
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the active supply of sediment to rivers weare
completely checked today, many decades would pass
hefore the sediment loads would drop to natural
levels.

The fight against erosion has been more successful
in developed countries than in developing
countries because of better Iand-use regulation.
But, deterioration of water quality in coastal
areas is a more serious problem in developed,
industrialized countries than in most developing
countries,

An Example of How Man Altered an Estuary's
Circulation and Sedimentation Patterns
By Altering Its Freshwater Toput

Charleston Harbor is an interesting example of an
estuary whose circulation and sedimentation were
altered by changing the freshwater input to the
estuary, and to a lesser extent, by changing its
geometry. The Charlesten Harbor estuary, located
on the South Carolina coast (USA), is formed by
the confluence of the Ashley, Cooper and Wando
Rivers. The mouth of the estuary is restrictead,
and entrance Erom the Atlantic Ocean is gained
through a single jettied channel. Prior to 1940,
the total freshwater input was very small,
averaging only about 2.8 cubic meters per second,
and the harbor was between a vertically
homogeneous and sectionally homogeneous estuary.
Fine-grained suspended sediment moved slowly
through the estuary to the ocean, and little
dredging was necessary. The dredging required to
maintain the main navigation channel at a depth of
9 maters was about 61,200 cubic meters at a cost
of approximately $11,600 per year.

In late 1941, a dam was completed that diverted
water Erom the Santee River into the upper Cooper
River, which flows into Charleston Harbor. The
average freshwater input to Charleston Harbor rose
Erom only 2.8 cubic meters per second to about 425
cubic meters per second. The freshwater discharge
increase shifted the circulation pattern from a
very well-mixed estuary to a two-layered
circulation pattern characteristic of a partially
mixed estuary. Fine sedimentary particles,
previcusly carried through the estuary to the
ocean, ware now entrapped in the estuary by the
net upstream flow of the lower layer. They
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accumulated in the inner harbor, the upper reaches
of the net non-tidal estuarine circulation regime.
Shoaling became a serious problem. The dredging
required to maintain the inner harbor channels
increased to an average of approximately 1,758,000
cubic meters per year at a cost of about $2380,000
per year between 1%44 and 1952 (Schultz and
Simmons 1957). Since 1952 the dredging rate has
increased more; between 1960 and 1970 it averaged
over 131,800,000 cubic meters per year at a cost of
some $6 million per year. The increase in the
shoaling rate resulted from the addition of new
sediment sources, but the most important factor
was the change in circulation produced by the
increased river discharge. This was demonstrated
conclusively by hydraulic-model studies.

Because of the enormcus increased costs of
dredging, the Charleston District of the U.S5. Army
Corps of Engineers developed a plan to redivert
most of the Cooper River flow back into the Santee
River. Implementation of that plan will cost of
approximately $100 million.

SOME RESEARCH PRIORITIES

On the Need for Development of Estuarywide
Dredging and Credged-material Management Plans

The greatest single payeff to sediment management
in most estuaries would come from the development
of regional dredging and dredged-material
management plans,

A dredging and dredged-material management plan
should be developed for each estuary. The plan
should be estuarywide and should ensure that
maintenance dredging projects can be performed on
schedule, and with predictable, acceptable impacts
on public health, the environment, the biota and
the economy. Each plan also should provide
mechanisms for the timely and diagnostic
evaluation of proposals for new work projects.

In maintenance dredging projects, the potential
faor adverse impacts is associated primarily with
disposal and not with dredging. I believe most
dredging experts would agree that we have
sufficient knowledge to design and carry ogut
maintenance dredging projects with predictable and
acceptable impacts on public health, on the
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anvironment and on the living resources. The
nature and extent of the impacts are set by the
methods of dredging, especially by the medium
within which disposal occurs, and by the methods
aud modes of disposal. To select an appropriate
disposal strategy, planners must consider the
guality of the material to be dredged
tparti?ularly the levels of associated
contaminants) and assess the behavior and effects
of the material and its associated contaminants
for a variety of disposal options. Effects
aﬁsocxated with the dredging can be limited in
time and space to levels that do not pose
significant threat.

?n new work projects, the potential for adverse
impacts is associated primarily with dredging and
not disposal. The disposal of materials dredged
for new work projects should pose little threat to
human health, the environment or biota because the
materials are primarily, or entirely,
upcgnpaminated. We have sufficient knowledge to
minimize potential adverse impacts associated with
disposal through proper planning. In many cases,
the material may be used for constructive
purposes: beach replenishment, construction
aggregate, landfill. 1In other words, matevrial
dredged for new work should be examined first as a
resource and anly after these possibilities have
been exhausted should it be viewed as refuse.

The adverse esffects of dredging in new work
projects occurs not with the temporary effects
associated with the act of dredging, but with
persistent effects that may be produced by
alterations of the circulation patterns, and as a
result, alterations of the salinity distribution
and sedimentation patterns, The magnitude of
these alterations can be evaluated with
appropriate models, particularly numerical models.
The extent of the physical and geological changes
associated with channel deepening and the
environmental significance of these changes are
highly site specific., They deserve careful

consideration before major deepenin roje
cts
undertaken. P 7 pres are

In the_absence of any new work projects, nearly

all major U.5. ports require periodic maintenance
dredging. Often the volumes of material involved
are large and the frequency of dredging relatively
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high. Environmental concerns and regulatory
inefficiency sometimes cause prolonged, costly
delays in maintenance dredging that could be
aveided by proper planning and management.

An estuarywide dredging and dredged-material
management plan should be developed for each
estuary and should be based on a rigorous
assessment of all plausible alternatives,
including the "no dredge” alternative.
Environmental and political pressure groups must
not restrict the range of alternatives to be
assessed. Impositicn of the socioc-political and
economic "realities® should be constrained until
the specific assessments have been completed. The
plan should be based upon (1) a thorough
characterization of the kinds and qualities of
materials to be dredged, (2) a rigorous avaluation
of the physical and chemical behavior c¢f these
materials on alternative disposal environments,
and (1) an assessment of the resulting impacts of
d-edging and disposal on public health, the
environment, the biota, other uses of that segment
of the environment and the economy.

While there would not be unanimous agreement as to
the range and magnitude of the specific
environmental, ecological and human health impacts
associated with each alternative, therd almost
certainly will be agreement among the experts as
to the relative impacts associated with each
alternativa. That is, for a given kind (quality)
and quantity of sediment, scientists could rank
the disposal alternatives that are available for
that port using a variety of criteria, and there
would be agreement among them as to their relative
acceptability. 1In other words, there would be
general agreement that based on a number of
criteria, alternative A is better than B, which is
better than C. The plausible alternatives
available will vary from port to port and, as a
result, the relative ranking of a class of
alternatives, or of any of its members, may vary
from one port to the next even for the same kind
{quality) and quantity of material. Alternmative A
may be the most acceptable alternative for Type C
material for the Port of New York/New Jersey, but
rank below other alternatives for the Port of
Baltimore for the same kind of material. To put
it simply, what's best for New York is not always
what's best for Baltimore, Norfolk or Beaufort.
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One probably can also rank with agreement the
impacts --- public health, environmental, .
ecological and economic --- of disposal assoclated
with various disposal options relative to the
impacts associated with not dredging. The
economic impacts of not dredging are often
assessed or at least asserted. But there also are
public health and envircnmental impacts of not
dredging and only rarely are these assessed.

The fitrst iteration of a portwide dredging and
dredged-material management plan should be based_
entirely upon existing data and informgtlun. This
procedure will highlight deficiencies in data and
information and pinpoint areas where additional
studies would contribute little to improved
understanding or better management. A lot of
time, effort and money have expended on
unnecessary duplication of research, particularly
on routine monitoring assocliated with maintenance
dredging and disposal operations. At the same
time, some important questions associated with the
effects of these activities have never been
addregsed or have been addressed only feebly. It
is only when one begins to summarize, synthesize
and utilize the data, information and knowledge
that exists to answer estuary-specific questions,
that one can assess critically the adequacy of
existing data, information and knowledge. We know
more today about the effects of dredglng‘and
disposal than typically is incerporated into
decisgions affecting dredging and dredged-material
management.

The preparation of a comprehensive dredging and _
dredged-material management plan for an estuary is
a large undertaking that requires the skills of
experts in a number of fields., Once prepared,
however, the plan can be revised and updated
easily to incorporate new information and advances
in science and technology. Updating cah be
facilitated if information is incorporated into a
computer-assisted declsion-making system.

Once a plan is developed and endorsed, a full and
rigorous assessment need not be completed every
time a maintenance project is proposed. The
quality of material accumulating in a channel
normally varies little from year-to-year or over
longer pericds unless there is an accidental
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release of contaminants or a major natural event
such as a flood or hurricane,

Spot analyses of material should be sufficient to
determine whether that material falls within the
normal range of materials for that project
(channel}. Additional biocassay and
bicaccumulation tests may not be warranted, or if
they are, the number should be small,.

For each major estuary the appropriate agency
should contract for the preparation of a draft
regional dredging and dredged-material management
plan. To be an effective management tool, the
plan will require the review and endorsement of
appropriate governmental agencies responsible for
environmental matters and the participation by
public interest groups during its development.
Public participation will be most critical in the
initial stages to identify objectives, goals and
alternatives and in the final stages to review and
endorse the plan,

Financial support for the development of regicnal
dredging and dredged-material management plans
could come from a reallacatinn of funds now used
for routine monitoring of maintenance dredging
prejects. In many estuaries a major source of
support for research on estuarine sedimentation
comes from the U,.S, Army Corps of Engineers in
conjunction with monitoring of maintenance
dredging projects. Much of this support,
sometimes most of it, is wasted. All too often
studies of the environmental effects of a
particular dredging and disposal operation
contribute little to our understanding of specific
sedimentation processes or the sediment system of
that particular estuary, Rarely do these programs
affact the conduct of the operation they monitor
ot the design and conduct of futare
dredging/disposal operations, even those
associated with that same project.

If one accepts that some support for research and
monitoring is part of the price of carrying cut a
dredging project, then science, society and the
environment could benefit from a different
approach to the allocation and expenditure of
those funds. The funds might be generated by a
surtax on each dredging project set as a fixed
percentage of the total cost of the operation or
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estuarine sedimentary systems hardly have been
considered and when they have it has been in
response to a crisis. One of the best examplesz is
the work that explained the formation of the mud
deposits in the Thames and the relationship of
maintenance dredging of the shipping channels to
the London docks (Inglis and Allen 1957). TwO
more recent examples of crisis studies resulted
pecause of problems associated with Kepane
{Nichols and Cutshail 197%) on the James River and
its estuary from detection of high levels of PCBs
in sediments, water and organisms (Olsen et al.
1978) on the Hudson River and its estuary.

studies of estuarine fine particle gediment
systems are the key to improvement in our ability
to manage sediment in estuaries.

The same biological, chemical, geochemical,
geological and physical processes are at work in
all estuaries, but the relative importance of
these processes varies dramatically from one
estuary to the next and among different seqments
of the same estuary at any given time. And there
are large temporal variations within any segment
of an estuary. One can learn a great deal about
the mechanics of sediment transport and other
sedimentary processes important in estuaries
through laboratory flume experiments and isolated,
short-term field studies. Unfortunately, these
studies often provide little insight intg the
long-term manifestations of these processes in an
estuary or the identification of the specific
processes that control sedimentation in different
parts of an estuary. Attainment of a level of
understanding that is necessary for development of
affective management strategies requires a
holistic appreach on an estuary-by-estuary basis
that combines specific, short-term field and
taboratory experiments with systemwide studies.
It requires studies of estuarine fine particle

systems.

Ideally, for each estuary we need to xnow: (1)
the sources of sedimant, their locations and
strengths; (2) the character of the sediment
introduced, its size distribution, composition and
associated contaminants; (3) the routes and rates
of sediment transpork, including the transient
repositories; (4) the sites of final accumulation
within the estuary and the rates at which
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sediments are accumulating in each; (5) the
exchange of sediment between ?he estuary and the
ocean; and (6} the ways in which partl;le
composition is modified betweesn the points of
entry and the final rasting places,

Current knowledge permits acceptable forecasting
of particle dispersion for short-term and _ ;
near-field conditicns, Advection and diffusion o
particles within the water column is understood
well enough to permit first-order estimates of ¢
initial dispersion from a source to the point o
initial particle deposition. ;omplexxt}es are
introduced by the nonconservative beh§v10r of the
particles, the processes of_biQpackagzng and, of
primary importance, uncerta1nt1?s about processes
that control sediment resuspension from the sea
Elocor. 1In each case, predictlongfgre cgnstralned

imari by a lack of site-specific rate .
?Efzimaigonf rather than a lack of under§tandlng
of a basic process. There is a need to improve
our understanding of resuspensien processes. Far
management purposes, experts can adequately
vredict the resuspension of abiotic, o
coarser-grained sediment (sand)‘and em?lrlcal
solutions for finer-grained sediment with ;
site-specific information. This is another way o
saying that Ffor management purposes we negd to
understand an estuary's fine particle sediment
system.

Schubel et al. (1978), Schubel and girsch@erg
(1981} and Schubel (1981) havg ontlined differant
approaches to studying estuarine sediment systems,

On the Need for Characterization of the Processes
That Control the Adsorption_and Desorption
of Contaminants by Fine-Grained Particles

The highest rates of contaminant removal
{gcavenging) from the water column are in .
estuaries, where progressively decrea§1ng rates o
removal occur as water moves seaward into open
coastal and offshore waters. The rates of
contaminant removal from the water coluyn are
increased by biological processes, specifically by
primary production in t@e euphot}c.zone andlby
grazing and filter-feeding activities of animals
at all depths,

Since initial partitioning of most contaminants
introduced into natural waters is predominately
from solution to fine suspended particles,
khowledge of an estuary's fine particle sediment
system is essential te, and sometimes is an
acceptable premise for, making first-order
praedictions of the routes, rates and reservoirs of
contaminants in that estuary, Local

partitioning rates, however, may vary
significantly from the calculated rates becanse of
variations in grain size, particle composition,
surface coatings and biological activity,

Particle size plays a dominant role in determining
partitioning between dissolved and
particulate-adsorbed states, Small particles,
regardless of their compasition, adsorb more
contaminant per unit mass than larger particles
because of a higher surface area to mass (and
volume) ratios and becausa of a uvbiquitous
coating, Some evidence exists for preferential
affinities of contaminants among different kinds
of particles in sewage sludge leading to pollutant
separation. But the extant of control by particle
surface chemistry under different envirammenta]
conditions needs further definition. “This
information is required for effective management
of contaminated sediments,

Enough equilibrium partition coefficient (K_)
data are available to predict first order tpends
of pollutant-particle interactions for many
classes of pollut nts, Strongly adsorbed
pollutants (K. >10°) will follow particle
transport patgways, while pollutants of
intermediate K may be partially desorbed during
transport, Thg lower the K., the more
Accurately one needs top knoB it for effective
management, Further studies are needed on
adsorption and desorption rates and on the rate of
approach to sorption equilibrium under a range of
environmental conditions,

Interactive time is controlled largely by the
recycling of bottem sediment by resuspension.
Present knowledge of equilibrium partitioning
coefficients for principal classes of contaminants
permits prediction of first-order trends of
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sorption/desorption rates for resuspended
particles. First approximations of remcbilization
rates are possible for many metals and bulk
organic matter, but these are all conditicned by
site-specific characteristics of resuspension and
bioturbation. Without site-specific information,
pradictions of contaminant behavior cannot be
accurate, For initial estimates, the principal
vactor for remobilization of contaminants from the
bottom sediment may be taken as through the bicta
rather than by release from resuspended particles.
Many classes of contaminants that re-enter the
water column exhibit an aging effect. They also
may be less bioc-available than more recently
introduced contaminants that have not been
scavenged by particles, accumulated in bottom
sediment, processed by organisms and recycled.
Many contaminants become tightly bound with time,
but the processes that control this are obscure,
Research is needed on the bio-availability and
sorption/desorpticon ratio of contaminants
associated with sediments and pore waters. The
effects of resuspension on these processes also
need investigation. This information is required
for development of effective management strategies
for contaminated sediments.

On the Need for Characterization

of the Processes that Control Particle-Size
Distribution and Degree of Agglomeration

of FPine-Grained Particles

The particle size distribution and the degree of
agglomeration of fine-grained particles have a
major affect on their physical behavior in the
water column and on the bottom and, as a result,
on the behavior and availability of their
particle~associated contaminants, Stokes' Law or
direct measurements are used to estimate particle
settling velocity, This parameter is used to
vredict the transportation, deposition and ercsion
of sediments. Typically, the settling velocities
used are for individual (primary} particles in
gsamples that have been vigorously agitated to
destroy any agglomerate particles. But,
agglomeration is the rule rather than the
exception for fine particles in estuaries.

The biological processes that control the

agglomeration of fine-grained particles suspended
in the water column need investigation. The
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removal rates of dissolved and particulate
materials are related to primary proeduction and
the activities of filter-feeding zooplankton. The
sequestering of pollutants in fecal pellets and
subsequent removal to the benthos may be a remaval
mechanism for waste materials introduced in the
open ocean. However, it is not known how
effective this mechanism works in estuarine or
shallow nearshore areas,

The degree of bio-availability of
particle-associated contaminants ingested by
organisms is dependent upon the nature of the
particle, the phytoplankton species composition,
the contaminant in question, and the species
composition of the grazing organisms. Reliable
application to specific disposal scenarios beyond
first-order estimates is not possible with
existing information.

Benthic ecologists have developed a time-dependent
successional paradigm for the recolonization of
sea floor areas that have been disturbed by
storms, spoiling or other physical disturbances,
The model is useful in sediment management, but
needs tuning. This paradigm predicts the fate of
particulate-associated contaminants within the
biological benthi¢ boundary layer is dependent
upon the faunal successional state. While the
biological foundation of the paradigm is well
established, little information is available on
how the physical sedimentary properties of the
surficial deposits change with successional state
or how these changes affact resuspension and
mobilization of particle-associated contaminants.

The removal {burial) of particle-associated
contaminants through biological packaging in
benthic environments is a function of the ratz and
depth of mixing of the bottom sediments and the
type of deposit feeders (shallow or daep).
Research should focus on the character and
durability of the biological packages and on the
mechanisms of particle selectivity by
deposit-feeding organisms, Agglomeration also
affects battom roughness, shear stress and
erodibility of sediments. Ecosion and
rasuspension of abiotic sedim=nts can he vredicted
from such factors as the extant of sediment
cohesinn, roughna2ss, particle size distribution
and particle densities, Erosion rate models for
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noncohesive fine sediments and ercsion rate
measurements Eor sand exist, but a need exists for
erosion rate models for cohesive and
biologically-influenced, fine-grained sediments,

Aercbic degradation of organic poliutants,
particularly by the aerating mechanisms of
bioturbation amnd resuspension, is mare efficient
than anaerobic degradation and is dependent upon
the successional stage of the benthos. The
degradation potential of organics is higher in
nearshore sedimentary environments than in

of fshore environments, particularly for petroleum
hydrocarbons, Further research is needed on the
tactors requlating degradation of organic
contaminants and the effects of chronic and acute
loading of specific pollutants.,

The efficacy of the practice of burial of
PCB/DDT-1laden sediments with 30 centimeters of cap
needs testing.

The significance of detrital food chains in the
transfer of pollutants through the biota needs
gubstantiating. Available knowledge suggests that
particle-associated pollutants remain in the
sediments after deposition, particularly in areas
with mature successional henthic communities that
appear to enhance sediment column burden of
pollutants through deep mixing and sequestering
onto particles, The principal transport pathway
for pollutant loss from sediments is through the
food web, specifically areas with immature benthic
successional stages. The extent of remobilizatien
of pollutants needs to be evaluated for specifie
classes of pollutants and specific environmental
scenariocs, particularly for particle-associated
organics.,

SUMMARY AND CONCLUSIONS

Sediment, particularly fine-~grained sediment, has
had and continues to have, significant impacts on
estuarine productivity. Problems result from
increases inh the sediment inputs produced by man's
activities throughout estuavrine drainage basins
and from increases in the contaminant inputs, most
of which become associated with fine-grained
particles. The cpportunities for effective
management of estuarine sediment problems are
restricted primarily to the two ends of the
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sgdlmentation process ——- at the source and at th
sink. Effective sediment management must come ®
thrgugh 1 reducing sediment inputs throughout
drainage basins by insistance upon proper soil
conservation practices, (2) reducing contaminant
inputs through proper source contrei, and ¢3)
develop}ng and implementing management strategies
for sediment that is deposited in the estuary,

In.terms of payoff to management of that sediment
which reaches and is deposited within the estuary,

the greatest benefits will be i
that leads to: achieved by research

(11 The development of a comprehensive
estuarywide dredging and dredged-material
management plan for each major estuary
based upon an identification and analysis
of the full range of alternatives.

{2) The Qevglopment of a holistic and
predictive model of the fine-particle
sediment system of each major estuary.

{3) The @euelopment of a capability to
pred}c?, for a range of environmental
cond}tlons, the adsorption and desorption
of different kinds of contaminants by
fine-grained gediments,

{4} The development of a capability to
predict, for a range of environmental
cpnd1t1ops, the agglomeration of
fine-grained particles within the water
column and on the sea Eloor and how
changes in the degree of agqlomeration
affegt settling velocity, critical
erosion velocity, and availability of
particle-associated contaminants.

These research priorities are direscted at
management needs. My list of research priarities

fot Slglllflca“t Sclplltlflc adv ces wou d b
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SEDIMENTATION AND ESTUARINE PRODUCTIVITY:
RESEARCH PRIORITIES FOR MANAGEMENT

Joy B, Zedler
and
William P. Magdych
Biology Department
San Diego State University

J.R. Schubel's overview of Yesearch needs for the
management of estuarine sedimentation focuses on
Major estuaries and fine particles., For
California's major harbors, the problems of
maintenance dredging, dredge disposal and water
quality are of highest priority (R. Krone, U. cC.
Davis, pers, comm. ), and we cohcur with Schubel‘'s
recommendations. But for most of the state's
estuaries, these priorities need to be challenged
because large estuaries are rare and fine
sediments are not always the most problematic. of
California's 126 coastal wetlands (Fig, 1), only
San Francisco Bay and San Pablc Bay are large.
Ninety percent of the State's coastal wetlands are
less than 2,000 acres (810 ha) in size. Most of
these smaller systems are affected significantly
by sand depositicn along coastal sand bars and
accumulation of materials from the watershed,

This paper will focus on the problems of smaller
estuaries in California. Research leading to
optimal habitat management is the most important
pricrity for these estuaries. wWe need to
understand tha relationship between sedimentation
and habitat types and the functioning of their
respective ecosystems, At the same time, control
measures and mitigation procedures must be
developed to cope with sedimentation from coastal
watersheds and dunes.

REGIONAL DIFFERENCES

There are several reasons why most California
estuaries differ from those found in other
regions, Physiography and hydrology combine to
form estuaries that are small. 1In southern
California, annual stream discharge into the
Tijuana Estuary (Fig. 2) averages 16,882 acre-faet
(20.5 million cubie meters}) and cccurs primarily
between February and aprii, River valleys are
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FIGURE 1

Size-frequency histogram for California coastal
wetlands, developed from California Coastal
Commission data. MNote that acreages represent
shallow-water habitats only and are conservative
estimates for those systems with deeper estuarine
habitats. Por example, the whole of San Francisco
Bay covers about 305,000 acres.
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FIGURE 2

An example of intermittent streamflow: Tijuana
River {USGS, Nestor Gage}. Streamflow differed
greatly in recent wet years. Floods in 1978
increased the annual atreamflow four-fold; floods
in 1980 increased annual streamflow about 30-fold
over the 1917-77 average. Even before 1978, the
coefficient of variation for annual streamflow was
327 percent (n=40 yr.).
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narrow, so sediments have little space to spread
out laterally. Delta formaticon is further
restricted by a narrow continental shelf. Most
estyuaries, therefore, consist of a small lagoon
basin, subtidal channels and intertidal creeks.
Intertidal flats and salt marshes make up the
majority of the habitat.

Variability of rainfall and stream flow is alsoc an
important feature of the region. Both droughts
and catastrophic floods are likely to occur,
Annual stream flow into Tijuana Estuary has a
coefficient of variation of 327 percent., Recent
floods illustrate the magnitude of change which
that system undernoes (Fig. 2). During 1978 the
annual flow was four times the 1937 to 1977
average, while in 1980 it was 28 times that
average,

Variable stream Elows result in variable
sedimentation events. Harlin (1978) showed that
sedimentation rates in fluvial systems are highly
correlated with the coefficient of variation for
annual rainfall in a watershed, We have few,
perhaps no measurements of average sedimentation
{those of Mundie and Byrne (1980) are based on
single cores for each of five marshes studied).
However, massive sedimentation events have been
documented. In 1861, Goleta Harbor was filled
with deposits from one flood. The resulting
wetland, Goleta Sliough, covered about 1,000 acres
{Speth et al. 1970), More recently, Mugu Lagoon
lost 40 percent of its low-tide volume as a result
of cumulative sedimentation during the 1978 and
1980 floods (Onuf in press). Alluvial fans have
developed in Carpinteria Marsh, Devereaux Lagoon,
Los Penasquitos Lagoon and Tijuana Estuary. While
some of these sedimentation events appear minor,
each is significant in habitat alteration. As
little as 6 inches {15 cm) cof sediment can change
one type of habitat to another. Covering as
little as an acre can eliminate substantial
portions of a small wetland, and if sediment
covers endangered species habitat, it could
eliminate entire populatiens,

Variable rainfall and stream flow can cause wide
variation in estuarine salinities, particularly if
the system is amall. During drought years, the
channels are dominated by marine waters most of
the year. During flood years, fresh water may

1l1s

dilute the entire estuary for several weeks. As a
result, biological composition can change
dramatically. For the most part, marine species
dominate channels and embayments. Most are
intolerant of long periods of fresh water
inflgence, and large-scale changes occur following
flooding. While salinity tolerances are not well
known, coincidental data indicate that some
species are affected by even brief periods of
brackish conditions, and most fishes and
invertebrates are eliminated by prolonged
freshwater influence (Zedler and Koenigs 1984},

Fublic use of estuarine habitats differ for
California. With an emphasis on recreation and
nature appreciation, estuarine managers perceive
different vaiues for estuarine habitats.
Shipping, industry and naval concerns appear to
have precedence only in San Francisco Bay, Los
Angeles harbor and San Diego Bay. Protection of
natural resoutrces and maintenance of biolegical
productivity are specifically required by the
California Coastal Act of 1976. Furthermore, the
State takes a broad view of biological
productivity, as indicated in the California
Coastal Commission's (1981) Wetlands Interpretive
Guideline, defining it not only as organic
material produced per unit time, but also as the
utilization of particular habitats by fish and
wildlife species.

Estuaries disturbances may be similar in the
United States, but their relative importance
differs. Longshore currents deposit sand alang
beaches, and frequently block the ocean-lagoon
entrance. The disturbances that augment sand bar
formation include: 1) past filling for roads
actoss wetlands that reduced tidal prisms to
prevent sand accumulation at the lagoon mouth {cf.
O'Brien 1969); 2) recreational use of coastal
dunes by foot, horsge and off-road vehicle traffic,
causing vegetation denudation and erosion: and 3)
sea storms that wash dunes into ad3iacent estuarine
channels (e.g., Tijuana Estuary during winter
1983}. Stevenson and Emery (1958) alsc discuss
how the 1825 and 1861 floods caused sand spit
formation at Newport Bay with sediments brought
downatream by the Santa Ara River.

pisturbances within the watershed are also
important, Construction projects on steep slopes
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accelerate erosion by releasing massive amounts of
sediments to coastal streams following the heavy
rains that can occur in this region. Because the
estuarine sink is usually a small one,
sedimentation from single flood events can be
catastrophic., The central basin of Mugu Lagoon
filled during the 1978 storms. Repeatad flooding
in 1980 added sediment throughout the lagoon, and
the combined events reduced the lagoon's low-tide
volume by 40 percent (Onuf in press}.

Such impacts are not restricted to small
estuaries, however, Historically, mining and the
1849 gold rush played an enormously important role
in filling San Francisco Bay--an estuary that was
once larger than Rhode Island (Atwater et al.
1979}, Hydraulic mining was practiced between
1853 and 1884, resulting in "a few meters" of
sedimentation filling the upper arms of the bay
(Hedgpeth 1979) or about 1.146 billion yards
deposited between 1849 and 1914 (Gilbert 1917,
cited in Krone 1979}. Since the gold ruysh, about
95 percent of the tidal marshes have been leveed
or filled (Atwater et al. 1979). What was cnce
the predominant habitat became a minor component
of the estuary. Together, mining, diking and
filling operations reduced the area of San
Francisco Bay about 37 percent over the last
century {Conomos 1979).

Hydrological modificatiaon is widespread in
California (Cooper 1968). Sedimentation patterns
have been disturbed by dams that reduce the
Seaward flow of particles and by importing water
for irrigation, which increases the potential for
2rosion, Perhaps one of the most important
modifications to be faced in future years is the
conversion of intermittent streams to permanently
flowing rivers, and associated changes in
sedimentation.

Finally, background information on hydrology,
sedimentation and estuarine ecology had lagged
behind that on the East Coast. AsS a resuit,
research needs that take priority elsewhere {e.q.,
effects of toxins on target species) must await
identification of the resources that may be
affected, Tijuana Estuary is currently receiving
raw sewage from spills in Mexico. Determination
of what fishes being damaged by toxins is hindered
by the lack of guantitative records on what occurs
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there. In many cases, fish and shellfish
utillization of California's estuarine habitats is
relatively unknown. Food chains are even laess
well understood.

Where some progress has been made, however, {s in
recognizing how speciea distributions differ in
yeara of average and unusually heavy rainfall
{Onuf and Quammen 1983; Onuf in press; Zedler and
onuf in press). Recent floods have eliminated many
apecies of invertebrates and fishes, and recovery
appearsa to be gquite alow. Some of the changes are
related to salinity, but sedimentation reduced
habitat for water column fishes, and turbid water
smothered large invertebrates at Mugu Lagoon.
Therefore, research on sBedimentation must not be
restricted to "usual” conditions, because
substantial effects occur during extreme events.

REGIONAL RESEARCH NEEDS

In addition to the research needs identified by
major harbors (Schubel, this proceedings), we have
identified six research priorities for
sedimentation management in California's smaller
estuaries. Specific research needs are provided
as examples of what information managers must have
to prevent or mitigate sedimentation problems,
They are:

1} A relationship of estuarine physiography and
habitat type to species composition and food
chains,

a) A more thorough knowledge of biological
resources is needed, along with the specific
environmental conditions that control their
distribution and abundance (Macdonald 1977; Zinn
and Copeland 1982). Recent changea brought about
by sedimentation indicate that 10 to 20 centimeter
changes in elevation can shift one habitat type to
another. At Mugu Lagoon, for example, a 19-
centimeter deposit eliminated a subtidal eelgrass
bed by raising the topography to an intertidal
elevation (Onuf in press).

b} Substrate type is a well-known determinant
of benthic community structure, but its influence
on food chains is less well understood, Through
experimentation, Quammen (1980) found that sand
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interfered with bird feeding by making it
diffigult to obtain benthic invertebrate prey.
Pine sediments would favor surface-feeding
shorebirds, while coarser substrate would favor
larger shorebirds that can obtain prey from sand.
Substrate type could thus determine bird use.
Floods caused some habitats at Mugu Lagoon to
become muddier and some to become sandier (Shaffer
and Qnuf 1983). Benthic metabolism was higher in
fine than in coarse sediment, although gross
productivity of benthic microalgae did net differ
(ibid.). These studies begin to demonstrate the
importance of sedimentation events on ecosystem
functioning, but data are too few to make
generalizations among habitats or ecosystems.

) At a larger scale, the relationships among
habitat types need to be understood, both within
and between gouthern California wetlands, Our
understanding of various species dependencies on
coastal estuaries is poor. For example, various
fishes use estnarine channels for spawning and
feeding, but the extent to which estuaries add to
their recruitment is not clear {Nordby 19821},
Several bird species have become endangered as
estuarine areas have diminished.

In order for populations to expand, there must be
opportunities for dispersal into unoccupied
habitats, Thig is true for animal (e.qg.,
light-footed clapper rail) and plant {e.g., salt
marsh bird's bheak) species. At present, there is
too little informaticn on how the size, structure
and proximity of habitats can facilitate such
dispersal,.

d) Reglonal restoration goals need to be
establiashed (Zedler et al. 1982). Research on
habitat relationships is especially important
because proposals for new developments along
California‘s coastline include restoration
proposals as mitigation for negative environ-
mental impacts., Wetlands that have been degraded
by diking, filling or other disturbances offer a
wide range of possibilities for constructing
artificial habitats., Yet we cannot plan habitat
size and configuration without a better
understanding of species-habitat dependence.
While many restoration plans seek to enhance
endangered specias habitats, we need to develop
whole-ecosystem management goals for biogeographic
subregions within California {Zedler in press).
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2} A dynamic nature of California's esatuarine
communities:

a) A better understanding is needed of how
estuaries respond to unusual va. common
hydrological cenditions. Racent investigations
of San Prangisco Bay, Mugu Lagoon and Tijuana
Egtuary under conditions of varying stream flow
demonstrate that wide variation in species
compoaition and abundance occur from season to
season and year to year. Because stream flow is
so variable, major changes occur in estuarine
hydrology at several temporal scales. Annual
winter rains contreol phytoplankton productivity in
San Prancisco Bay (e.g., Cloern et al. 1983).
Unusual flood years stimulate salt marsh plant
productivity (Zedler 1%83). Major floods combined
with disturbances in the watershed (e.g.,
inqreased ercsion and reservoir drawdown) lead to
major, large-scale changes {n channel and inter-
tidal marsh communities. Attempts to understand
the relationship between estuarine productivity
and sedimentation must congsider a wide range of
hydrological conditions. Such studies are few and
de not begin to include all estuarine producers.

b} Research {3 needed on resilience and
ecosystem recovery rates. Along with studies of
how_productivity changes with various types of
sedimentation events, a need exists to understand
how rapidly those populations recover. Long-term
research at Mugu Lagoon suggests that five years
1s not enough time for water-column fishes to
recover from sedimentation (Onuf and Quammen
1983). Vascular plants, on the other hand,
returned to preflood cenditions in the next
growing season (Zedler 1983), The factors that
prevent a rapid return to predisturbance
conditions among fishes and invertebrates are
poorly understood.

3} A maintenance of the estuary-ocean connection:

a) Better englneering designs are needed for
self-maintaining lagoon mouths. Many estuaries in
southern California close during part of the year
(Gorsline 1967). Similar incidents of estuarine
closure occur in other arid regions of the world.
Jenninga and Bird {1967) discuss the frequent
closure of lagoons along the arid, high energy
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coastiines of Australia. These coastlines are
typified by moderate to high tide ranges. 1In
southern California, the arid climate favars the
production of coarse, sandy sediments in streams,
and the high wave energy produces a large
longshore drift (Inman and Brush 1980). The
tendency toward closure is countered by the
flushing action of the tidal prism rather than
stream flow. Any reduction in the tidal prism by
till, sedimentation or other sources may lead to
closure of the estuary {O'Brien 1969), but a
detailed understanding of the tidal prism
necessary to maintain flushing is lacking.

b} Additional data are needed to understand
shallow water sedimentation processes,
Information on sediment concentrations and wave
conditions in nearshore waters is inadequate for
predicting sedimentation rates within intertidal
marshes (Krone 1982), Goraline and Stewart (1962)
suggest that the amount of erosion caused by wave
attack on the ocean side of the shore adjacent to
San Quintin Bay (Baja California) is egqual to the
sediment volume deposited within the bay. The
role of mudflats in wave attenuation needs to be
assessed (Krone 1982). We need to know the extent
to which organisms resuspend sediments through
burrowing and feeding activities, thereby
counteracting the sedimentation process (Qnuf,
pera, comm,}.

4) Methods controlling or mitigating
sedimentation:

a) The control of sedimentation cutside and
within the eatuary needs further study. Dredging
has many impacts in the estuary. Turbidity
increases, tidal circulation may be impaired, and
primary productivity decreases (Johnston 1981).
hhether such changes are negative or beneficial
depends on individual estuarine situations. Krone
{pers, comm.) indicated that low sediment
turbldity (resulting from diversion of river flows
into San Pranclaco Bay!) can have a negative impact
if it stimulates excessive phytoplankton
productivity, which in turn causes anoxia of bay
waters. In California, as on the East Coast,
disposal of dredge spoil presents a continuing
problem. As Schubel {these proceedings) points
out, even if sediment loading of stresses were
completaly controlled, estuaries would continue to
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receive materials stored in streambeds for years
thereafter. There would still be a need to manage
sedimentation within the estunary.

b) Feor restoration projects, we need to predict
how improved tidal flushing will alter
sedimentation rates within estuaries. Will
improved tidal flushing cause sediments to he
remobilized, and where will they be redeposited?
Attempts are being made to model the effects of
renewed tidal flushing in Les Penasquitos Lagoon
(H. B. Fischer, U. C.-Berkeley, unpub. analyses},
a southern California wetland where roadbed
filling has reduced the tidal prism. Historical
sedimentation patterns will be predicted, and
future deposition will be calculated for varying
stream input,

c) Bew methods of small-scale sediment remcval
are desirable for small wetland systems. While
dredging is generally recommended to maintain
tidal circulation for habitat management, it does
affect the wildlife for which habitat is being
managed. New methods of low-impact dredging are
needed. 1Inman and Nordstrom (1977} developed
a sand-fluidization procedure, wherein water i=s
added to stable sediments are carried away by the
tides. Such small-scale hydraulic mining may
effectively remove sediments without affecting
sensitive species.

3) Changing freshwater flow regimes: a) Sediments
are carried into estuaries by water, and research
concerning water management is needed throughout
California. The most ambitious water relocation
scheme in the United States redirects water from
northern California to the San Joaguin valley for
agricultural use and to southern California for
support of the growing populcus, Stream flows to
San Prancisco Bay are modified in volume and
pericdicity., 1In the more arid coastal areas, most
of the imported water is currently released
offashore through sewage ocutfalls. However,
proposals to treat sewage and release effluent
within coastal watersheds would change
intermittent streams to continuously flowing
rivers. Not only would the entire hydrology
change if such plans are implemented (Zedler and
Roenigs 1984}, but the patterns of sedimentation
would also be altered. At present, there are nc
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studies to predict sedimentation with augmented
stream flow into arid-region estuaries.

SUMMARY

with Schubel's recommendations (these
giog:;ggzqs) for major estuaries: that dredging
and dredge spoil managem?nt plang are nacessary,
that models of fine particle sediment systems
should be developed, and that the relationships
between sediments and toxic materia}s shgu}d be
inveatigated. However, most of California ; tak
astuaries are small, and other regsearch needs taxke
priority for improving their management. Smaller
size, more variable climate and hydrology,
differences in disturbances gnd soclietal ?alueg,'
and less scientific information about California's
estuaries are reasons why researcp needs
differ from those of major estuaries elsewhere.

leading to improved habitat management
ﬁi:eﬁigﬁ priori%y for California, Most important
for smaller estuaries is research that w?ll .
improve cur understanding of: the relatlonship
batween sediments and habiya; type, the dynamic
nature of estuarine communities, factqrs
rontrolling the estuary-ocean connectlon, how to
control or mitigate sedimentation, and how best to
manage stream flow in arid coastal watersheds,
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BIOLOGICAL CONSEQENCES OF MANIPULATING SEDIMENT
DELIVERY TO THE ESTUARY: & BLUEPRINT FOR RESEARCH

Charles H, Peterson
University of Korth Carolina at Chapel Hill
Institute of Marine Sciences
Morehead City, North Carolina 28557

INTRODUCTION TO THE PROBLEM

Identification of current sediment management
problems and their implications for estuarine
productivity requires input from at least two
aisciplines: sediment dynamics (geomorphology)
and estuarine biology. Sediment dynamics can
predict the long-term geomgcrpholagical
censequences of manipulating sediment inputs., and
estuarine bi¢logy is needed to understand the
immediate influence of varying sediment delivery
and the long-term impacts of potential
geomarphelogical changes to the estuarine setting,
Schubel (1984) reviews case studies of the
geomorphological effects of increased sediment
delivery and documents the geochemical roles that
fine sediments play in estuarine systems,

I focus my comments on the biclogical consequences
of varying sediment inputs to the estuary. 1In
specific, I (1} identify a philosophical bhias that
underlies virtually all approaches to
environmental management, (2] address Some
significant methodological problems in identifying
the effects of varying sediment inputs, (3}
explore the relationships between the
geomorpholegy of the estuary and the role of
sedimentation, (4) review evidence assessing the
short-term biclogical effects of varying sediment
inputs to the estuary, and (5) describe, in
detail, the best available case history of the
consequences of sedimentation on an estuarine
system.

PHILOSOPHY AND ENVIRONMENTAL MANAGEMENT

A general philosophical schism exists amang the
public and scientists, separating those who
believe that nature can be improved by the works
of man (the "biotechnologists™} from those who
treasure and asek to preserve the biovlogical and



ecological status quo {(the "bioconservatives").
This schism often injects substantial bias into
testimony and recommendations offered by experts.

The literature on sediment management and its
consequences for estuaries clearly shows this
philosophical dichotomy. Engineers advocate
intervention into natural systems --- the
construction of dams, levees, dikes, catchment
basins, groins and jetties to manage water flow
and sedimentation. Frequently, the engineers!
recommendation solves the immediate technological
problem without assessing the conseguences
{especially the biclogical) and ramifications to
the entire system, As illustration, I quote
Besnier (1983):

Coastal zones freguently raise problems as to
their freshwater supply. ©On the other side,
tidal estuaries on the Atlantic Coast, with
backflows of sea water for tens of kilometers
inland, and at the same time the settling of
resuspended marine sediments which are
depgsited downstream of the tide, are the
object of uninterrupted works in order to
control both of these nuisances., The

building of a dam on the estuary, as near as
possible to the outlet into the sea, enables to
solve all these problems: stopping the
silt-loaded salt flow, and constitution cof a
freshwater reserve upstream.

In contrast to this myopic view of sediment
management, biologists frequently demand no
alteration of the natural systems. They
implicitly assume the natural unmanaged system is
optimal. Schubel (1984) shares this assumption,
He arques that increased sediment erosion caused
by development and poor agricultural practices
within a drainage basin should be counteracted by
construction of catchment basins or other
structures to return sediment inputs to natural
levels. I challenge this assumption, As I will
discuss, sediment inputs into the estuary play
vital roles in maintaining valuable biological
functions (Benson 1981}, I see no reason to
believe that the natural rates of sediment
delivery to estuaries are optimal. These rates
have varied historically with short-term variances
in weather and long-term climatic changes,
Furthermore, many U.S. and world rivers have been
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dammed, causing large reductions in their sediment
transport and freshwater input to the estuaries
{Day et al. 1977). Is further reduction necessary
or even desirable? The best answer to most
estuarine sediment management guestions lies
between the inaction or return to natural status
demanded by the bioconservative and the .
manipulations advocated by the biotechnologist,
If, as I argue later, sediment delivery to
eatuaries plays a significant role in bioleogical
productivity, what is the optimal level of
sediment input for a given system? Future
estuarine research should address such guestions.

Even if we agreed that most effects of increased
sediment delivery into estuaries diminish valuable
system functions, sediment inputs will continue.
Detailed and well-focused biological study is
needed to assess the impact of varying sediment
delivery rates {differing among estuaries and
major estuarine functions). The satudy can
anticipate effects and use raticnal biological
criteria to assess the relative merits of
alternative sediment or water management schemes.
Most of the biclogy currently used te assess the
impacts of proposed projects is in the form of
untested models, which are used uncritically as if
they represented well-supported generalizations or
paradigms. This type of biological input to the
decision-making process is naive, misleading and
perhaps worse than no bioclogical input at all
because it creates false security. Biological
models that predict the impact of sedimentation
and various alternative management schemes require
rigorous testing., That should be an important
research priority.

COMPOUNDING OF PRESHWATER FLOW AND SEDIMENT
DELIVERY

In any estuarine system, freshwater input and
sediment delivery will be related positively over
time within any pericd of unchanging utilization
of the watershed. 1In dry years, river flows aad
sediment inputs are low; in flood years, increased
freshwater flows carry a more than proportionate
increase in sediment load, This normal
confounding effects of fresh water and sediments
is critical to recognize because it makes testing
sediment delivery alone difficult. A biological



comparison across estuarine systems that differ
naturally in alluvium amounts but remain similar
in total water flow (e.g., the Ganges with high
concentrations of alluvium [1950 ppm} vs. the
Mekong with little alluvium ([20-500 ppm] [Pantulu
19751} is not a controlled contrast., Other
biclogical differences exist between estuarine
systems, even between those that are close
geographically, independent of alluvium
differences.

If watershed usages remain similar over time
within an estuary, temporal correlation represents
a flawed method of assessing the effects of
varying sediment delivery rates. Even though the
sediment delivery rate probably does not change
linearly with freshwater flow within most systems
{but, rather, increases more rapidly as banks
erode and soil becomes supersaturated, etc.), a
multiple regression or partial correlation
analygis will not identify whether fresh water or
sediment causes variation in any dependent
biclogical parameter. Although the shape of the
bicological-effects curve may resemble the
sediment-delivery curve more than the water-flow
curve, this does not imply that sediment caused
the biolegical change. Perhaps the biolegical
parameter in question responds non-linearly to
water flow changes in just the same way as, but
independent of, the sediment delivery rate.

The best, and maybe the only, analytical sclution
to this dilemma of confounded variables requires
studies of replicate years before and after
radical changes in watershed usage, Then we could
study a different level of sediment delivery for a
given flow rate within a single estuarine system,
By altering the curve that relates sediment input
to freshwater flow, the biclogical effects of
sediment can be evaluated, unconfounded by changes
in freshwater inputs. But this approach is not
free of flaws. Biological parameters may vary
temporally, independent of watershed changes,
Nevertheless, this rigorous test of the biological
effects of varying sediment inputs should be
utilized in careful environmental research,

Although recognition of the natural cenfounding of
freshwater Flow and sediment delivery is necessary
to test the facter individually, actual sediment
management procedures differ in the degree to

which they alter sediment inputs relative to
freshwater flow. To predict envirommental effecta
accurately, we must distinguish between sediment
management procedures that alter sediment inputs
alone without greatly changing freahwater flew and
those that alter both simultaneocusly.

For many reasons it is difficult to disagree with
inland soil conservation practices that retafn
topsoil while leaving freshwater flow largely
unaltered. Everyone is served by contour farming
on slopes, no-till planting, use of winter cover
crops, maintenance or replanting of natural
riparian vegetation along stream and river banks,
and planting grass waterways on farms and in
developed areas. However, the most commonly
utilized construction methods of sediment
management redece freshwater inputa to the estuary
{and alter the natural seasonal pattern of
sediment and freshwater delivery). As Schubel
(1984) correctly arques, engineering methods can
reduce sediment loads without changing freshwater
flows. Catchment basins selectively remove
(coarse) sediments, while leaving total water flow
rates largely unaltered. However, the multiple
benefits commonly associated with dams make their
con§truction the first solution suggested for
sediment problems. A dam can provide a catchment
basin for sediments, a freshwater reservoir, flood
control, a recreational facility, a potential lake
fishery and a means of hydroelectric power
generation. Because g dam will affect Freshwater
delivery and sediment input into the estuary,
assessment of the biological consequences of this
sediment management method (and many others) must
evaluate the joint impact of reducing fresh water
and sediment, This requires a different
bio}cgical data set from that required to assess a
sediment management alternative that affects
sediment delivery alone.

RELATIONSHIPS BETWEEN ESTUARINE GEOMORPHOLOGY AND
SEDIMENTATION

The_biological consequences of altering sediment
delivery rates will vary geographically with the
changing geomorphology, hydrology and human usage
of the estuary and coastline, Knowledge of the
geological processes acting on the coastline is
critical for accurate prediction of the biological
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effects of varying sediment inputs, Increased
sediment delivery implies increased estuarine and
nearshore sedimentation. Coastal geology and
sedimentology must tell us the consequences of
increased sedimentation, Is sedimentation
necessary to maintain a dynamic eguilibrium
between shoreline erosion and sedimentation? Or
will increased sedimentation simply fill in the
estuary and destroy estuarine habitat? These are
critical gquestions that sediment dymamicists must
answer before we begin altering sediment inputs.

varying the rate of sedimentation in a fjord-like
estuary along a once-glaciated coastline may have
little negative impact. The depth of a fjord
implies that little chance exists to significantly
alter the estuarine volume or area by increasing
sediment inputs from rivers. Furthermore,
evidence suggests (e.g., Gordon 1979) that rivers
and streams in glaciated areas do not carry
increased sediment loads. Consequently, sediment
management projects may not be needed in
fijord-like estuaries.

Along subsiding coastlines, such as the
Mississippi delta, varying the rate of sediment
delivery has major impacts {(Day et al. 1977). A
continuous supply of sediments maintains salt
marsh acreage and prevents it from becoming open
water habitat., Human intervention reduced the
flow and sediment delivery rate of the Mississippi
River below previous historical levels.
Transgression is evident and marsh habitat is
rapidly disappearing., If we assume that salt
marsh habitat is economically more important than
equal areas of open water habitat because of its
high primary productivity, then the decreased
sediment delivery rate in the Mississippi River is
negatively influencing biological productivity.

What may be worse than the transgression itself is
the subseguent response of ccastal communities.

If the sediment input necessary to maintain the
present position of shorelines is radically
reduced by upstream sediment management and if
substantial development of the coastline has
occurred, then transgression may stimulate
extensive building of dikes, levees and other
structures designed to protect coastal investments
{Pandian 1980), Maintenance of habitation along
the estuary and coast at elevations progressively
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lower than sea level would effectively eliminate
most estuarine habitat. Instead of a slowly
sloping shoreline of intertidal habitat, we would
find deep water immediately adjacent to *shore”
(the dike).This scenario of sediment starvation is
evident alcong the Mediterranean coast near the
Nile River delta (Aleem 1972). If sea level rose
substantially in respanse to the greenhouse
effect, then this analysis of the sedimentation
effects on a subsiding coastline would have
broader applicability. In such systems,
sedimentation can be an environmentally pesitive
influence, enhancing or maintaining the economic
values of the estuarine system,

On steep coastlines in Mediterranean climates,
estuaries are few, They are small and run a
serious risk of disappearing altogether from
increased sedimentation. Although natural
sedimentation processes rapidly fill these
estuaries, any artificial increase in
sedimentation rate can hasten the disppearance of
estuarine habitat, In a small estuary, slight
increases in net sedimentation can damage the
system, The tidal prism is small and can he
reduced to levels that are insufficient to
maintain constant connection with the sea.
Estuaries that intermittently connect to the sea
lose most of their significant nursery and
productivity functions. Consequently,
sedimentation in this type of estuary is a
critical problem (Gnuf and Quammen 1983, Zedler
and onuf 1984).

In other areas, increased sediment delivery may
imply increased estuarine sedimentation and
votential reduction of estuarine habitat. Schubel
(1984) reviews evidence of this process in various
subestuaries of Chesapeake Bay and the Raritan and
Delaware rivers, The potential reduction in
estuarine area is the most serious negative affect
of increased sediment delivery. WNonetheless,
estuarine habitat also can be lost when dams
control sediment inputs, Baxter (1977) discusses
the conversion of marsh into pasture along the
Peace River in Alberta. Damming reduced the usual
spring floods that maintained the extensive
marshes, substantially reducing hunting and
fishing in the Peace estuary. Detailed studies of
sediment dynamics in estuaries can evaluate
proposed schemes to alter sediment and/or



freshwater inputs and to pred%ct how long-term
effects of sediment manipulation will affect
estuarine acreage.

SHORT-TERM EFFECTS OF SEDIMENT INFLUX ON ESTUARINE
BIOTA

Although the long-term effects of increased .
sediment inputs into the estuary may be negative,
many short-term biota responses are positive.
Consequently, a prediction_of the impact of )
varying sediment delivery in an estuary requires
simultanecus examination of long- and short-term
effects, We have learned enocugh about the natural
variability in estuaries (e.q., Nixon 19@01_to
realize that each estuary may be dynique in its
response to varying sediment inputs, Thus, my
brief review of the short-term congsequences should
be viewed as a set of reasanable hypotheses
sSuitable for future testing.

Primary Producers

In general, more evidence is available to predict
the effects of sedimentation on estuarine plants
than on the fauna, Most of the evidence confounds
the effects of sedimentation with water Elow.'
This review is specifically applicable_to sediment
management schemes that affect the variables
simultaneously.

Sedimentation during flocds provides nutri?nts
that make salt marsh plants highly preductive,
The floods also flush from the soils accumulated
salts, which stimulate productivity in salt marsh
plants (2edler and Onuf 1984). This effect of
sedimentation in the marsh is analogous to the
classic fertilization by periodic floods of river
bottom lands, The construction of the Aswan High
Dam in Egypt illustrates the negative impact that
flooding prevention can have cn macrophyte
productivity. Parmland along the Nile valley now
regquires fertilizing, which was unnecessary before
dam construction (Baxter 1377).

The impact of sediments and the assoclated
inorganic nutrients alsc provides a stimulus to
estuarine and coastal phytoplankton productivity.
After construction of the Aswan High Dam, the
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usual post-flood phytoplankton blcoms disapp=areqd,
causing disasterous consequences to the
economically important Sardinella fishery (Aleenm
1972). Many estuaries sg er a nutrient overload
from agricultural and industrial runoff and
municipal sewage. The natural stimulus from
nutrients associated with flood-borne Fine
sediments may not be needed. Estuarine nutrient
levels need to be examined to assess the needs of
each system for additional fertilization,

Sea grasses and macroalgae attached to the bottom
suffer an initial decline in productivity during a
flood due to the increased turbidity and decreased
light penetration. 1n the deepest basins of
shallow estuaries where 8¢a grasses and
macrophytes grow on the bottom, gedimentation from
floods often causes burial and fmortality of the
plants, Por those plants that survive, the input
of new nutrients will stimulate higher
productivity and growth.

Benthic microalgae show a similar response to
sedimentation -—~ ap initial reduction in
productivity caused by turbidity foillowed by a
large pulse of production stimulated by
fertilization. The major effect from floods
occurg via the alteration of estuarine sedimentary
environments., The surface sediments will be
enriched in fine particles, favoring thoge
microalgae commonly associated with finer
sediments., 1Is microalgal productivity in muds
greater or less than its preduction in sands? The
best available data teveal no significant
variation in primary productivity of benthic
microalgae with changing sediment grade {(Shaffer
and Onuf 1983), Nevertheless, this issue needs to
be addressed with additional research.

Benthic Invertebrates

Research has assessed the impact of increased
sedimentation on benthie invertebrates,

Generally, suspension—feeding specias in the
benthos will suffer reduced growth and even
mortality from increased inputs of fipe sediments,
The sedimants clog their filtratian apparatus
{Rhoads and Young 1370}, But deposit feeders
benefit from the increase in fine sediments
{Levinton 1972). And increased sediment inputs
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during floods can accentuate the stratificgtion of
the water column and enhance seasonal ancxia at
the bottom of deeper estuaries {Copeland et al.
1974). The flood waters remain cn top because
fresh water is less dense than saline bottom
waters, Increased turbidity reduces light
penetration, and the consequent surface heating
increases the temperature differential between
surface and bottom, accentuating water-column
stratification. This process increases the
potential for widespread bottom anoxia in warm
months in deeper estuaries, Bottom biclogical
oxygen demand becomes greater than the resupply of
oxygen from the stratified surface water (Terore
1972). Fine sediments that settle during the
flocds increase the bottom biological oxygen
demand more. ‘The resulting anoxia, wherever 1t
occurs, is widespread, meaning almost complete
benthos mortality.

The drasti¢ reduction in benthic invertebrate
biomass is not necessarily detrimental to the
estuary. &after such a major disturbance, the
bottom is quickly repopulated by dense settlements
of opportunistic beathic species (McCall 1977}.
These opportunists may represent more abundant and
available food supply for consumers than the
loag-lived "equilibrium*® species they are
replacing. The opportunists tend to be denser
during early receolonization than the equilibrium
pcpulations, And as surface-dwellers, they do not
have the protection from predators that depth of
burial provides the equilibrium species (Rhoads et
al. 1978). Furthermore, the opportunists allocate
their energy toward rapid growth and reproduction
rather than building structural or chemical
defenses against predators (McCail 1977). ‘The
timing of floods, which usually occur in winter or
spring, is alsc favorable for maintaining the
valuable nursery functions of effected estuaries.
Massive benthic mortality in winter or garly
spring leads to opportunist recoclonization at a
season (spring or summer) when juvanile predators
are abondant in estuarine nursery grounds. This
scenario of the impact of flood-borne .
sedimentation on benthos and the vital estuarine
aursery functions needs rigorous testing in future
research, But it is based upon the well-studied
processes of benthic trecolonization and
succession.
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Mobile Invertebrates and Vertebrates

We know very little about how increased eatuarine
sedimentation affects mobile invertebrates, such
as crabs and shrimps. Multiple regression models
of brown shrimp harvest in North Carolina suggest
that heavy spring rains reduce brown shrimp
catches (Frankenberg et al. 1980). Increased
sediment delivery may be involved in this process,
However, any reduction of freshwater flow,
including methods designed to manage sediments,
will induce saltwater intrusion farther up the
estuary. And predators can penetrate farther into
the estuvarine nursery grounds, feeding on species
such as brown shrimp that normally gain refuge by
developing and growing in these low salinity
areas., The best documented example of escape from
predation is the increased survival of oysters in
lower-salinity areas where its predator, the
oyster drill (Urosalpinx), cannot survive.

We also cannot predict the effects of increased
sedimentation on fishes and hirds in the estuary,

The negative effect of the Aswan High Dam on the
catch of Sardinella (Aleem 1972) is obvious, but

few other clear examples exist. One could argue that
a reduction in turbidity would make feeding easier
for a visually oriented predatory fish. But
increased visibility would also help the fish's own
enemies. Clearly, more research is needed to
understand and predict the impact of varying sediment
inputs on estuarine vertebrates. Because society
places a high walue on the fishes and birds of the
astuary, research at this level is important.

THE CASE HISTORY OF MUGYU LAGOON SEDIMENTATION

The work of Onuf (1984), Onuf and Quammen (19831} and
Zedler and Onuf (1984) is the best case history for
explaining how flood-borne sedimentation affects
estuarine functions, This study of Mugu Lagoon is
exemplary. Almost all estuarine biological components
were studied simultaneously, and the study included
two replicate floocd events (in 1978 and 1980) with
control years before and after each flood. The data
on how flood-borne sedimentation affected birds and
fishes is valuable in light of the dearth of similar
information from cther systems,



Rainfall data (Zedler and Onuf 1984) reveal extreme
winters in 1978 and 1980 in Southern California.
Rainfall levels recorded at the Mugu Lagoon weather
station showed that the winter of 1978 was the second
wettest in 113 years. Flow guages at Calleguas Creek
showed correspondingly intenze runoff during this
winter and in 1980 winter. Because of a 1966 study
into the morphology of Mugu Lagoon, Onuf (1984) was
able to document the degree of sedimentation that
occurted in these floods., 1In 1978, an average of 13
centimeters of fine sediments was deposited over the
lagoon floor, and another 7 centimeters accumulated
in the winter of 1980, The geomorpholegical
consegquence of this sedimentation reduced the low
tide volume of water in the lagoon by 40 percent,

Oonuf's (1984) data on plant productivity revealed
a clear pattern. Microalgal productivity did not
change after the storms, but chlorophyll pigment

analyses suggested a taxonomic shift in favor of {
blue-green algae. The two predominant species of |

macroalgae, Ulva sp. and Enteromorpha sp.,

showed a large production increase after the
storms. 5Salt marsh plants alsc exhibited a pulse
of increased production during the growing season
after the storms. Sea grasses suffered widespread
mortality from burial, but subsegquently regrew
vigorously at new sites.

Several patterns were apparent in the benthic
invertebrates reponses to the floods and
sedimentation (Onuf 1984). The infauna, perhaps
more intimately associated with sediments,
regponded to the storm and its sedimentation more '
than the epifaunal invertebrates, The smaller
infaunal species were affected more than the
larger ones. 1In the initial muddy lagoon areas,
the infaunal community present before 1978 was
replaced by opportuniatic species (dominated by
Pseudopolydora, Capitella and oligochaetes).

The opportunlsts reached far higher densities than I
the original infauna, The benthos living along [
sandy bottoms was not qgreatly affected because the

gediment 4id not remaln at the surface long

{Zedler and Onuf 1984). Higher current velocities

over the sandy bottom and substantial reworking

activities by abundant ghost shrimp, Callianassa
californiensis, resuspended and buried the

forelgn sediments.
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Beach seining at four sites every month for five
years (Onuf and Quammen 1983} showed that total
densities of fish and numbers of fish species were
significantly lower in the major storm years than
in preceding or succeeding years, With large
changes in the surface sediments of Mugu Lagoon,
one might expect the demersal fishes to decline
more than the water-column species. But of the
seven common demersal species, only one changed in
abundance in a pattern consistent with this
prediction. All three of the water-column species
declined precipitously. Two factors contributed
to this response: the 40 percent loss of
water-column volume and the decline in sea grasa.

Scientists monitored estuarine birds for five
years at 24 sites every 20 days (Onuf 1984). The
data was used to test the effects of the storms
and sedimentation on the bird fauna (Qnuf 1984).

A total of 73 species was cbserved. During the
five years that included the two major storms, the
number of birds using Mugu Lagoon increased
slightly. However, different guilds of birds
reacted differently. Coots steadily declined by
59 percent over five years, while surface-feeding
shorebirds increased by 96 percent. A
redistribution of birds among the lagoon was
evident. The central basin, which changed from
open-water habitat to intertidal bottom, exhibited
a four-fold increase in surface-feeding
shorebirds, The shallower habitat created in the
central basin also positively affected other
guilds: the probing shorebirds, diving and wading
fishers, mollusk-eating ducks, dabblers and coots.

In the eastern arm, the probing shorebirds and
diving fishers showed significant population
declines consistent with the decreases in
invertebrates and fishes In that area. 1In
summary, the geomorphological changes in the
lagoon and the effects of sedimentaticon and storm
Floods on potential prey were important variables
influencing the responses of estuarine birds.

SUMMARY RECOMMENDATIONS
This rev?eu concludes that the biological
implications of varying sediment inputs inte

estuaries are not well-studied or easily predicted
on the basis of available evidence. Many of the
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immediate effects of sediment delivery may enhance
rather than harm the valuable functioning of the
estuarine ecosystem, Studies of detailed sed}ment
dynamics are necessary to predict, for gach given
estuary, whether increased sediment delivery
increases sediment retention, causing the )
long-term filling and disappearance of estuarine
habitat. FfFuture efforts should identify the
optimal balance between the long-term negative
impacts of estuarine filling and the short-term
positive stimulation of estuarine productivity.
The optimum level of sediment input to estuaries
is not necessarily the level that would prevail
naturally. Varying coastal geomorphology and land
use will cause the optimum to vary among
estuaries, Identifying the optimal level of
sediment input into an estuary will remain a
challenge because of the confounding influences of
freshwater flow. WNevertheless, the guestion 1is
important for proper environmental management.

The necessary interdisciplinary studies that meld
sedimentology and estuarine biology should be a
future research priority.
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DISCUSSION

W. GRAHAM: I would like to respond to Schubel's
comment about national projects. Except for the
greenhocuse effect or projects where estuarine
mixing is an important element, I think almost all
environmental projects are local. They occur in a
specific place. Whether it*'s New Bedford Harbor
and PCB's or Times Beach, Mo., and dioxins,

I would argue that a naticnal problem is nothing
more than a collection of local projects. When
they get to be large enough, people sit up, take
notice and say, "We've got dioxins not only in
Times Beach, but in a hundred local sites arocund
the country." We've got PCB's in New Bedford
Harbor, the Hudson estuary, or they say, Lake
Michigan and other places. I think that the last
people to perceive problems are the pecple in
Washington. But they can perceive when a problem
becomes nationwide because they get input from
around the country.

Sea Grant research, NOAA research and other agency
tesearch will always be at some specific location
addressed Lo some specific problem, because that's
where the prcblem is, The question is how much of
the research can you apply in other areas. Aand
can we build on research rather than go reinvent
the wheel for every site,

The question Peterson poses about an optimal
sediment input is very important. A subguestion
is: What is optimum sediment bypassing? The two
are not necessarily the same. For example, an
increase in sediment input to Chesapeake Bay would
not measurably change the amount of sediment
escaping the bay., But if you increase the
sediment input to the Miasissippi, you increase
the amount that bypasses to the delta. Tt comes
back to understanding an estuarine sediment
system. You need to know if you change one part
how it will affect the others,

I think the point is well taken about the Nile. I
would add that we are making it habit around the
world to eliminate or reduce the discharges of
many riverg---small rivers in Indonesia to large
rivers such as the Indus. The Indus now has an
estuary only during the monscon season. It has no
discharge of fresh water to the Indian Ocean



during the remainder of the year. And, as a
result, they are losing about a hundred thousand
hectares of mangroves every year. Their coastal
tisheries have collapsed., Pollution problems in
Rurachi and other ports have been aggravated
seriously.

8o, the right sediment input has many useful
effects. And again, you have to understand the
system, I think the guestions that you asked are
very good.

J. SHARP: I think that what has been said is
carrect and interesting, But I think there's
another side of the sediment picture that hasn't
been addressed here today. And, that is the
effect of sediments on phytoplankton primary
productivity in nutrient-rich estuaries., I would
like to address them partly with the Delaware
River estuary, but also with some of the concerns
on the Chesapeake Bay.

There is a pronounced turbidity maximum in the
Delaware estuary. This turbidity maximum is
characterized by almost no primary productivity.
There is productivity upstream and downstream,
This is due to the fact that the attenuation of
light is strongly related to the suspended
sediment. There i8 a very pronounced relationship
between suspended sediments in the Delaware and
primary productivity.

one of the concerns in the Chesapeake Bay is that
the bay is becoming more turbulent, This may have
to do with the well-known reduction in overall
primary productivity, in this case related to
rooted agquatic vegetation,

My point is that suspended sediments in relatively
nutrient-rich estuaries can have a dramatic effect
upon primary productivity and productivity in the
whole system., We do not have problems with the
decline of rooted aquatic vegetation in the
Delaware because the aquatic vegetation
disappeared before recent recordings.

D. BOEBCH: In your opinion, for the Delaware
does turbidity result in a net decrease in the
total system productivity or a shift of that
productivity downstream?
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J. SBARP: I think it's a shift at present, But
what it is in the historical picture I don't know.
We do not have hundreds of years of historical
records to see if there is any decrease in
productivity. Certainly there is a decrease in
the number of things harvested from the Delaware
and the Chesapeake. Whether this has anything to
do with the decrease in primary productivity, I
don't know,

H. PAERL: We can have two different situations,
depending on the nature of the phytoplankton, that
might respond to the sediment/nutrient-associated
plumes, If the phytoplankton ia buoyant, we could
see situations, as in Worth Carolina, where
phytoplankton responds positively to the nutrients
carried by sediments. Tt turns out that those
organisms are undesirable in a great many cases.
S0, I would argue that we should, at least in
terms of research priorities, consider some of the
biological ramifications before the engineering
prioritiea. On dredging, for example, we have two
different phytoplankton communities that respond
differently to enhanced sedimentation and nutrient
loading.

J. ZEDLER: I would like to challenge a responder
and get a plug in for freshwater input research.
Peterson talked about the stimulus wascular plants
receive from sedimentation in Mugu Lagoon, I
think some of the stimulus is due to
sedimentation, But Chris Onuf and I have argued
whether it's salinity changes or sediments that
are responsible for the changes.

Experiments that we set up to desalinize the salt
marsh soils in Southern California suggest that
fresh water can cause the changes. The relief of
stress in a hypersaline marsh sediment can
stimulate productivity sufficiently. 1 don't
think we need sediments and nutrients to cause the
changes that occurred in Mugu.

C. PETERSQON: I'll respond by apologizing to Joy
for not mentioning that. All data from Mugu
Lagoon, like all data sets one can find, confound
the effects of sediment input and water delivery.
Quite clearly, the desalinization of the soils is
a stimulus to production of the haleophytes. But
it requires that experiments separate the
confounding influences of fresh water and
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sediments/nutrient additions to identify what
proportion of the effect can be ascribed to each
variable.

I. VALIELA: We've done experiments in New

England salt marshes to add nutrients over a
number of growing seasons. Simultaneously in
separate gquadrants, we irrigated hectares of marsh
with a nutrient solution in fresh water, For our
experiments there was no effect of a freshwater
addition by itself, ' The entire response was
attributed to the nitrogen addition. The soil
salinity was 32 parts per thousand, which may not
be stressing the primary productivity,

J., ZEDLER: Our s0ils were more like 45 to 55
parts per thousand.

J. WBIS:; I trust that the sediments washing into
Mugu Lagoon are not contaminated. We had evidence
of a storm event washing pesticides into an
astuary, causing a reproduction failure in the
fish populations we were studying., 1 trust there
are no large amounts of agricultural development
around Mugu Lagoon.

C. PETERSON: I was trying to pass that ane off.
Your trust may be misplaced. There's a tremendous
amount of agriculture in the Oxnard Plain vicinity
of Mugu Lagoon, where farmers cycle four crops a
year through tremendous fertilizer use.

Some studies of toxicity and examinations of the
sediment have been made in the Lagoon, There does
not seem to be a large input of contaminants,

But, T have not been involved in the study nor
have I critically assessed the evidence. It could
be a problem but the potential is certainly there.

K. ARMSTRONG: As sedimentation occurs, marsh
habitat is created in open bay bottoms where,
presuamably, nutrient cyceling is lost, Is this a
net negative benefit or a net positive benefit?

C. PETERSON: I won't make a claim about that. 1
think that biological studies need to assess
habitat management schemes. One can argue that
the salt marsh is more important to maintain than
o*her habitats, That has historically been
arqued, but it's been gquestioned recently For many
reasons,
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Data suggest that some algae are more utilizable,
turn over more rapidly and do more for the higher
trophic levels than the plants we protect in the
salt marsh.

Cn the other hand, the salt marah itself has high
populations of benthic microalgae. The question
of which is more important has not been answered
to my satisfaction. I think shallow habitat is
more useful for feeding shore birda than deep
embayments. But I hesitate to argue which habitat
is better or what the optimal mix of habitats
might be in a aystem. I think that is an
important area for future research to address,

J. SCHUBEBL: If you look at most estuaries in

this country, I think you would conclude that tha
net effects of man's activitiesa have been to
increase the sediment inputs, decrease the size
and increase associated contaminants,

It is true that reservolirs, regardless of why they
were conatructed, trap sediment. Por example, a
reservoir that holds one percent of the annual
river flow can trap up to 50 percent of the
sediment that enters it, most of it in the bed
load. A reservoir that holds 10 percent the
annual river flow can trap up to 85 percent of tha
sediment that the river carries, A reservoir
along the lower Susquehanna River accumulated
sediment for decades. During Hurricane Agnes it
purged about fifty years of sediment.

Over longer periods of time, it is clear that the
activities of man increase sediment inputs to
estuaries. BAnd, as I mentioned before, we haven't
seen what's to come. For example, it is estimated
that 90 percent of the sediment released since
1700 in the Southern Piedmont is in storage above
the fall line. It hasn't even gotten to the fall
line yet, let alone into the estuaries. We will
have many interesting problems confronting us,

Except for the Mississippi, most of us don't know
what sediment loads are like in this country, I
spent years studying the Susguehanna River, which
is the largest river discharging into the Atlantic
Ocean through the continental East Coast of the
U.8. It discharges almost a million tons of
sediment a year. Every day the Yangtze discharges
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as much sediment as the Susguehanna does in an
entire year. The Yellow River discharges over a
billien tons.

These estuaries were formed less than 10,000 years
ago at the same time Chesapeake Bay and the
Mississippi were formed. The Yellow no longer has
an estuary. BEven during the dry season, the river
flow in the Yellow prevents sea water from
encroaching into the basin.

buring periods of low river flow, the Yangtze has
an estuary several tens of kilometers long.

That's how far salt water will penetrate. Now,
the tidal effects in the Yangtze will go upstream
B0O0 kilometers, About 2500 years ago, the Yangtze
had a magnificant estuary--large, relatively deep
and broad. It has been filled in over time with
sediment. Is it good or bad? I don't know.

F. CHRISTHILP: This question is directed to Dr.
Schubel, Much of the discussion about sediment
seems to be related to man's activities, such as
building dams and reservoirs., The Yangtze and
Yellow River examples are in a country that is, in
our estimation, underdeveloped. It seems to me
that on the one hand we're saying what we're doing
to eatuaries causes problems, On the other hand,
eatuaries that have little interference from man
have bigger problems. I just want to reconcile
that in my mind.

J. SCHUBEL: The Chinese estuaries have large
problems associated with sediment input. They
alsc have gserious problems associated with the
contaminant inputs.

We talk about the depth of the euphotic zone and
what levels of suspended sediment do to that. On
a good day, when concentrations of suspended
sediment in the Yangtze are low, the depth of the
euphotic zone might be 10 centimeters.

I'm not sure how to answer your question, Frank.
In developed countties we are doing a better job
of controlling sediment inputs to estuaries than
in developling countries. It is also true that
levels of associated contaminants are higher in
developed countries than they are in developing
countries. That's not surprising. But those two
thingas have to be kept in mind.
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One other interesting situation is in Chili where
Fhey have magnificant estuaries. Their sediment
inputs havg been largely the result of
Geforestation without replanting, The coastiine
1s near the Andes 5o the gradients are steep, If
you relegse sediment, it moves down into the
estuary in just a few years. As much as one meter
of sediment per year accumulates in their
estuar;es because of deforestation. Many
estuaries are almost gone, but there are still
coastal embayments,
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NUTRIERTS AND OTHRER CHEMICAL INPUTS
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1.

NUTRIEWTS IN BSTUARIRS---RESEARCHE DIRRCTIONS
AND PRIORITIES

Dr. Scott Wixon
University of Rhode Island Sea Grant College
Narragansett, Rhode Island

OUTLINE
We start with two observations:

a) Most of the human population of the United
States is concentrated around estuaries and
along the coast. Projections are that by
1990, 75 percent of the populations of this
country will live within 50 miles of the
oceans or Great lLakes.

b) There has been an exponential increase in
the use of inorganic fertilizers in the
United States since about 1880. Parmers are
now putting about 1,000 times more nitrogen
on their fields than they were 100 Years
ago. Compounding this trend has been the
large-scale conversion of wetlands, which
served as nutrient and sediment sinks, into
agricultural land.

As a result of the above, we assumed that

the amounts of inorganic, and perhaps organic,
nitrogen and phosphorus carried by streamg and
rivers to the estuaries increased markedly.
However, the lack of adequate long-term data
makes it difficult to know if this is true or
to make a quantitative assesament of the
increase in loading over time. Moreover, the
great costs of removing nutrients from sewage
effluent and of controlling runcff from fields
suggest that nutrients will continue to be a

major anthropogenic input to estuaries and
coastal waters,

Most of our knowledge of the effects of
nutrient enrichment on marine ecosystems is
based on laboratory studies of algal cultures
or on short-term experiments involving nutrient
additions to plankton communities,
Nevertheless, it has been established that
recycled nutrients supported mach of the
primary production of coastal systems, and that
the role of the benthos in this cycling was
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very important. We know little about how
marine ecosystems respond to nutrient
additions. How do recycling rates vary with
the total amount of nutrients in a system? How
do the standing crops of primary producers
change in magnitude and variability of nutrient
enrichment? How does the species composition
tand size distribution, nutritional quality,
etc.} of phytoplankton, microzooplankton and
zooplankton change in more enriched systems?
How is the enhanced primary production
partitioned between pelagic and benthic
communities? Is secondary production increased
proportionally to primary productien? Can
nutrient additions alone increase total system
metabolism to the point where anoxia develops?
How does nutrient enrichment interact with
organic toxins, heavy metals, etc.? How do
planktonh-based systems compare with
macrophyte-based systems in regard to the
above? MNone of these gquestions can be answered
adequately with our present knowledge.

Field data can be helpful in addressing
questions such as these. But problems of
apatial and temporal variability; lack of
control; and the inputs of fresh water,
sediment and pollutants often associated with
nutrients make it difficult to develop
convincing evidence,

1f marine ecolagy is to advance beycnd
quantitative natural history and provide
information that is useful in protecting and
exploiting coastal resources, it must develop
ecosystem—-level experiments involving
microcosms, mesocosms and field manipulations.
Marine science is behind limnology and
terrestrial ecology in this regard, and we can
learn from the experiences of others, Within
marine ecology, three of the most exciting
recent developments lnvolved nutrient addition
experiments to salt marshes, high salinity
plankton-dominated mesocosm tanks, and shallow
brackish ponds dominated by macrophytes,
Experimental research of this kind can yield
more information for a given investment than
the traditional academic science based on
individual isolated initiatives. The

challenqge to universities and

researchers ias to develop focused and
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integrated multidisciplinary research
programs to carry out ecasystem—-level
experiments while fostering, maintaining
and rewarding individual creativity,
independence and quality. The challenge to
the funding agencies is to assemble a large
enough support bage to make such research
practical aad to provide the stability of
funding for long-term study,
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TOXIC CHEMICALS AND BICLOGICAL DAMAGE
I8 ESTOARINE SYSTEMS:
RESEARCH PINDINGS AND PERSPECTIVES

Donald C. Malina, Harold O. Hodgins,

Bruce B. M¢Cain, Donald W. Brown and Sin-Lam Chan
Environmental Conservation Diviaion
Northwest and Alaska Fisheries Center
2725 Montlake Boulevard East
Seattle, Washingtan 98112

INTRODUCTION

We agree with almost alil of the positions taken by
Scott Nixon, including his challenges to
researchers and funding agencies. He has properly
identified problems of estuarine viability as
primarily "people® problems. Human populations
around estuaries and along the coasts are
increasing ateadily and the attendant discharges
of wastes and other activities will impose
additional stresses an nearshore aquatic
ecosystems,

Despite this general accord, we seriously disagree
with Nixon on matters of emphasis. Certainly,
increased inputa of nutrients in estuaries
represent major concerns. However, a concept that
nutrient loading is the predominant chemical
perturber of estuvaries is not defensible, in oyr
view, with presant knowledge. Yet an impression
of the overriding, primary importance of nutrient
loading certainly would be a salient point gained
from Nixon's paper and from the titla of this
session., We see no challenges issued, for
example, concerning the host of synthetic arganic
chemicals and metals that presently are found in
estuaries; this is a serious omission.

In this presentaticn, T wil]l make the point that
several types of xenobiotics are of concern to
estuarine viability, and T will discuss the
implications and make tecommendations.

ANTHROPOGENIC CHEMICALS IN ESTUARIES

Several published estimates suggest 70,000
aynthetic chemicals are currently in commercial
use and 1,000 new ones are synthesized each year
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Many of these chemicals eventually enter estuaries
and other environments. Obviously it is not
possible to analyze envirommental samples for more
than a fraction of the chemicals because of
limited resources and limitations imposed by the
state-of ~the-art of analytical chemistry. Many
persistent chemicals eventually wind up in bottom
gsediments, which may serve as long-term
repositories or as sources for recycling.

Numerous studies showed that sediments are major
reservoirs for pellutants, For example, one
sediment sample from the Hudson-Raritan Estuary in
New York contained 180,000 parts per billion of
aromatic hydrocarbons (AHE}, including 5,600 parts
per billion and 1,300 parts per billion of the
carcinogens benz{alanthracene and benz{alpyrene
{MacLeod et al. 1981), 1In other examples, the
mean cohcentration of PCBs in sediments near a Los
Angeles sewer outfall was 3,400 parts per billion
(Young and McDermott 1976) and mean concentrations
of 1lead, mercury and cadmium in Newark Bay
sediments varied from 7,000 parts per billion to
400,000 parts per billion (Meyerson et al. 1881).

We have been investigating pollutants, their fates
and effects in Puget Sound (Fig. l), a major West
Coast astuary, for about 10 years. Approximately
2 million peaple live in the greater Puget Sound
area and the eastern shore is highly
industrialized. Seattle, Tacoma and Everett are
industrial centers, Commencement Bay (Tacoma) was
designated by the (.S. Eavironmental Protection
Agency as one of 10 most hazardous waste sites in
the United States. In addition, health officials
from three counties issued advisories warning
against consumption of fish and shellfish from the
most contaminated portions of Commencement Bay,
Elliott Bay {(Seattle) and Port Gardner (Everett}.

As part of our studies, we extensively collected
and chemically analyzed sediments and
bottom-dwelling fish from various urban and
non-urhan embayments of Puget Sound (Fig. 1J).
Fish also were examined for grossly and
microscopically visible abnormalities. Urban
embayments investigated were Elliott Bay,
Commencement Bay, Budd Inlet {Olympia}), Sinclair
Inlet {Bemerton) and Port Gardmer. MNon-urban
reference areas studied were Case Inlet, Port
Madison and Port Susan --- all within Puget Sound;
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Figure 1l: Map of Puget Sound, Washington, showing
selected urban (G, I, J, ¢) and
non-urban (B, P) study areas,
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and Discovery Bay =~-- just outside the northern
entrance to the sound.

We found that a diversity of chemicals were
present in Puget Sound sediments (Malins et al.
1982, 1984). For example, in Commencement Bay
over 900 individual organic compounds were
detected--more than 500 aromatic hydro, hundreds
of chlorinated hydrocarbons, and various bromine-,
sulfur-, nitrogen- and oxygen-containing
compounds. The numbers and identities of these
compounds have not been determined fully because
of the complexity of the chemical mixtures. Mean
concentrations of aromatic hydrocarbons in
sediment of four of the major urban embayments
{(Fig.2) were as much as 46 times the mean
concentration (280 ppb} of aromatic hydrocarbons
in sediments from non-urban embayments. Within
urban embayments the values varied greatly (e.g.,
150 ppb to 63,000 ppb in Elliott Bay sediment
gamples). Sediments with the highest
concentrations of aromatic hydrocarbons also had
the highest concentrations of certain carcinogens,
including benzlalanthracene (7,600 ppb} and
benzol[alpyrene (2,400 ppb).

Chlorinated organic compounds --- including PCBs,
hexachlorcbenzene, and a number of chlorinated
butadienes and pesticides --- were found in almost
every sediment sample, with the concentraticna
usually higher in urban sediment samples {Fig,2).
The concentrations of several metals with
well-known toxlic properties (e.g. arsenic) were
consistently higher in urban than in non-urban
areas, However, the concentrationa of cadmium
were similar in urban and non-urban embayments
(Fig., 3).

Fizh and marine invertebrates accumulate many of
the chemicals from polluted environments,
Skeletal muscle of striped bass (Morone
saxatilis) from the Audson River contalned

13,000 parts per billion to 54,000 parts per
billion of PCBs {Meyerson et al. 1981) and bottom
fish from near Los Angeles contalned 1,200 parts
per billion to 12,000 parta per billion PCBs and
78,000 parts per billion to 270,000 parts per
billion DDE (Gossett et al. 1982). In our Puget
Sound atudy, the mean concentration of PCBs in the
muscle of English Bole (Parophrys vetulus)

from an industrial area of EEIIott Bay was 4,800
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Pigure 2:

180

B I G J P Q

Geographic subareas

Concentrations of organic chemicals in
sediment samples from selected urban
and non-urban areas of Puget Sound. The
term AHs represents the summed
concentrations of 25 individual
aromatic hydrocarbons. Concentrations
below the limits of detection are
denoted by "+*, =*" denotes that PCRs
were not guantified in certain
sediments from Subarea G and Q because
of interferences from other compounds.
It is noteworthy that an especially
large number of organic xenobiotics in
extracts of Everett Harbor [Q)
sediments could not be identified
because they appeared in
gas-chromatographs as myriad individual
peaks super-imposed on a large
unresolved envelope.
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Pigure 3: Concentrations of cadmium and arseniec
in sediment samples from selected urban
and non-urban areas of Puget Sound.
Concentrations below the limits of
detection are dencted by "+°,
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parts per billion (Maling et al. 1984)}. In
contrast, studies in Southern California, New York
and Puget Sound reported that metal concentrations
generally were not elevated in demersal fish from
urban compared to non-urban coastal marine
enviromments (Young 1982, Sherwoed 1382, Malins et
al. 1984}).

PATHOLOGICAL ABNORMALITIES IN BOTTOM-DWELLING FISH
FROM POLLUTED ESTUARIES

Pathological conditions have been observed
worldwide in marine fish from polluted coastal
waters and estuaries, These apparently pollution-
related conditions include {but are not restrict-
ed to) fin erosion (Sherwood and Mearns 1977) and
a number of pathological conditions of the 11100
(e.g. hepatic neoplasms} (Fallmer et al, 1977;
Pierce et al. 1978; Smith et al. 1979; Harshbar-
ger 1981; Baumann 1982; McCain 1982; Black 1983).

In the Puget Scund studies {Malins et al, 1980,
1982, 1984) we examined three species of demersal
fish for histopathological conditions: English
sole, rock sole (Lepidopsetta bilipeata) and
Pacific staghorn sculpin (Leptocottus

armatus}, The organs of these fish with the
greatest numbers of lesions were the liver, kidney
and gills. Some lesions were apparently
associated with infectious agents, whereas others
had no such association and were of unknown cause
{idiopathie), Idiopathic lesions (four major
histopathological categories) were detected most
frequently in the liver, Hepatic neoplasms were
observed, with oniy a couple of aexceptions, in
fish from urban areas and not in fish from
non-urban areas, The highest prevalences of
hepatic neoplasms were in English sole from the
Duwami sh Waterway in Seattle, 8.2 percent (n=537),
and from Everett Harbor, 12 percent (n=66). The
major types of hepatic neoplasms were
hepatocellular carcinomas and adenomas {Fig. 4).

RELATICNSHIPS BETWEEN POLLUTARTS AND ABNORMALITIES
IN FISH

Two lines of indirect evidence suggest that the

four major types of liver lesions in the three
targeted demersal fish species from Puget Sound
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are causally related to xenoblotics. These are:
(a) the highest prevalences of the lesicns were
found in the highly contaminated portions of the
urban embayments and (b) these types of lesiong
occur in laboratory animals exposed to toxic
and/or carcinogenic chemicals {(Beliles 1975).

In an attempt to better explain relationshipa
between chemicals and disease, we inveatigated
whether certain groups of chemicals in sediments
were correlated with prevalences of hepatic
lesions in fish, We did not attempt a similar
correlation analysis between tissue levels of
chemicals and lesions. We and others have found
that body burdens of certain organic chemicals do
not directly reflect exposure, apparently because
they are metabolized by the fish.

Table I illustrates the results of a
representative mathematical/ statistical analysis
we employed in comparing chemicals in sediments
with lesion frequencies in English sole taken from
the same areas as were the sediments. As
indicated, the prevalences of hepatic neoplasms
and various non-neoplastic liver disorders wera
positively correlated (P<0,003) with sediment
concentrations of aromatic hydrocarbens and metals
(Malins et al. 1984}, Surprisingly, statistically
significant correlations were not obtained between
chlorinated organic compounds and total hepatic
lesions in this species,

CONCLUSIONS, IMPLICATIONS AND RECOMMENDATIONS

It is increasingly evident that urban-associated
estuaries may contain thousands of anthropogenic
chemicals., Evidence is also increasing that
serious, pollutant-related pathological
conditions, including neoplasia, exist in demersal
fish species indigenous to these areas. These
findings exemplify that the effects of chemical
inputs into estuaries and coastal areas are
important problems., The overall viability of an
estuary is related to a host of variables, and it
approaches absurdity to attempt to deal with any
one in isolaticnr, This peint can hardly be
overemphasized. In this context, J. W, Hedgpeth
(1978} said that discussions of needs of marine
ecosystem research “brought to mind the old story
about the blind men trying to visualize an
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TABLE I

Spearman’s rank correlation coefficients (r_)

and significance levels for Prevalences of ﬁepatic
lesions in English sole and concentrftéons of
chemical groups in bottom sediment. I+

Lesion Type Chemical Group re Significance

Level
Total hepatic AHs 0.58 0.001
lesions metals 0.54 0.001
Neoplasms AHs 0.48 g.003
Megalocytic, AHs 0.54 0.001

hepatosis

1 Chemical groups were selected by factor
analysis and the four principal groups were
dominated by aromatic hydrocarbons, metals,
selected metals plus PCBs, and chlorinated
compounds, respectively. Tests were performed
Lo detect all correlations between the lesion
types and the four chemical groups; those not
listed were not significant at the <0.003
level. A significance level of %0.003 was used
in order to compensate for the number of
bivariate statistical tests (16) performed for
each compariaon .,

2 Taken from Malins et al. 13484,

1790
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elephant from a disconnected set of tactile
impressions.™ He summarized, "The lesson of the
blind man and the elephant is that the whole is
greater than its parts and that a complex, most
improbable animal like the elephant cannot be
visualized as a summary of its parts, Even with
20-20 vision, one cannot see zll of the animal,
especially what is going on inside.* The analogy
for marine ecosystems iz not perfect. But it does
illustrate the complexities involved and how we
never will have in the foreseeable future the
definitive answers some appear to he demanding by
next Thursday,.

In the face of these complexities and problems,
what are truly viable research and managerial
strategies? In managing marine environments, we
have no alternative but to deal with individual,
identifiable, manipulable parameters. At the same
time, we should never lose sight of broader
perspectives. Therefore, we need rasearch
strategies that acecount for important individual
variables and the interactions of these variables,
Optimizing the success of such an apptroach
mandates use of interdisciplinary research and of
appropriate computer-based model Syatems, We have
diagrammed in FPig. 5 a protocol for relating
marine xenobiotics tg biclogical effects, which
illustrates the approach we are attempting., An
example of a relevant model System is shown in
Fig. 6.

Obviously, all will not be made well in this
imperfect world gimply by following a certain
protocol,. Limitations of analytical chemistry,
the horrendous variability in bicassay results and
the inability to interpret or generalize the
results, plus many other limitations and problems,
tell us that more fundamental research alsao ia
needed.

In summary, and accepting the risk of banality, we
reiterate premises that we and others have
previously emphasized. These include: 1} that,
for the present, environmental managers will have
to base directions on Dostly provisional data; 2)
that the viability of marine ecosystema, and
particularly those of estuaries, is modified by
composite, variable parameters that include
nutrient and xenobiotic inputs; and 3) that much
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more needs to be done to advance methodology and
enlarge credible data bases.

Nixon made telling points in his calling for
*focused and truly integrated multidisciplinary
research programs® rather than traditional acience
based on "individual isolated initiatives,” and in
his challenge to funding agencies to provide
adequate, stable funding for *"the long-term study
that is needed.”™ We completely concur.

174

REFERENCES

Baumann, P.C,, W.D. Smith and M. Ribick, 1982.
p. 93-102. In (M, Cooke and G.L. Fisher, eds)
Polynuclear Aromatic Hydrocarbons: Physical
and Biological Pate. Battelle Press,
Columbue, OH.

geliles, R.P. 1975, p. 454. In (L.J, Casaratt and
P. Doull, eds.) The Basic Science of Poisons.
MacMillan Publishing Co., Wew York.

Black, J.J., J.Great Lakes Res., 9%:(19813), p.
326.

Falkmer, S., S. Marklund, P.E, Mattson and C.
Rappe, Annalas New York Acad. Sci. 298:
342 (1977).

Gossett, R.W., D.A, Brown and D.R. Young, 1982. In
Coastal Water Research Project Biennial
Report 1981-1982, (Southern California
Coastal Water Research Project, Long Beach,
Calif.) pp. 149-156.

Barshbarger, J.C., Activities report registry of
tumors in lower animals (1981 Supplement,
Smithsonian Institute, Washington, D.C.}

52 pp.

Hedgpeth, J.W, 1978, As blind men see the
elephant: the dilemma of marine ecosystem
research. In (M.L. Wiley, ed.) Estuarine
Interactions. Academic Press, New York.
603 pp.

haclLeod, Jr., W.D., L.S. Ramos, A.J. Friedman,
D.J. Burrows, P.G. Prohaska, D.L. Fisher and
D.W. Brown. 1981, Analysis of residuoal
chlorinated hydrocarbons, aromatic
hydrocarbons and related compounds in
selected sources, sinks, and binota of the New
York Bight. NOBMA Technical Memorandum OMPA-6,
128 pp.

Malins, D.C., B,B. McCain, D,W, Brown, A.K. Sparks
and H.0, Hodgins, 1980. Chemical
contaminants and bioclogical abnormalities.
in rentral and southern Puget Sound, NOAA
Technical Memorandum DMPA-2, 295 pp.

175



Malins, D.C., B.B. McCain, D.W. Brown, A.K. Sparks
H.0. Hodgins and S-L. Chan. 1982. Chemical
contaminants and abnormalities im fish and
invertebrates from Puget Sound, NOAA
Technical Memorandum OMPA-19, 168 pp.

Malins, D.C., B.B. McCain, D.W. Brown, S-L. Chan,
M.5. Myers, J,T. Landahl, P.G. Prohaska,
A.J. Friedman, L.D. Rhodes, D.G. Burrows,
W.D. Granlund and H.0Q. Hodgins., In press.
Chemical pcllutants in sediments and diseases
of bottom-dwelling fish in Puget Sound,
Washington, Environ, Science and Tech,

McCain, B.B., M,5. Myers, O, Varanasi, D.W. Brown,
L.D. Rhodes, W.D. Gronlund, D.G. Elliott,
W.A, Palsson, H.0. Hodgins and D.C. Malins.
1982. Pathology of two species of flatfish
from urban estuaries in Puget Sound. DOC
(EPA) Interagency Energy/Environment,
Research and Development Program
Report. (EPA-600/7-82-001). 100 pp.

Meyerson, A.L., G.W. Luther, J. Krajewski and R.T.
Hires. 1981. Mar. Pollut. Bull. 12:244.

Pierce, K.V., B.B. McCain and S.R. Wellings., 1978,
J. Natl. Cancer Inst, 60:1445,

Sherwood, M.J. 1982. In (G.F. Mayer, ed,)
Ecological Stress and the New York Bight:
Science and Management. Estuarine Research
Federation, Ceolumbia, S.cC. p. 3159,

Sherwood, M.J. and A.J, Mearns. 1977. Ann., New
York Acad., Sci. 298:177.

Smith, C.E,, T.H. Peck, R.J. Klauda and J.B,
McLaren., 1979, J. Fish. Diseases 2:3113.

Young, D.R. and D.J. McDermott, 1976, In Coastal
Water Research Project Annual Report 197§
{Southern California Coastal Water Research
Project, Long Beach, Calif.) pp. 49-55,

Young, D.R. 1982, In (G.F. Mayer, ed.) Ecological
Stress and the New York Bight: Science and
Management, Estuarine Research Federation,
Columbia, S5.C. p. 263,

176

THE ROLE OF WETLANDS IN NUTRIENT CYCLING
IN THE GREAT LAKES REGION

Craig M. Spencer, Riles R. Kevern
and Thomas M. Burton
Department of Fisheries and Wildlife
Michigan State University
Bast Lansing, Michigan

INTRODUCTION

The Great Lakes coastal marshes are nat true
estuaries, but for purposes of this symposium they
can be considered as analogs of estuaties
appearing in these inland freshwater seas, They
occur mostly as drowned river mouths or are
associated with drowned river mouths, The
marshlands are not subjected to significant daily
tides, but effects are seen from the Elushing
action of seiches and episodic floodings. We have
elected to discuss this topic because it relates
to research on river systems that feed nutrients
and chemicals to these marshes, research on
artificial enrichment of aquatic systems,
long-term data bases on the Great Lakes, and
recent studies on the coastal marshes.

It is a curious human phenomenon that engulfs us
when we come face to face with our peers to
discuss what we know. Often we begin by admitking
that we don’t know all that much and that we lag
behind related disciplines. 1In the challenge
paper, Scott Nixon states that marine ecology must
advance beyond quantitative natural history by
carrying out ecosystem-level experiments, and that
marine science is behind limnology in that regargd.
Actually, it is the reverse, We feel that we are
just starting on coastal marsh studies that rival
some of the salt marsh studies reported by marine
ecclogists, Nixon also made us a bit paranocid by
the summary of his review of 20 years of research
on salt marshes (Nixon 1980}, BRe challenges ua to
maintain our credibility as scientists by paying
close attention to the "minute particulars,” and
to be aware of self-deception. While we advance
our knowledge by the "minute particulars,™ it is
useful to step back at times, and see how much of
the puzzle we have assembled. Thus the attempt
here ia to look at this subject from a few broad
concepts, then see what pieces are still missing,
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RESPORSE TO THE CHALLENGE

It is agreed that the input of nutrients and other
chemicals to ceastal marshes will continue to
increase as do population and crop production,
Attempts are being made to make fertilizer
applications and irrigation more efficient
{National Research Council 1982). However, at the
same time, supplemental irrigation is increasing
{Bartholic 1382). As more lands are brought into
crop production, more fertilizer and chemicals
will be used,

Adequate long-term data to document the above
generalizations is not available. But in some
cases, the historical data are available, Vannote
({1961) established the annual input of nutriesnts
by tributaries to the Red Cedar River. Municipal
waste water treatment plants have improved, yet
recent studies {Mattingly et al. 1981; Burton and
King 1983) show similar nutrient loads in the Red
Cedar River mainstream as in 1960. It appears
that greater nutrient reductions by treatment
plants have been offset by increased population
and agricultural use of fertilizers (Burten and
King 1983). Vannote's study should be repeated to
address the speculation, Other situations like
this must exist where early nutrient budget
studies could be repeated to determine nutrient
changes and causes of the changes.

More recent studies sponsored by the International
Joint Commission (1978), verify the great input to
the Great Lakes of phesaphorus from crepland. 1In
the case of Lake Michigan, cropland accounts for
only about 12 percent of the watershed area, but
contributes over 60 percent of the phosphorus load
(Figure 1), Prior to upgrading our waste-water
treatment plants to remove phosphorus, a much
larger percentage of the phoaphorus load came from
urban areas {(Waybrant 197!). Thus, as the
challenge paper implies, we have made headway in
controlling the point sources, but we still must
contend with the non-point sources of nutrienta.

Nutrient dynamics in coastal marshes have been and
are being studied. Many questiona posed in the
challenge paper on nutrient cycling, response of
these aystems to nutrient additions, community
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composition changea, primary-secondary
productivity interactions, nutrient-metabolism
responses and others have some anawers in existing
data. But much of it is in scattered, unrelated
spources and awaits integration by motivated,
broad-thinking ecologists. We need more
integrative reports that pull together the "minute
particulars® into meaningful concepts and
principles.,

CONCEPTS

Hixon (1980) reviewed many research publications
and concluded that coastal marshes were not the
great nutrient scrubbers and sinks that many of us
would like to have protectionists believe, The
reality is that episodic events, recycling
patterns and equilibria situwations, tend to be the
dominant conditions.

In the early days of the Oak Ridge National
Laboratory, a dam was constructed on White Qak
Creek that received some liquid low-level
radicactive wastes, The intention was that
impounded waters would allow the radioisotopes to
settle oput, adsorbed to the sediments or taken up
by aguatic vegetation., This was only partially
accomplished since sediments eventually
equilibrated with water concentrations, and
radioisotopes incorporated in plant tigsues were
recycled. Most of the chemicals continued to flow
over the dam,

Studies in the late 19508 and early 1%60s on the
Red Cedar River in south central Michigan revealed
that floods were significant tc nutrient loading
and transport in the stream (Ball et al. 1968},
The concentration of inorganic nitrogen increases
dramatically (Figure 2) with the increase in
stream discharge (Brehmer 1958}, Thus, there is a
multiplying effect on the transport of nitrogen.
On an annual basis, the majority of the load moves
downstream a small percentage of the time. 1In
1957 and 1958, three floods with a total duration
of 31 days (Figure 1), transported about 45
percent of the total annual phosphorus load
(Grezenda 1960). Kevern (1961l) reported on
phosphorus associated with drift of suspended
particulate matter in the Red Cedar River.
According to his report, 89 percent of the annual
load of phosphorus incorporated is transported in
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less than 60 days. Vannote {1961) studied the

phosphorus-discharge relationship for non-urban
tributaries of the Red Cedar River and found a

strong positive correlation (Figure 4).

All of this indicates that a significant portion,
if not the majority, of the nutrient load moves
into and probably through the ccastal marsh in a
relatively short time. While flood waters slow
when entering the coastal marsh and heavier
sediments settle out, observation of great, dark
plumes moving into the main lake body indicate
that the majority of the material is passing
through the marsh. In the Great Lakes region,
peak stream and river dischargea often occur in
the spring due to snow melt and spring rains. At
this time, vegetative cover in marshes and
watlands is reduced; therefore, spring runoff and
its large sediment and nutrient load move rapidly
through these systems. However, data collacted
from Pentwater Marsh, a coastal riverine marsh on
Lake Michigan, indicate that during perieds of
high flows in mid-summer, suspended solids are

ef fectively removed as the water moves through
dense vegetation in the marsh. Also, during flow
periods in the summer, the suspended solids output
from the Pentwater Marsh is sometimes higher than
the suspended solids input (Kelley and Burton
unpublished data). This may result from export of
algae or detritus produced in the marsh. Over the
long-term, we have watched the Great Lakes
qradvally increase in total dissolved solids
(Figure 5; Beeton 1969). Lake Michigan, in this
instance, has a huge volume, and the Increase in
total dissolved solids represents a great input
over the years. Either the marshes are not very
good sinks or we need many more of them. The
overall evidence is that our coastal Great Lakes
marshes are not significant sinks, at least
relative to the total sediment and nutrient loads
that move or recycle through them.

NUTRIENTS AND WETLANDS ——— GREAT LAKES REGION

Research on nutrient cycling and nutrient budgets
in riverine marshes in the Midwest region is very
limited (see review by Burton 1981). Conclusions
drawn from these studies on the overall role of
wetlands in nutrient removal are suspect, since
they are based primarily on input-output
concentrations unweighted for hydrologic inputs
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and cutputs (Klopatek 1975, 1978; Lee et al. 1975;
Fetter et al. 1978). The general pattern in these
studies is for nitrogen and phosphorus to be
incorporated into the vegetation in summer, stored
in the fall, then released from the wetlands
during spring runoff (Burton 1981).

Currently, research is being conducted at
Pentwater Marsh in Michigan by Tom Burton and his
graduate students., This study may be the first
attempt at a complete input-output sediment and
nutrient budget for a riverine marsh in the Great
Lakes reqion, Unfortunately, analysis of initial
data from this project is not complete, Therefore
no definite conclusions can be dérawn at this time,.
Preliminary analyses suggest Pentwater Marsh has
only subtle influences on the total nutrient and
sediment load passing through the system.

However, significant seasonal influences may occur
(Relley and Burton, unpublished data),

NITROGEN

It is generally believed that most wetlands serve
as overall sinks for nitrogen and phospharus.
Wetlands serve as sinks for nitrogen by two basic
means. Nitrogen may be deposited and buried in
the sediments, or it may be transformed in the
wetland resulting in nitrogen loss to the
atmosphere {Figure 6). Wetlands also may
contribute to nitrogen increases in aquatic
ecosystems through nitrogen fixation., Nixon
(1980) reviewed the salt marsh literature, and
from the limited data available, it was difficult
to determine the relative importance of nitrogen
fixation, denitrification and burial in the
nitrogen cycle, Conclusive data from freshwater
wetlands are also lacking.

Although measurements of denitrification are
scarce in wetland and estearine literature, this
pathway is commonly mentioned as a significant
means of nitrogen loss., Another potentially
important pathway for less of nitrogen from
aquatic systems is through ammonia volatilization
to the atmosphere (Figure 6}. This process has
received little attention from either freshwater
or marine scientists, Research conducted at the
Water Quality Management Pacility (WQMP) at
Michigan State University over the last aight
years provides evidence of significant losses of
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nitrogen by ammonia volatilization from wetlands
undevr certain conditions. The "wetlands™ in this
research consist of four interconnected shallow
ponds (2 m deep}, to which nutrient-rich secondary
wastewater was added at a rate of 0.5 million
gallons per day.

The average total nitrogen concentration of water
ag it flowed through the ponds is shown in Figure
7. As explained by King (1978}, nitrogen is taken
up by dense growths of submerged macrophytes and
algae in the ponds and rapidly cycled through
bacterial decay of plant biomass. This results in
considerable ammonia productien. Under elevated
pH levels commonly mgintained in these highly
productive ponds, NE iz quickly converted to
ammonia gas (NH_.) and’lost to the atmosphere
{equation 1), he pX of this equilibrium is about
9.2 at summer temperatures (Bates and Pinching
19507,

ATMOSPHERE

NH+4 = NHa + 8t - {equation 1)

While the WOMF ponds received elevated nitrogen
inputs in the influent water (Pigure 8), there was
production of high concentrations of ammonia from
the deterioration and bacterial decay of a dense
macrophyte and acriphyton atanding crep in pond ¢
(Spencer 198l)., This ammonia would alse be
subject to volatilization losses.

Using masa balance data based on inputs and
ocutputs of nitrogen, King (Bersonal communication)
calculated that 16.3 mg N/m /hr was lost from
pond 1 during August 1977. The pH of pond 1
ranged from 8.65 to 10,3 during this perlod,
Galiouay (1980) predicted a loss of 15.6 mg
N/m“/hr over the same periocd due entirely to
ammonia volatilization., His prediction was based
on an empirical model considering pH, ammonia
concentration, temperature and windspeed. Thus it
appears that ammonia volatilization accounted for
about 95 percent of the 16.3 mg N/m“/hr lost
during this period.

Two other potential mechanisms invelved in loss of
nitrogen (Pigure §) are net accumulation of
nitrogen in plant biomass and denitrification.
During 1976, a vigorous plant harvesting proqram
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1981).

was conducted in the four WQMF ponds using a large
mechanical harvester, FPlant harvest resulted in
removal of only 9 percent of the total nitrogen
removal (Burton et al. 1979a), During occasional
periods of massive plant decay and oxygen
depletion, denitrification may have resulted in
nitrogen losses. However, the high pH and high

0, levels maintained in these ponds throughout
much of the growing gseason would tend to reduce
the significance of denitrification in the ovarall
nitrogen loas (King 1978}.

Most wetlands and nearshore environments have
lower pH levels than those occurring in the
extremely productive WQMF ponds. As such, the
potential for ammonia volatilization is reduced in
these areas. This is particularly true in dense
emergent macrophyte zones where reducing
conditions often exist in the water and sediment.
However, in shallow productive areas dominated by
submerged plant and algae growth, higher pH levels
would be expected., Por example, the pH of much of
the Pentwater Marsh aystem fluctuates around 8,0,
but in aome backwater areas dominated by submerged
macrophytes, pH values in excess ¢f 9.0 have been
measured (Kelley and Burton, unpublished data).
Ammonia produaced in the more reducing emergent
plants stands and transperted to these areas of
higher pH would be subject to volatilization
losses. Other examples of areas with elevated pH
values where ammonia losses might be expected come
from nutrient rich, productive ecosystems
discussed at this symposium. These iaclude the
Chowan River in MNorth Carolina, where pH values up
to 10.0 have been measured during algal blooms
{Paerl, personal communication), Green Bay in
Wisconsin (Harris, personal communication}, and
even in well-buffered salt water as evidenced by
Nixon's highly nutrient enriched sea water
mesocoams where pH values approaching 9.0 were
measured (Nixon 1984)., Galloway {1980) predicted
that even at a pH of 6.5, one half of the total
ammonia would be lost via volatilization in 41
days, at 25C, with a wind speed of 2m/sec, in a
body of water 5 m deep. In areas less than S m
deep, the rate of ammonia loss would be more
rapid.



PHOSPHORUS

The movement and cycling of phosphorus through
wetlands is simpiified by the absence of a gaseous
phase, The only mechanism for removal of
phosphorus by wetlands is through a net
accumulation of phosphorus in wetland sediments.
This may cccur through the deposition of
phosphorus-containing sediments and organic
detritus, or through incorporation of dissolved
phosphorus into the wetland sediments through
sorpticn or precipitation. We can address these
processes through data collected at the WQMF at
Michigan State University.

The shallow WOMF ponds initially served as
effective phosphorus sinks {(Pigure 9) as shown by
total phosphorus levels in the water system during
the first year of operation (1976). The
phosphorus concentration in pond 1, the most
upstream pond, was initially reduced below
influent concentrations. However, as the newly
exposed bottom sediments became saturated with
phosphorus, the phcsphorus concentration in the
water rapidly increased (Figure 9). As the
sediments became saturated in the downstream
pands, the phosphorus concentration began to
increase successively., 1In less than two years,
the phosphorus concentration in pond 4 reached the
maximum allowable discharge concentration of 1 mg
P/1, and the discharge from this pond had to be
diverted to a spray irrigation project. As King
11979} stated, "Thus it appears that pond systems
wili remove phosphorus just long encugh for the
designer and contractor to cellect their fee and
leave town.®

Wetland sediments have the potential capacity to
remove phosphorus from overlying waters. However,
this capacity is highly dependent on sediment
type, is finite, and is likely to be exhausted
unless new sediments, that have been exposed to
lower phosphorus concentrations than those found
in the overlying water are deposited in the

wetland. If the phosphorus concentraticon in water

Flowing through a wetland is increased, then
additional phosphorus can be sorbed to the
sediments until new eguilibrium levels are

astablished {the converse of this alsc is likely).
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In addition to sorption, dissolved phosphates may
also be deposited from water into the sediments
thirough precipitation with calcium carbonate
{Otsuki and Wetzel 1972). Biological activity may
have a significant influence on this process
{Figure 10). At elevated pH levels resulting from
photesynthetic activity, the carbonate
concentration increased causing a precipitation of
phosphate., However, in July, the pH declined
because of plant decomposition. This resulted in
a substantial release of phosphate, alkalinity and
hardness into the water, which was attributable to
redigsolving of precipitates of these materials in
the sediments, Burton et al. [(l197%b), reported
similar results from the WQMF ponds and concluded
that "Long-term loss by physical-chemical
precipitation does not appear to represent a
significant sink for phosphorus in these lakes.®
The variability in the phosphorus concentration as
controlled by biological activity (Figure 10}
points to the importance of conducting longer term
studies before conclusions are drawn concerning
the potential removal of nutrients by wetlands.

SUMMARY AND RECOMMENDATIONS

We have tried to present some general concepts and
some recent data that relate to the Great Lakes
coastal marshes. Generally, we feel that the
great majority of nutrients move into and through
the marsh systems, Our feelings are supported by
related stream studies, logic and intuition. More
research is needed to substantiate the latter,

Phosphorus appears to move through marsh systems,
If significant phosphorus deposits remain in the
marsh, they must be sorbed or buried in the
sediments. We need long-term research that
documents the net accumulation of sediment in the
marsh.

Nitrogen appears to be more complex. Much of the
nitrogen moves through the aystem as does
phosphorus. However, the action of photosynthesis
and bacteria may cause considerable loss of
nitrogen through denitrification or ammonia
volatilization in highly productive systems., The
loss of ammonia and nitrogen gas may be the only
significant mechaniama for the true removal of
nitrogen aside from the general dominant concepts
of aedimentation, agquatie recycling and flow
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through. To what extent do these marshes act as
ammonia pumpsS or contribute to denitrification,
thus reducing the nitrogen load to the Great
Lakes? 1Is there a significant fixation of
nitrogen by blue-green algae in the marshes that
counters the nitrogen loss? Little or none of
this ammonia loss or nitrogen fixation invalvas
the emergent vegetation, so this research must
focus on the submerged macrophytes, the
phytoplankton and the periphyton. In comparison
to the emergent plant communities, these plant
components also have the greatest contact with the
nutrient-laden water as it flows through the
marshes.

In general, primary production in many lakes is
phosphorus limited while estuaries and coastal
oceans are commonly nitrogen limited. The
mechanisms responsible for these different
limitations have not been explained adequately.
Howarth and Cole (1982), at the Marine Biology Lab
at Woods Hole, are testing a hypothesis that these
differences may be explained by lower rates of
nitrogen fixation in saltwater systems than in
fresh waters, due to reduced molybdenum
availability, Data from our research at tha WOMF
show a significant lowering of the N:P ratio of
water as it passes down through these productive
systems. An alternative hypothesis to be studied,
therefore, is that as water moves from
nutrient-poor headwaters down through a variety of
wetland, lake and river systems leading to
estuaries and coastal oceans, and that nitrogen is
lost more readily than phosphorus, particularly as
these systema become nutrient enriched.

We see much data that documents the seasonal
uptake and accumulation of nutrients by marsh
vegetation and other data that reveal the
breakdown and decay of vegetation and the
subsequent release of nutrienta. Many studiesa
provide concentrations of nutrienta but do not
have detailed hydrologic information. *The
slgnificance of the marshes as sources or sinks
can only be anawered by year-round, multi-year
studies that document total nutrient movement,
chemical concentrations and water and sediment
volumesn,

Finally, to satisfy our intellectual curiosity if
nothing else, we should research the mechanisms
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that cause the transformation, recycling or
movement of nutrients within these productive and
dynamic aystems.

Our coastal marshes are important features —-—-
important habitats themselves and important to the
Great Lakes. The guestions raised in our summary
and in the challenge paper focus on nutrients, To
realize the overall importance of the marshes, we
must follow the dynamica of the nutrients through
organic production. Perhaps the greatest value of
the marshes to the Great Lakes is their role as
"manufacturing centers." Do the marshes
contribute significant quantities of zooplankton
and larval and juvenile fishes to the Great Lakes?
These guestione are modifications of those posed
by Nixon in the challenge paper. We believe these
questions need answers. We also believe a few
ecosystem-level studies would help document the
awaited integration of reported "minute
particulars.® Such ecosystem-level studies must
involve teams of ecoleogiste. To address problems
of spatial and temporal variability, the studies
would have to be large and long-tarm. In the
Great Lakes area, we see at least one good
mechanism to put together such integrated and
coordinated atudies. The collective Sea Grant
programs in the Great Lakes states provides that
possibility.
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INTRODUCTION

puring the past decade, increased eutrophlcation
in two North Carolina coastal rivera has led to
recurring blus—green algal blooma, These blooms
threaten the large and valuable estuaries at the
rivers' mouths. Consequently, a research effert
was developed to understand the bloom phenomenon
and to construct management remedies with some
guarantee of success, Below, we will describe
some of the results of this research and discuss
the insights this experience provided into
research priorities and methodologies that are
needed to study nutrients in estuaries. Although
we will focus on North Caraolina estuaries, most of
the points are applicable to a large class of
river-dcminated estuaries on the U.S. East Coast.

Background

The occurrence of blue-green algal blooms in the
lower Chowan and Neuse Rivers {(Fig. l} has become
a serious water-quality problem in eastern Nerth
Carolina. The Chowan is a freshwater, tidal
estuary extending from the confluence of the
Nottoway, Blackwater and Meherrin rivaers near the
Morth Carclina-Virginia border to the western end
of Albemarle Sound. Blooms of surface
scum-forming blue-green algae {(Anabaena,
Aphanizomenon and Microcystis) began to

appear in the early 1970s (NCDNRCD 1982). Further
south in the lower Neuse River, Microcystis
aeruginosa blooms developed in some, But not

all, summers since the late 1970s between
Goldsboro and New Bern, N.C, (Paerl 1383; NCDNRCD
19813),

203



VIRGINIA

TAR= MilLICH

»
bl /4
DERN Ty "
NORTH CAROLINA 74
] n wu || B ] .. '4
[N e
WILAMETERD

N¥Y31D0 DJIINYIIY

FIGURE 1

The Cbowan and Weuse River basins in eastarn North
Carolina and southeastern Virginia.
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Population growth, intensified agriculture and
induatrialization increased the gquantities of
nitrogen and phosphorous entering the Chowan and
Neuse. This increased nutrient loading is the
primary cause of the blue-green blooms (Stanley
and Hobbie 1981; Ruenzler et al, 1982; Paerl 1983;
NCDNRCD 1982}. In the Neuse, upriver nutrient
concentrations are high throughout the year. This
is illustrated by Fig. 2, which summarizes four
vears of inorganic nitrogen and phesphorus data
for 11 stations along a 400-kilometer stretch of
the river and estuary. Of the three nutrient
species considered, ammonium nitrogen (NH =N}
levels were the least variable with respect to
location in the river. Most stations averaged
between 0.05 and 0.12 milligrams of nitrogen per
liter. Peaks were largely associated with urban
or industrial scurces along the river. Nitrate
nitrogen {N03-Nl averaged about 0.4 milligrams

per liter in’the headwaters, but rose to arcund 1
milligram per liter to 1.5 milligram per liter in
the Raleigh-Durham area, 200 kilometers to 280
kilometers above the river mouth at New Bern. The
concentrations fell some, but remained relatively
high (0.6 to 1 mg N/1) as far downriver as New
Bern, There, at the freshwater-seawater
interface, a steep decline began and continued
through the length of the Neuse estuary. At the
mouth, near Pamlico Sound, the NO,-N average
concentration was down to less thadn 0.1 milligrams
per liter. This decline was caused largely by
biological assimilation, and to a lesser extent,
by seawater dilution (Stanley 1983). Phosphate
phosphorus (PO,-P) concentrations also peaked in
the Raleiqh—Du?ham area (Fig. 2). At the
headwaters, phosphate averaged around 0.1
milligrams per liter, rose to as much as 1.0
milligrams per liter, and gradually fell to about
0.2 milligrams per liter in the New Betrn vicinity.

ESTUARINE RESPONSE TO INCREASED NUTRIENT LOADING

The Neuse and Chowan studies provide some insight
into how river-dominated estuaries may respond to
excess nutrient leoadings. But these studies also
raise many guestions,

1) Why have blue-green algal klooms developed

above, but not below, the freshwater-seawater
interface (FSI)?
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Upriver of the FSI in each estuary, the response
to increased nutrients was a dramatic increase in
primary productivity, in the form of intense
summer blooms of blue-green algae. However, less
obvious impacts were observed below the FSIs in
the Neuse estuary and in Albemarle Sound.

During the 1983 summer bloom in the Neuse, over 90
percent of the algal biomass immediately above the
FSI consisted of species of blue-green algae,
primarily Microcystis aeruginosa {Fig. 3)., At

the same time, the phytoplankton at the New Bern
station, 10 kilometers Farther downstream and
below the FSI (salinity = 5 ppt), consisted
primarily of dinoflagellates. No blue-greens were
observed there. However, algal diversity in this
part of the estuary in 1983 was much less than in
1982, a non-bloom year (Fig. 3). Total algal
biomass alsc decreased dramatically and rose again
in this relatively short distance across the FSI.

Data such as these have been used as
circumstantial evidence that salinity is the
factor preventing the penetration of blue-green
blooms into the estuaries. However, available
experimental evidence is somewhat contradictory,
especially with regard to the effects of low (0-5
ppt) salinities. Paerl (in press) showed that
salinity treatments clearly ighibited
Microcystis photosynthesis (“*C), Inhibition
was observed at salinity concentrations as low as
0.5 parts per thousand. But in another experiment,
the transfer of Microcystis to collected river
water of various sallnftles did not result in a
clear pattern of inhibition. Also, the decline in
bloom biomass may actually occur in freshwater
just above the PSI., Alternate hypothesas to
explain the disappearance of the blue-greens
include: lldepletion of nutrients, especially
NO.-N, immediately above and in the oligohaline
reaion of the estuary and 2)increased water
turbulence as the river widens near the PSI. Such
turbulence tends to break up surface scums of
Microcystis, However, blue~greens do

prolliterate in sections of the Chowan above the
PSI where the width is similar to the oligohaline
Neuse below New Bern,

2)Is there potential for blooms of
non-blue-green algae below the PSI in these
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FIGURE 3

Phytoplankton biomass composition in the
lower Neuse River Estuary during the summers
of 1982 and 1983. Cowpen is a station located
above the freshwater-seawater interface (FSI),
and New Bern is a station located below the
FSI. 1983 was a bloom year; 1982 was not.
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estuaries, and if so, what would be the impact
of such increased primary productivity?

Even if blue-greens do not penetrate the FSI, why
dc other more salt-tolerant algal species
downriver from the FSI not reach biomass levels
comparable to the blue-greens upstream. NO, -N
levels below the PSI are lower than uprive? (Pig.
2). But based on the Chowan and Neuse nutrient
studies of Stanley and Hobble (1%77) and Paerl
{1983}, it is doubtful that nitrogen or phosphorus
1imit phytoplankton growth in the upper reaches of
these estuaries. In summers when blue-green algal
blooms do not form, the high inorganic nutrient
loads move directly into the upper estuary.
Although substantial phytoplankton biomass
develops there, it has never come close to that
assoclated with the blue-green blcoms. Perhaps
other factors, such as light availability or
zooplankton grazing pressure, regulate algal
growth in the estuary.

These possibilities raise guestions about how
primary productivity in the estuary responds to
increases in netrient loading. 1% there some
loading threshold that muat be reached before
significant estuarine blooms can develop? Or have
slow, subtle changes occurred fn algal species
composition and/or productivity that have gone
unnoticed? Unfortunately, the year-to-ysar
variability that occurs in phytoplankton
productivity in the estvaries, combined with the
lack of long-term monitoring data, make these
questions impossible to answer.

3} Why have nuisance blue-green bhlooms not
developed in most other river-dominated
estuaries in this region?

The Tar-Pamlico River estuary watershed lies
adjacent to the Neuse. And farther north, the
Roanoke River empties into western Albemarle Sound
close to the mouth of the Chowan. Neither the
Tar-Pamlico not the Roanoke experienced blue-green
algal bleoms, Why? Is it true, as has been
postulated, that nutrient loadings to these
gystems are less than to the Neuse and Chowan? The
data to support or refute this hypothesis have not
been collected. Or, are there other hydrologic
features that would explain the absence of
blue-green blooms?
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4) Why do blooms not develop every summer in
the Chowan and Neuse?

Despite the persistence of high levels of
growth-stimulating nutrients (Fig, 2}, blue-green
blooms do not develop in the Neuse or Chowan every
Summer. 1In the Neuse, strong blooms occcurred in
1978, 1980 and 1983. There is circumstantial
evidence that this inconsistent response may be
related to variations in river flow (NCDNRCD
1982}. At flows above 800 cubic feet per second
{measured at Rinston, N. C.}, there were only
three ocut of 67 measurements made over a 4-year
period when chlerophyll a in the lower Neuse
River exceeded 10 ug/l. But as flows less than
800 cubic feet per second, the measured biomass
values were usually 40 ug chlerophyll a per

liter (Fig. 4). We believe that algal blooms are
prevented from developing by intermediate to high
flows because nutrient-rich water is carried to
the estuary before algal densities can reach bloom
lavels. When flow is high, river water
time-of-travel increases, water clarity decreases
and turbulence increases. None of these
conditions favor blue-green bloom development.
The cpposite is true when flow decreases. This
hypothesis needs to be tested. 1If it proves
acceptable, then high nutrient loading is not the
only factor leading to severe eutrophication
symptoms. TInstead, the interaction between
nutrients and other pertinent factors must be
considered in assessing the potential impact on
estuarine productivity,

5) What effects can excess nutrient loading of
estuaries have on higher trophic levels?

The oxygen demands resulting from rapid
decomposition of dying blue-green (or other algae)
blooms can lead to kills or unusual migrations of
fish or other animals. However in the Neuse, no
serious fish kills have occcurred, despite the
apparent rapid die-off of blue-greens, resulting
in a dissolved oxygen sag near the FSI. Chemical
toxicity resulting from blooms of blue-green algae
and some dinoflagellate algae is another
possibility, A third possible impact is
interruption of the normal estuarine food weh, If
eutrophication leads to algal spacies composition
changes, then zooplankton and fish productivities
nay be altered., For example, there is a general
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consensus that, relative to most other potential
foods, blue-green algae are inadequate nutritiocnal
sources for zooplankton (Edmondson 1974; Porter
19773 Champ and Pourriot 1977).

RESEARCH METHODOLOGIES

In his challenge, Nixon emphasized the need for
focused and truly integrated multidisciplinary
research programs to carry out ecosystem-level
experiments. We agree that this approach can be
very efficient under some circumstances. 1In
addition, however, we feel that other useful
methodologies need to be discussed. We have
focused on one: long-term, high-guality
monitoring programs.

Nutrient-related water quality problems often
require long-term monitoring because changes in
loadings are usually gradual. A number of years of
data are necessary to determine the actual trends
and impacts. This fact has been demonstrated for
a variety of aguatic ecosystems. For example,
Likens (1983} showed that short-term measurements
of nutrients in streams are often confusing or
misleading, Similarly, Goldman (1981) found from
long-term studies of Lake Tahoe that it took 15
years ta demonstrate real changes in primary
productivity, Another example comes from Lake
Washington near Seattle, where long-term changes
in the chemistry and biology cccurred as the
result of sewage disposal into the lake and later
diversion of the sewage from the lake (unpublished
data on W. T. Edmondson cited in Likens 19B3}.
Without years of careful monitoring, the changes
resulting from these activities could not have
been determined. 1In Chesapeake Bay, the value of
long-term monitoring of dissolved oxygen became
apparent when Officer et al. (1984) showed the
extent to which bottom water anoxia had increased
over the past 40 years, Actually, the
avallabllity of long-term data for the Chesapeake
rasulted not from a planned, coordinated effort,
but from the independent work of many researchers
in laboratories arcund the bay. Unfertunately,
tew estuaries are researched by enough ecologists
to generate long-term data in this haphazard
fashion,
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It is imperative that these monitoring programs be
of highest possible quality. Likens (1983)
discussed, in detail, a number of criteria that
should be met for a successful program. The
following peints are baged on his discussion
and/ar ocur own experiences:

1) In setting up the programs, careful thought
should be given to the choice of variables that
will be monitored, as well as the appropriate
time and space scales. If the estuary already
suffers from particular euthrophication
symptoms, then the decisions will be easier
than in cases where no visible

disturbances occur. The temptation to monitor
traditional variables must be avoided. As
Likens (1983} points out, it is usually
desirable to determine from preliminary studies
what is the best frequency for samples in a
time series. Some parameters may have to be
sampled more frequently than others and at
cleser spatial intervals.

2} Analytical quality control must be
maintained. It is important to standardize
methods and procedures and to intercalibrate
these with standard sources. Whenewver a method
is changed, care should be taken to aveoid
artificial trends in the data. 1In ocur own
laboratory, we recently prepared several
hundred replicate sets of NO_-N, NH, -N and

PO _-p standards from single gtock bdtches.
Thdse ready-to-use 25 milliliter standards were
ampoulated and then autoclaved. They will be
atored for use over the next several years for
biweekly analyses of nitrogen and phosphorus in
a long-term monitoring program in the Pamlico
River estuary (discussed later}). This
procedure should avoid the artificial trends
that can result when errors occur in making up
stock, intermediate and standard sglutions for
analyses of individual nutrient sample sets.

3)The raw data must not be warehoused, but
made accessible to those who need it and
analyzed to allow it to be vaseful in hypothesis
formulation. Availabllity of large data sets
generated in monitoring programs could be
enhanced by storing the data in regional or
national computer data banka accessible to a
wide audience and by periodic preparaticn and
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dispersal of technical reports to university
groups and state/federal agencies interested in
the work. But even more important, those who
generate the data must regularly review and
assimilate the data with a gcal of generating
testable hypotheses. Indeed, if this is not
done, then most of the potential benefits of
monitoring will never be realized, Instead
menitoring will become an end in itself. Those
responsible for the program will become
uninterested and uninspired to maintain the
quality standards mentioned above,

Flemer et al., (1983} presant a convincing
argument to couple long-term monitoring with
research for effective management of estuaries.
First, observations generated by monitoring are
frequently the basis for a hypothesis and often
are used to formulate research programs. Next,
the research can aid in the identification and
evaluation of probable causes so that
appropriate management actions can be made,
Later, follow-up monitoring can determine if a
management control action is effective, The
results of research also often modify existing
monitoring programs (i.e. change the variables
measured or their time and space scaleg). Thus
monitoring and research form a loop, each
feeding or reinforcing the other to achieve
better understanding of the estuary,

An example of coupling monitoring and research
is provided by our experience with blue-green
bloom problems in the Neuse and Chowan, As
noted earlier, several Years of monitoring data
led to three observations: 1) nitrogen and
phosphorus concentrations in the river are high
every year at all times of the year, 2) bloom
concentrations of algae do not develop in the
rivers every year, and 1) periods when blooms
develop coincide with periods of low flow.
Based on these observations, we developed a
hypothesis about the relationship between
blooms, nutrients and river flow that offered a
mechanism to explain the observations. The
next step will be to conduct a research program
over the next several years to test this
hypothesia. The outcome of that research will,
in turn, be incorporated into management
strategies that must be devised to eliminate
the bloom problem. Thus, monitoring can and
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should be an integral part of the scientific
method in ecology.

4) Funding for long-term monitoring is
difficult to obtain. A decade ago, the
University of North Carolina Sea Orant College
Program and the UNC Water Resources Research
Institute funded the collection of cne to twq
years of baseline nutrient data fgr three major
estuaries in North Carolina {(Hobbie 1974;
Hobbie and Smith 1975; Bowden and Hobbie 1877).
Since then, however, these agencies, like most
others, emphasized basic and aPpllgd
experimental research over monitoring,
Consegquently, the recent ngtrlent data_
available for comparison with the earlier
measurements in the Chowan and Neuse were
gathered coincidental to the research projects.
This is not an ideal situation because samgllng
and analytical methods vary substantially from
one project to another.

Por the Pamlico River estuary there'has'beenf
sustained funding for long-term monitoring of
nitrogen and phosphorus, §1ong with other basic
hydrologic parameters. Since the late 1960:, a
phosphate mining company located on the banfs
of the Pamlico has provided contract funds for
biweekly monitoring of 20 stations in the
estuary. The company's commitment to this
effort stems from an agreement wlth tpe state
of Rorth Carolina. To receive permission to
discharge wastewater into the estu§ry,lthe
company was required_con@uct a monitoring
program. The monitoring is carried out by_
universities within the state. The resulting
data are turned over to the company and to
state environmental management persconnel, 1In
addition, these data are avallable to other
university researchers interested in the
Pamlico. This arrangement has proven
beneficial to all. The phosphate company
enjoys the positive public rela;lons generated
from the program, the_sta;e monlitors some
aspects of water guality in the estuary at no
cost, and university researchers can use the 4
long-term data set to complement_data collgcta
in their short-term research projects. This
industry-government-university partnership
should be developed for more estuaries.
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DISCUSSION

H. PAERL: I would like to augment Stanley's

talk while it's still fresh in our minds. He shows
that there is a tremendous difference in these
blooms as they develop in freshwater habitat, and
disappear and presumably go into some kind of
detrital food chain as they end up in the
estuaries. But, T think ocne thing to keep in mind
is that freshwater habitats, or even oligohaline
habitats, which the blue-greens penstrate, are
nursery and rearing grounds for many marine fish
species important to commercial fisheries,

Therefore, we cannot isclate the events occurring
in the more or less freshwater habitat from the
economic benefits or detriments that are oocurring
downstream where we don't think we have a problem.
There are indications that the food chains in
these rearing grounds are erratically altered. The
traditional zooplankton that normally feed on the
algae in the oligohaline environments are faced
with a food source they cannot readily utilize.
It's decreasing the efficiency of transfer and
increasing the number of links in the food chain,

50, we have some important ramifications in pure
marine systems that need to be searched out in
freshwater habitats where the problems originate,

D. PLEMER: I would like to see data from a
little further into the Neuse estuyary because I
assume it has a turbidity maximum (or a null zone)
since you have salinity intrusion. The physics of
the system may explain if you have particles
accumulating, Phytoplankton might behave the same
way. If you look at the literature for some
estuaries aleng the East Coast, you will find that
You tend to get low concentrations, typically in
the summer, in tidal fresh water relative to a
Bystem which has a turbidity maximum in it.

It will be difficult for a senior technical persan
in a research agency not to go back with a story.
It's geing to be hard to ignore all of this,
particularly Don Malins' story, Prankly, that
Scares me. And I expect one of these days it's
going to hit the news. I don't see how that
cannot be information to provide guidance on asome
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further research that has some rather significant
management implications.

M. KJELSON: I want to emphasize that I

appreciate Malina' comments on the linkage we need
between research and management. And although I'm
a hesitant to say this, I think a lot of the
things said in the last few days were purely from
the habitat standpoint. I think we need more of a
linkage between the habitat biologiste and the
stock biologists, if I may usSe that term, because
stock is really what we're trying to protect. That
by no means negates the feeling that we have to
protect the system so we can protect the stock. We
have all sorts of aesthetic things we're concerned
about,

In California we've found a similar relationship
between hydrawlic residence time and chlorophyll
levels. In our system we've been locking at it in
the (tidally influenced} portion of the system
rather than simply in the river. We see the same
relationship in the river. We cught to look at the
hydrodynamic processes that are occurring ia the
estuaries. They become very complex with tidal
influence on top of river flow, and sc forth. We
find that as residence time increases, blooms are
initiated. The duration and the magnitude of the
blooms are not only influenced by flow, but also
by nutrient depletions and other things.

Scott Nixon seemed to refer to residence~time
issues in his talk., I would like for him to add if
he has any evidence of that occurring in the
estuarine brackish water area.

8. NIXON: I think in dealing with whole estuary
systems we're hampered for a number cof reasons.
FPirst, the hydraulic residence time ias a very
difficelt thing to know for any estuary, and it's
not. beenh adequately described for most, if any of
them. And the significance of it is not totally
clear becausSe it varies at every point in the
estuary, and it varies for every substance that's
discharged into it. It's not a simple number that
we can drag off the shelf, That's the kind number
we would like to have, but the physicists aren't
going to give us a number like that,

I think it certainly makes a big difference when
you're comparing a system like south San Francisco
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Bay where the water stays for a long period versus
the mouth of the Hudson River where it stays for
ohly a matter of days. In most estuaries, T
Suspect that it's not going to be as important as
we would like to believe in Separating systems
where the residence time is long relative to
bioclogical and chemical rate processes. In that
case, those are going to be more important things
that dominates what goes on in the estuary.

C. SPENCER: I would like to add one thing on
retention time with ammonia loss. The longer the
water was in our pond systems, the more nitrogen
was lost. If retention time had been less in the
four poads, then it would have resulted in less
ammonia loss, If ammonia loSs was gcocurring in a
river system, however, the retention time would be
an important consideration,

J. Weis: Having listened to three papers on
nutrient input and one paper on chemical inputs
and coming from a state {New Jersey) where other
chemicals are really important, I suspect that
thogse areas of Puget Sound might seem pristine
when compared to some areas in New Jersey. We're
left with the impression that agricultural runoff
gives nutrients and industrial/urban runoff gives
other toxic substances. I would like to encourage
people who are studying agricultural runoff to
remember that in with all those fertilizers and
nutrients you might be getting a whole host of
pesticides. Think about the interactions that
might occur,

D. MALINS: What Judy Weis says is correct, I
think these interactions are tremendously
impertant., And, I think the problem is in all of
these systems and it's tremendously difficult o
differentiate the effect of one sort of
perturbation from that of another. I can
certainly speak for Puget Sound where it's a
continual quest to try to understand whether it's
a problem of human sewage, pesticides or
industrial activity, How we're going to
differentiate, I don't know. But it certainly is

a factor, and I agree with all the possibilities
for interaction.

J. SHARP: We should referance the chemical tool

thatfs used to understand concentration of
nitrients and their behaviors in estuaries. This
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is the concept of the property salinity plot that
geochemists use. You try to look at the dilution
of any property in am estuary. You can do this
with any dissolved chemical, but it's uysed
frequently with nutrients. If you have strictly
dilution as you go down the gradient of salinity,
concentrations fall on a straight line, If
there's net removal, the line curves downward. If
there is net input, the line curves upward,

You can use this technique to generalize for a lot
of estuaries, As You get a slope from that line,
plot the slope against the maximum upward-end
lumber conceatration. I'ye done this with data
from the Delaware, the Tamar in England, San
Francisco Bay, the Zaire in Africa, the Magdalena
in South America, the Columbia and the Dutech
Wadden Sea, You get a fairly good relationship,
All of these show, for the most part, a very
similar, conservative type of behavior for a
nutrient such as nitrate. Phosphorus behaves much
differently, Using the same technique for the
eStuaries listed above, we fiad that phosphoruys
stays at about the same concentration down the
gradient. 1In other words, it does not behave
conservatively, One practical conclusion from
this type of generalizatian is that if management
reduces phosphates input, thera'sg likely to be
little effact,

R, BIGGS: I wanted to make a comment aboyt

toxic substances and the tidat approach that Scott
Nixon used for nutrients, EPA funded his study of
fourteen estuaries and the nutrient loading
System. They alsc initiated a companion study
that dealt with toxice substances that I worked on.
They decided, however, that they had more pressing
needs in the Chesapeake Bay and took us off that
project. We began working on something else.
Therefore, the companion study of the relationship
between toxic loading, primary preoductivity and
chlorophyll, was not completed,

J. BROWDER: In our first sassion, we were

looking for mechanism by which changes in
freshwater flow affected an estuary. Don Stanley,
in his Presentation, showed the possibility that
blue~-green algae blooms aight be linked to periocds
of low water fiow in the river, Although that is
a perfectly naturat situation, it points out how
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i te a
hanging the flow of a river might crea
gondgtign like this that didan't exist before.

I thought the inter-systems
26m§§$§§3§agéott Nixog made were interegtlng. The
question for you is twofold. Do you think
comparisons have been pushed as far as they can,
given the limitations of data? And if so, what
would Sea Grant's role be in developing the data
to allow this kind of thing to be done more
reliably?

5. NIXON: That's a tall order. I don:t Fhink
wa've gone as far as we can go with existing data
in the sense that T think we need to engage
constantly in that comparative exercise., In other
words, put the data from one system next to ]
ancther, and test the ideas that we develop in one
estuary against the phenomena that we observe
elsewhere,

ot of us tend to be parochial, and we try to
?i;ure out how estuary X is working. We elabor?te
fancy hypotheses about what went on. But we don't
usually go through the exercise of trying to ?ay,
"If that's true, how does it fit in with what's
geing on in the Potoma¢ River or the Neuse?® And
we ought to do that more, and we cught to have a
chance to get at each other's data and try those
things out. Certainly agencies like Sea Grant and
EPA can help with that,

Don Stanley's point about data sets not being )
allewed to accumulate in some professor's_archlves
where he guards them like a lion, but.haVLng them
out there for others to use, is very impertant.

I think part of the trouble isbhow we collect and
analyze the data that we're going to use. In most
of the ecological work, we've been unimaginative
in the way we treat our data. _He go gut §nd ]
report concentrations from a given point in time,
and that's the way we run our data ccllection.

Trying to deal with the data in the simple format
of integrating the hydrogr;phy 9nq the .
biogeochemical processes with mixing plots is a
useful way to go., What I try to do in comparing
SYstems is use volume-weighted concentration data,
Since estuaries get deeper and wider toward the
mouth, the jow concentrations you find there
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represent dilution by a much larger body of water.
One of the troubles is that almost no one reports
their data that way. And when you start to work
with most estuaries, trying to get the basic
histographic information on the system becomes
very difficult.

tend in this business not do our homewcrk very
::11? Therefore, many of the basic first steps
are whisked over and breezed by. A& lot gf the
hard-core building blocks are often missing---what
the estuary looks like, where it is., You read
paper after paper, and people don't even tell you
what part of the estuary they're talking about,
The sizes reported for estuaries vary by 15 or 20
percent depending on whose paper you read. San
Francisco Bay, for example, is reported as all
aqifferent sizes.

J. SAUBER: 1I'm one of the regulators that Don
Malins was talking about. It's not surprising to
find elevated concentrations of synthetic organic
chemicals and metals building up in our estuaries,
The threat of increasing eutrophic conditicns in
our estyaries seems to be a common tpeme among
Southeast estuaries. Given the publ%c pressures
to develop our coastal areas for agricultural,
industrial and population centers, tpe picture of
these trends seems to be developing in a scary
fashion. RNonetheless, we're left with the
challenge of trying toc manage that situation.

Don Stanley referred to the necessity of
coordinating monitoring, research and management.
And, as Lev Ginzberg pointed out ip bis keynote
address, the manager preferred deglnlte answers,
even though they weren't necessarily correct, to
the more uncertain answers. This is because we
are hand-tied via historical requirements cof the
standard engineering "you have to meet a number"
ecriteria. We are replacing that with biological
interpretations, but we're far behind where we
need to be in that respect. This paints a ?retty
gloomy picture for us in terms of implementing a
management process,

1 think Harris' point about developing non-market
values for estuaries is probably the only course
of action we can take to compete with the benefits
of the economic development of our coastal areas.
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D. STANLEY: Being a bit cynical, I would argue
that there are a lot of millionaires who have won
by shooting from the hip. You win some, you lose
some. What seems like a good management plan
today may need revision next year or in the
following decade. I think maybe the best policy
is to make the best judgment you can today. Put it
right up front, and make it very clear that you
are making that decision on the best available
information. It may need te he revised five or
ten years from now, I don't see that you have any
other choice except to go ahead.

D, MALINS: I understand what you're saying, and
I've heard it many times before. It's a legitimate
pressing problem, But I'm afraid the reality of
the situation is that we're always locking for
direct answers, and we should. But we never seem
prepared to expand the basis of understanding,
That's always something that comes dribbling along
with whatever funds we might have or that we can
spare. That's a very serious mistake in the
stewardship of estuaries and other coastal areas,

In my view at least, the ability to adjudicate
these problems is about as good as the data base.
If the data base is inadequate, then the decisions
will be too. We have serious problems, not only
in terms of understanding effects on organisams,
but even in understanding the length and breadth
of the problem of toxic chemicals. We can talk
about a thousand here and a hundred there, but in
many areas one can conservatively propose that we
might be dealing with ten to fifteen thousand
compounds, considering transformation derivatives,
We must take the responsibility, as rapidly as
posasible, to expand cur understanding in what

we're dealing with. We've got to know the
territory.

L. GINIBURG: I hear a gloomy picture of the
future, with 75 percent of the population living
on the coast and increased loading on nutrients
and carcinogens. 1 would like to point out the
importance of educating the generat public,

The recent best seller, Me atrends, points out
an interesting trend ---"a trend from
representative to participatory democracy,. 1In

other words, people begin not to trust the
representatives and want to make decialons
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themselvyes, We have saen that happen to nuclear

bPower, It will start happening with respect to cur
coastal environments, I think, if that percentage
of an expanding population jis going to live there,

Urfortunately, the general public receives
information mostly through television and, to a
lesser extent, through newspapers. I think that
educationatl journals could be a way people can get
information,

Scientists are not making decisions. Managers angd
representatives are not going to make decisions,
General referenda, that is what will happen, 1If
we don't educate the general public through some
means, we are not geing to get the right picture
and we'll be faced with wrong decisiong all the

L. CROWDER: I agree with Ley Ginzburg'sg

comment, T think ittg critically important to do
that, and Sea Grant's advisory services role is an
darea that can be very helpful.

Let's go back to the question of the management
people and their Management problem, Ip additiaon

to follow the management actions we take. When we
implement a anagement strategy, does it in fact

The people at the University of Washingtaon
{Crawford Holling*'s group), who are talking abeut
adaptive management strategies, are, in my
opinion, onto some interesting approaches. They
don't believe in Setting management strategies in
stone and defending them over and over.

Let’s suggest management strategies based an the
best data available and make Projections abgut
what we think ought to happen whan we implement
this management strategy. Then follow it up ang
See if it works. 1In other words, yge management
as a hypothesis—testing strategy. In fact, thatrg
what it i3, wWe don't know enough to make
management edicts get ip stone, Therefore, 1
encourage additional efforts to gather appropriate
data to make good management deciaions, 1Inp
addition, congider following up those management
8trategies with appropriate kinds of monitoring to
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make sure that things are going in the direction
we intended,

F. CHRISTHILF: This conference is, ip part,

about a dialogue between Scientists and managers,
It seems from what I've heard that researchers are
finding out all kinds of things over a period of

they're faced with getting managers to accept that

I wonder about turning that around. ¢o to managers
and ask them what their problems are, Then oriant
monitoring and research toward the questions those
managers face.

S. NIXON: People don't uswally come to us with
questions about long-term trends and nutrient
enrichment or fisgh, Management guestions usually
turn on whether acmeona can build his dock 10 Feet
long or 8 feet long, it's hard to respond to these
very site-specific questions,

My impression is that very few people manage the
environment, What they do is permit the
enviromment. It ig frustrating for lawyers and
politicians making the decisions rather than
techricians, Politically appointed boards have a
variety of interests and spend little t@me in
Laking the initiative to modify the enviranment or
restore it,
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ESTUARINE PRODUCTIVITY: UNRESOLVED
QUESTIONS CONCERNING THE COUPLING
OF PRIMARY AND SECONDARY PRODUCTION

William E. OQum
Dept. of Environmental Sciences
University of Virginia
Charlottesville, Va 22903

INTRODUCTION

Estuarine ecosystems are characterized by
intrinsic high levels of primary production (e.qg.
Petersen 1918; Odum 1961; Teal 1962; Marinucci
1382), Whitaker and Likens ({1975} estimated a
mean annual primary production of 1,500
grams/square meter/year (dry matter) for
estuaries, compared to values of 1235 for the open
ocean, 360 for continental shelf waters, 400 for
lakes and streams, and 650 for cultivated land.

Accompanying these well-documented estimates of
estuarine primary production are apparent high
levels of secondary production, While
gquantitative estimates of secondary estuarine
production are generally lacking, high yields of
fishes (McHugh 1967), birds (Stewart 1962), and
fur-bearing mammals (Chabreck 1979) offer
compelling evidence. In fact, estuarine waters
are classified, along with oceanic upwellings, as
the most productive fisheries habitat on the
earth's surface (Ryther 19693},

The connection between high primary production and
high secondary production remains an enigma for
estuarine ecologists. While a theoretical
relationship exists between the twc, documentation
of the pathways and satisfactory clarification of
the relative importance and ecolcgical
efficiencies of individual pathways remains an
unresolved problem.

After 50 years of research, the sources of fixed
organic carbon in estuaries are fairly well known
{Pig. 1). But it is not clear how the carbon
sources are utilized by consumers and what degree
of importance is attached to various sources.

Hypotheses to answer these questions fall into two
general categoriea. In the first category,
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FIGURE 1

Potentlal pathways of energy flow in estuarine
ecosystema. Not all posaible pathways have been
drawn; for example, methancgenesis and sulfur
reduction could originate from any of the sources
of organic matter, Mangrove and marsh pathways are
enhanced for emphasis and do not imply relative
importance. Modified from Odum et al, (1982},
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vascular plant detritus, originating from marsh
grasses, sea grasses, and mangroved, serves as a
major energy source for marsh and estuarine
consumers. This argument has been advanced by
Petersen (1918), oOdum {1961), Teal {1962), Darneltl
(1967), Mann (1972}, de la Crusz (1973), Day et al
(1973), Nixon and Oviatt (1971), and O0dum and
Heald (1975) among others. The secongd category of
hypotheses sSuggesta that the importance of

his reduces to a debate over the contributions of
different types of primary producers, 1 will
arqua that the quintessential question concerns
the importance of vascular plant detritus, In the

following paragraph I make several basic
assumptions,

If these assumptions are acceptable, then the onusg
of proof is shifted to the vascular plant
detritus/consumer question,

Asaumptions

(1) Most estuaries ara sites of high annual
production of phrtoplankton, benthic
microalgae and benthic macroalgae. There
are exceptions, such as highly turbid
estuaries with muddy shorelines. But
even these have appreciable benthic
microalgal production,

(2) Most organic material of algal origin
{a) provides an adequate foed value, (b)
is digestable, (e¢) ecan be assimilated,
and (d) supports consumer growth and
reproduction, There are, of course,
exceptions (e.qg, filamentous blue-greean
algae, certain macroalgae, etce, ).

These points are Supported by a vast amount of
research too extensive to review in this paper.
It is possible to argue about exceptions, but the
weight of the evidence supports the generality of
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the assumptions, What remains to be better
understood about algal-based focd chains are the
relative assimilation efficiencies of various
types of algal diets by different consumers,

Basic Questions

assuming that algal production is an important
estuarine energy source, we quest@on the
importance of vascular plant detritus. 1 have
broken this large question into a series of
smaller guestions,

(1) Is there a significant input of vascular
plant detritus from marsh grasses,
terrestrial plants, mangroves and aea
grasses into estuaries?

The answer to this gquestion i1s unquestionably
positive {see reviews by Mann 1972; Odum et al.
1573; Thayer et al, 1979; Zieman 19@2; etc, ). _But
the magnitude of the inputs to spequlc estuaries
remains unresoclved. The methodological problems in
measuring organic detrital flux are complex (see
Odum et al, 1979; Nixon 1980). Although we may
not know the exact amount of wvascular plant
detritus arriving in a particular estuary from a
particular source, in most cases we can determine
relative significance. For example, mangrove
detritus inputs are high in the tidal rivers of
the Everglades estuary in southern Florida (0dum
and Heald 1975) and that marsh grass detritus
inputs are high in the Louisiana estuaries (Day et
al. 1973).

If we accept that vascular plant detri;us inputs
are high in many estuaries, the following
questions become pivotal.

(1} Are there significant amounts of
consumers that ingest wvascular plant
detrital material?

(2) Can these consumers assimilate any part
of the detritus complex {substrate,
microbes, microbial exudates) and grow on
a vascular plant detrictus diet?

{1) Assuming ingestion, assimilation and

growth, how important is de?ritus‘to
primary consumers in comparison with
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algal socurces?

(4) Ia there indirect evidence to suggest
that vascular plant detritus provides
much of the energy base for inshore or
nearshore fishery organismsg?

Examination of the available evidence on these
unresolved questions reveals conflicting field
data and experimental results. I have classified
this evidence into two categories: (1} primary
evidence that provides direct information about
the first three questions and (2) secondary
evidence that relates to the fourth guestion. The
secondary evidence iz more thought-provoking and
worthy of further study than the primary evidence.

FRIMARY EVIDENCE
Digestive Tract Content Analyses

Investigators examined the digestive tract
contents of estuarine primary consumers., In many
cases significant quantities of vascular plant
detritus have beer found, For example, Darnell
{1958, 1%61) reported plant detritus in the
stomach contents of salt marsh Fishea and
invertebrates. oOdum and Heald (1972, 1975)
reported similar findings from organisms in a
Florida mangrove swamp. Other examples include
plant detritus in the digestive tracts of mullet
{(odum 1970a}, grass shrimp (Welsh 1975), fiddler
crabs (Montague 1980) and estuarine fishes (Carr
and Adams 1973). And phytoplankton and other
algae alsc are found in the tracts of estuarine
fishes and invertebrates {e.g. June and Carlson
1371; Odum 1970a; and many others).

This data tells us that estuarine primary
consumers ingest vascular plant detritus and algae
in large quantities. Unfortunately, it leaves
many unanswered questions. For example, it
doesn't reveal the degree to which the arganism
utilizes the potential food substrate., What
percentage is assimilated by the consumer, and
what percentage is excreted? It is possible that
digestive tract material passes through the animal
without being assimilated, And delicate algal
cells may be digested more quickly than vascular
plant detritus. Such differential digestive rates
can lead to extremely misleading conclusions.
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In summary, digestive tract content information
can establish preliminary information about
consumption of detritus and algae. But this
informaticn cannot be extrapolated too far in
drawing definitive, final conclusions about
assimilation and growth,

Detritus Enrichmept

Extensive literature is available on the nutritive
change that occurs in decaying plant detritus
{summarized by Tenore and Rice 1380}, Depending
on a number of factors {original composition of
the plant material, nitregen content, crude fiber
content, content of water socluble compounds,
presence of phenolic residues, etc,), vascular
plant detritus may be a more nutritious substrate
during the early decomposition stages {e.g.
Waksman and Tenney 1928; Odum and de la Cruz 1967;
Fenchel 196%). The increase in potential food
value, often expressed as an absolute increase in
total nitrogen, has been attributed to microbial
colonization, growth and mobilization of nutrients
from the water column (Fernchel 196%; Odum 1970b;
Mann 1972).

The increased nutritional guality of aging
vascular plant detritus has been used as an
arqument for the importance of the
detritus-microbe complex in aguatic food webs (de
la Cruz 1965; Odum 1970b; Mann 1972; Cummins 1974;
and others). But the iasue is not that simple.
Potential food value does not necessarily
translate to actual food value. The increased
total nitrogen content in decaying detritus may
not represent usable or digestable nitrogen, but
quantities of refractive, metabolically
unavailable, non-protein nitrogen compounds (Odum
et al., 1979). Moreover, this nitrogen increase
may be due to accumulation of extracellular,
organic nitrogen in the form of microbial exudates
(Rice 1979; Hobbie and Lee 1980).

In summary, the literature on the aging and
nutritional changes of vascular plant detritus
suggests that it is potentially nutritional to
many primary estuarine consumers, But this
information must be interpreted cautiously, with
thought given to the exact chemical composition
and change in composition of the decaying
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substrate. Much important research remains to be
done in this area.

Feeding Studies Utilizing Plant Detritus

Attempts to experimentally feed detritus to
consumers reveal a tangle of conflicting results,
Some confusion results from using different
detrital substrates with different nutriticnal
composition. More confusion results from the
criteria utilized; some investigators have
monitored for simple assimilation, but others have
followed subsequent growth. Govoni et al. (1982}
pointed out many technological difficulties in
attempting to estimate rates of assimilation.

In general, it seems that most experimental
results suggest that:

(1) Detrital substratesz, which are low in
nitrogen and high in refractive
carbohydrates {such as detritus
originating from the marsh grass,
Spartina alterniflora, are not
assimilated to any great extent by
consumers (Johannes and Satomi 1967
Prinslow et al. 1974; Kirby-Smith 1976;
Wetzel 1975; Williams 1981).

(2} Detrital substrates, which are high in
nitrogen and low in refractive
carbohydrates {such as marine macroalgae
and tidal freshwater plants fincluding
arrow-arrum, Peltandra virginical,
may be assimilated directly by
detritivores (Newell 1982; Findlay and
Tenore 1982; Bowen 1%80).

(3) The attached microorganiasms {and
microbial exudates) on both types of
detritus can be aasimilated by
detritivores (Newell 1965: Johannes and
Satomi 1967; and many others).

{4) Coprophagy, or reingestion of fecal
matter, plays an important role in
allowing bacterlal recolonization to
enhance the nutritional value of decaying
detritus (Newell 1965; Frankenberg and
Smith 1967).
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(5) Many feeding and stomach-content studies
suggest that detritivores ingest a
mixture of detritus and living algal
material (Cdum 1968; Odum 1970b; Odum and
Heald 1975; Kirby-Smith 1975}.

This last point is exceedingly important. It
suggests that a diet limited to only detritus is
unnatural and insufficient. Virtually all filter-
and deposit-feeding detritivores feed in a way
that guarantees detritus and algal particles will
be ingested, Therefore, studies that limit an
animal's diet to detritus and then conclude it is
not a useful food source may be misleading.

Equally misleading are laboratory experiments that
utilize artificially produced {or artifieially
collected) detritus. This materiatl may or may not
reflect what is available in the real worid or
what an organism will consume in the real world.
Odum (1968) has shown the striped mullet, Mugil
cephalus, is highly selective about what it

eats, utilizing an elaborate filtering device to
reject unsuitable detritus particles.

Peeding studies have uncovered considerable
information, but we should be careful in our
interpretation of this information. The diets of
detritivores are extremely complex, often
1acluding some animal material, Attempts to draw
conclusions about the importance of the detrital
substrate, attached microbes, microbial exudates
and algal material are probably premature at this
time. Recent evidence (Peters and Lewis 1984)
Suggests that supposedly unassimilatable
substrates, such as Spartina detritus, may be
assimilated by consumers such as menhaden, which
have some cellulase activity in their digestive
tracts,

SECCNDARY EVIDENCE

The direct evidence concerning the trophic wvalue
of vascular plant detritus is extensive, but
contradictory. Worse yet, the prospects of
untangling the conflicting data in the naar future
are not promising. We can conclude that many
primary consumers ingest quantities of detritus
(along with algae). But determining how much i{a
assimilated, what is assimilated, and how this
contributes to long-term growth and reproduction,
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when compared to algal sources, is an exceedingly
complex research question,

These priimary sources of evidence are really a
reductionist approach to the problem, Like any
reductionist methodology in science, they offer
precision, but at a great time cost. While we're
waiting for the reductionist answers to accumulate
80 that fundamental questions can be answered {and
it may net occur in our lifetime), it is
interesting to take a holistic leok at the
question through indirect pieces of evidence, As
with any holistic approach, the danger lies in
over-simplification and generation of superficial
informaticn that may be misieading,

Proximity of Major Fisheries
to Sources of Detritus

Many of the world's major inshore fisheries for
shrimp, crabs and fish lie in geographical
proximity to regions that produce copious
quantities of vascular plant detritus (i.e.
mangrove swamps, coastal marshes, sea grass
lagoons), Examples along the United States coast
include the fish and penaeid shrimp fisheries
adjacent to (a) the coastal Spartina marshes of
the southeastern Atlantic and Louisiana coasts,
{b) the mangrove-dominated Everglades estuary of
southern Florida, and (c) the sea grass beds of
Laguna Madre in Texas. Other examples can be
cited, including the shrimp fisheries off the
mangrove areas of Central America, Africa and
Southeast Asia,

This apparent relationship may be misleading,
Enhanced fishery production could be related to
habitat value and protection offered by the
features that produce detritus---marsh grasses,
3ea grasses and mangroves. And the examples above
(Spartina marshes, Everglades mangrove swamps,
etc,}) also are affected by significant gquantities
of inflowing fresh water caentaining high
concentrations of dissolved nutrients. It is
possible that high fisheries production in these
areas can be traced to high algal production
caused by freshwater inputs of nutrients.
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Correlations of Figheries
Productlion and Wetlands Area

Turner's (1977) paper correlated average annual
commercial yields of penaeid shrimp with the area
of intertidal wetland vegetation. He found a
strong positive correlation (P = 0.01). On a
regional basis, inshore shrimp yields correlated
highly with the area of wetland vegetation, but
they had little or no positive correlation with
the area, average depth or volume of estuarine
water.

Although this is intriguing evidence, correlations
tell us nothing about cause and effect. It is
possible that this high correlation resulted from
another related factor. For example, shrimp may
utilize intertidal marsh grasses for their habitat
value---as protection from predators. Then areas
with large expanges of marsh grass would provide
favorable shrimp habitat, but not necessarily a
food source, Schaaf and Peters (1982) pointed ocut
the problems these studies have in defining system
boundaries, Where does one functional nursery
area or fishing region stop and the next begin?

In a later paper, Turner et al, (1979) suggested
that offshore {continental shelf) primary and
secondary production are more or less directly
coupled to estuarine primary production. Yoder et
al. (19813 agreed in respect to the inner
continental shelf, but felt that primary and
secondary production on the outer continental
shelf depends on open ocean physical processes
such as ocean upwellings.

Declines in Fisheries Catches
in Response to Wetland Destruction

tisheries catches fluctuate over time in response
to a variaety of density-dependent and
density-independent factors. Odum {in press)
mentlons several cases in which catastrophic
declines in fisheries yields appear to coincide
with extensive wetland degradation. But these
cases are not numerous or well documented.

ASs an example, Krishnamurthy and Jeyaseelan (1980)
report prawn production from a partially protected
Indian mangrove swamp to be 110 kilecgrams/hectare/
year; fish production was 150 kilograms/
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hectare/year. 1In a nearby estuary where the
mangroves were damaged or removed by man, prawn
production was 20 kilograms/hectare/year and fish
production 100 kilegrams/hectare/year.

This is highly circumstantial evidence. Secondary
production in the areas may never have been
comparable, Declines in the altered areas may
have been caused by siltation, lack of suitable
habitat and other factors unrelated to detritus as
a food supply.

A similar example, equally flawed by possible
multiple causality, was reported by Woodburn
{1961). He compared commercial fisheries catches
from Lake Worth in Palm Beach County, Pla., before
and after a dredge-and-fill operation obliterated
large tracts of mangroves and sea grasses. In
comparing catches before (1950} and after (1956}
the dredging and filling, he found dramatic
declines, Channel bass declined from an annual
catch of 25,148 to 200: spotted sea trout dropped
from 336,936 to 1,258; and snook slipped from
21,445 to 8,989,

A multiplicity of factors is involved in a
dramatic deop ln fisheries yield (e.g. losa of
habitat, possible increased turbidity and
pcllutant concentrations). The role of detrital
loss in secondary production is not clear. A few
well-documented studies before and after the
destruction of a major detritus-producing area
might give us a better idea of how reduced
detrital input guantitatively affects sacondary
production. This would be particularly useful if
detailed trophic studies could be incorporated
into the experiment.

Stable Isotope Data

Beginning in the 1960s, stable carbon isotopes
were used to unravel marine food chains (Parker
1964; Smith and Epstein 1970; Nissenbaum and
Kaplan 1972; Eadie and Jeffrey 1973; Haines 1976,
1977; Thayer et al. 1977: Haines and Montague
1979; Fry 1981;:; Schell 1983). The delta-131 carbon
of an organism may reflect the stable isotope
ratio of its trophic carbon socurce, Using this
technique, Haines (1976, 1977) concluded that
phytoplankton and other algal sources were the
most important energy sources in Georgia estuaries
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and that detritus originating from the marsh grass
{Spartina alterniflora) was less important.

Recent evidence has suggested that Haines's
conclusions may have been premature and incorrect,
Peterson et al. (1981} showed microcrganisms
associated with decaying Spartina may have a
different delta-13 carbon signature from their
marsh grass substrate. They hypothesized that
this might be AQue in part to bacterial use of
energy-rich reduced inorganic sulfur ceompcounds to
fix carbon from marsh waters. Therefore if a
detritivore assimilates a small guantity of these
attached bacteria, its stable carbon signature
could be significantly altered.

Examination of the stable carbon literature shows
that the method works best when the consumer
cbtains its carbon from a single source with a
single signature (i.e. phytcplanktoni. If the
consumetr assimilates materials from a variety of
sources {i.e. phytoplankton, benthic algae,
vascular plant detritus criginating from
terrestrial, sea grass, mangrove, or marsh grass
sources, sulfur oxidizing bacterial, as is the
case with many estuarine primary consumers (0Odum
and Heald 1972), then the results of stable carben
analyses become extremely difficult to interpret.

I1f an corganism feeds on carbon substrates with
widely separated carbon signatures (i.e, mangrove
detritus and seagrass detritus) and on nothing
with intermediate carbon signatures, then it may
be possible to reach rational conclusions
concerning the importance of the carbon sources.

Since most estyarine consumers feed on many
materials with & variety of carbon signatures, the
use of a single isotope is probably not wvalid.
Zieman et al, (in press) have suggested that
multiple isotope techniques offer a more powerful
tool. For example, Macko (1981) demonstrated that
stable isotopes of nitrogen can be used like
isotopes of carbon to trace ecological and
geachemical pathways. Sulfur isotopes may offer
the same potential (Macko, personal
communication).

The combination of these three isotopes and

posaibly the D/L amino acid ratio (Zieman et al.
in press) offers a powerful tool to understand the
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complex trophic relationships found among
estuarine consumers. For this reason, most of the
conclusions from early stable carbon research,
particularly in reference to the relative
importance of algae and vascular plant detritus to
estyarine consumers (e.g. Haines 1976, 1977),
should be viewed with skepticism.

CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

The following points can be drawn from the
preceeding discussion.

(1) Rlgal sources provide a significant food
source and growth impetus for estuarine
consumers.

{2) Direct analytical and experimental
evidence suggests that vascular plant
detritus is {a) ingesated, (b) partially
assimilated and {c) can support some
growth of estuarine consumers,
Significant questions remain ta be
resclved about the portion of the
detritus complex that is assimilated and
the degree to which a mixed diet of algae
and detritus provides the best growth.

t3) Indirect, circumstantial evidence
suggests a close relationship exists
between the magnitude of detritus
production from marsh grasses, mangroves
and sea grasses, and nearby fisheries
production. Although much of this
evidence 1s indirect and correlational,
the recent work of Zieman et al. {in
press} suggests that pink shrimp
{Penaeus ducrarum) have a carbon
signature that approximates either
mangroves or Sea grasses, depending on
thelr nursery area.

in swmmary, the most important guestions
concerning estuarine productivity revolve arcund
the comparative trophic importance of vascular
plant detritus versus algae, Related to this
question is the degree to which coastal fisheries
organisms utilize detritus as an energy source and
the impact of removing large tracts of
detritus-producing swamps, marshes, and sea grase
beds .
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Research

Pricorities

Given this set of guestions, the following
research priorities appear to be important:

(1)

t2)

{4)

(3

Utilization of multiple isotopes {stable
carbon, nitrogen and sulfur ratios} and
othar techniques to identify indirectly
the apparent gource of organic carbon for
estuarine primary consumers.

Studies (with an emphasis on new
techniques such as D/L amino acid
analysis) to determine the chemical
composition and nutritional status of:
{a} detritus of different origins such as
mangrove, sea grass, and marsh grass;
(b) different components of the detritus
complex (e.g. amino acid content of
detritus-associated microbes versus
microbial exudates on the particle
surface); and {¢) detritus complaxes of
different age and particle size.

Laboratory feeding experiments to
ascertain details about the utilization
of vascular plant detritus by consumers.
This would include studies of: (a) degree
of asaimilation of total detrital
nitrogen and carbon; (b) comparative
asaimilation of different compcenents of
the detritus complex (i.,e. subatrate,
microbes, microbial exudates, ete.}; and
{c) the relative ability to digest and
assimilate the detritus complex versus
algal material.

Growth and ecological efficiency studies
in large tanks or small ponds to
investigate consumer diets of: (a)
detritus of various types and chemical
composition, and (b) detritus and algae
in various ratios ranging from pure
detritus to pure algae,

Controlled field experiments in ponds to
see if detritus agquaculture is feasible.
This would involve attempta to qgrow
organisme such as freshwater crayfianh,
mullet and others in pond systems that
receive inputs of properly conditioned
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(6}

(7

vascular plant detritus.

Carefully planned before-and-after
studies to investigate the local impact
of marsh, mangrove, or sea grass removal
on fisheries organisms. Projects would
have to be coordinated with previoualy
approved grandfather clause development
of coastal areas. The research project
would be designed to separate the effects
of trophic alterations {i.e. decreasing
detritus input or increasing algal
productivity) other effects such as
direct habitat destruction.

Field investigaticns and laboratory
experiments to investigate the potential
and realized importance of hypothetical
reduced-sulfur food webs. This might
include direct examination and
immunclogical studies to test for the
presence of suelfur oxidizing bacteria in
consumer diets,
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ESTUARINE PRODUCTIVITY: RELATING
TROFPHIC ECOLOGY TO FISHERIES

David S, Peters and V. Pernell lewis
Naticonal Marine Fisheries Service
Southeast Fisheries Center
Beaufort Laboratory
Beaufort, North Carolina 28516

The marsh, estuarine and nearshore ecosystems of
the southeastern United States provide about half
of the nation's total recreational and commercial
fishery landings. Unfortunately, the quantity and
envirommental quality of these shallow habitats
are being degraded by coastal development, with an
implied risk to fisheries. Success in maintaining
and enhancing their yield will depend in part on
our knowledge of factors affecting fish
production, While many kinds of information are
desired, one of the most important is a clear
understanding of the coupling between primary and
secondary production, Broadly defined, this
coupling includes nearly all food web
interactions., However, its common use refers to
consumption of plants.

Most of the recent efforts to describe this
coupling involve reductionist attempts to
demonstrate that detritus is an important food
source, Because the preceding presentation (Odum
1984) reviewed the main research areas, this paper
will be more limited, We will briefly discuss
some of the conceptual and methodological problems
that may have limited promise. The main focus is
on the approaches, conclusions and hypotheses that
are part of an ongoing effort to describe the role
of detritivery in fishery production,

From the previous paper (Odum 1984), it appears
that recent research has not resulted in any
notable advancements. This is probably due to a
variety of reasans, including lack of direction.
If the approaches tried or suggasted by various
investigators are equally relevant, then current
fact-gathering may be a nearly random activity,
The problems encountered in unraveling the complex
coupling between primary and secondary production
might sSeea intractable. However, our progress
will be more rapid if research is appropriately
directed. Other hindrances to an understanding of
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trophic relationships include narcow individuval
parspectives and a less than optimum mix of
reductionist and holistic approaches.

A shift in emphasis from the general tepic of this

group of papers (linking primary and secondary ;
production) to a more specific and practical toepic !
{linking primary productien and flghery yield}, )
has several advantages. One practical advantage
is that it encourages consideration of the same
ecological processes, but in a more relevant
context, Understandably, society and funding
agencies have little concern about the vague
concept of secondary productiop, yet readily .
appreciate the value of fisheries, Concentray1ng
on the fishery aspects will alsec focus attention
on the potential relevance of any informaglon
gained. For example, the presence of a dx;ect
link from vascular plant detritus to fish is
condiderably relevant to the habitat manager's
argument that sea grass meadows and marshes should
be preserved. In addition, fishery managers can
use knowledge of trophic pathways supporting a
multispecies fishery to halp ?hem predict how some
poepulations of important species may be affected

by the harvesting strategies for others.

Scientific reasons for stressing the trophic links

to fish, while more abstract, are at least as

important as the need to retain relevancy. An

understanding of the coupling between 9rimary and

secondary production requires information about

proceases operating at higher trophic levels. For ;
example, fish are as important as primary
production and detritus, though the latter seem to
receive more attention., Contemplation of fish's .
roles serves twe purposea, First, it encourages a

more holistic approach. Second, it focuses . .
attention on the wvast body of fishery data that is

fregquently ignored by ecologists, including food .
habits, biomass, production and harvest rates of

many ecologically important species,

The general idea that detritus utilization
represents a major pathway in estuarine energy
flow is supported by various observations, but it
cah never be proven. In fact, according to Sir
Karl Popper's logic, we can never prove a general
statement from specific ones (Dolby 1982). Our
inablility to verify any general idea would not
change even if the idea were astated as a specific,
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testable hypothesis. We acecept or reject
hypotheses rather than prove them. Just as the
theory of evolution required thorough examinatiaon
before it was accepted as a bioclogical law
(Futuyma 1983), the generalization that detritus
is a major estuarine food must unhdergo
considerable scrutiny. It is clear from the
preceding paper (Odum 1984) that investigators
disagree about the relative importance of
detritus. Perhaps the ecasiaest way to reconcile
the relevant observations, threugh the logic of
Occam's razor, is to accept an important trophic

role for detritus while explicating apparent
centradictions.

It is difficult to reach a concensus about the
importance of detritus as a major food source
because: {1} the term “detritus® is used in
different ways -—— usually without an explicit
definition, (2) the experimental methods used are
frequently artificial and questicnable and (3} the
animals examined are frequently of only minor
importance in overall estuarine energy flow.

In many instances, the term “detritus™ secems to
tefer to visually recognizable vascular plant
fragments. However, such fragments may be of
little relevance if the major pathway of detrital

utilization is through "amorphous aggregates”
{Bowen in press),

Because it is difficult to collect natural
detritus in the same way a detritivore does, most
experiments depend cn simulated detritus, If
caution is exercised in experimentatiaon, the
difference between natural and simulated detritus
may be small and unimportant, However, the
difference is frequently substantial,
unacknowledged and probably important. Even if
the detritus is adequate, the results may be
misinterpreted if it is offered as an unnatural
fraction of the diet. Another frequently ignored,
but potential problem is that a natucal dietary
item may appear indigestable if it is presented as
a2 sudden dietary change. The potential for
digestive enzyme induction should not be ignaored.
Although weil designed research may show which
types of detritus a species can utilize, the
information will be of limited value in
substantiating the importance of estuarine
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detritus if the species is not abundant .
distributed, a and widely

Menhaden are particularly attractive candidates
for stuqies of detrital utilization because of:
(1) their abundance, (2} ubiquitous distribution
in both Atlantic and Gulf Coast estuaries, {3) the
presence of extensive fishery data bases and (4)
reports of detritus being found in their stomachs
(Darnell 1958 and 1964). These fish, so abundant
that their harvest constitutes about half of the
to?al United States fishery landings, are also a
major link in the food chain of predators such as
striped bass, bluefish and mackerel. Documenting
that detritus as a major food of such a dominant
species may substantiate its importance in
estuarine food chains,

Recent efforts to determine the role of detritus
in trophic ecolegy of juvenile Atlantic menhaden
have included measures of feeding selectivity,
vlsual‘apd chemical analysis of stomach contents,
deterministic models of energy flow, measurements
of digestibility and enzyme assays. While each
data set and technique has its shortcomings, in
total they strongly support the view that juvenile
Atlantl? menhaden eat and digest large quantities
of detritus. To place this inference in proper
perspective, the conclusions and some criticisms
of these studies will be presented in near
chronclogical order,

The results of a laboratory feeding experiment,
using both algae and detritus (estuarine
particulate matter that settled to the bottom of a
holding tank), indicated that menhaden readily eat
b9th foods, but select the larger of two available
sizes {Peters 1972}). This observation of detrital
ingestion may be questioned as an artifact of
laboratory conditions.

Visual analysis revealed that nearly three-fourths
of the stomach content of juvenile fish that had
ted in an estuary {Peters and Kjelson 1975) was
detritus (primarily amorphous material of
unrecoqpizable origin}. Later observations
{unpublished) indicated that juveniles, throughout
much, but not all of the range (Florida to New
York, put not Wew England}, had similar diets.
These indications of detrital ingestion are
questioned on two grounds: (1) the unidentified
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material could be easily ruptured cells rather
than amerphous detritus, and (2) the material
might have been accidentally eaten while the fish
ware searching for algae.

Seeing no immediate or easy solution to the
problem of describing juvenile menhaden's diet via
field or laboratory studies, we decided to examine
other information for cluea about their role in
the systems trophlc ecology (Peters and Schaaf
1961). Our goal, to estimate energy flow through
the population, was accomplished with reasonable
accuracy because the species is so economically
important that it has been heavily studied for
many years. The substantial information base
allowed us to calculate and compare several
independent estimates of population size and food
requirements, thus permitting us to reject any
data or techniques that seemed biased. Estimates
of the food required by the juvenile population
during late summer were about the same as
estimates of the average annua}l! phytoplankton
production rate. Assuming there were other
competitors for this phytoplankton, we proposed
that an alternative energy socurce, such as
detritus, is necessary., Since this conclusion is
based on indirect evidence, it is open to the
eriticism that it ia an oversimplification and
raises the reasonable possibility of a
phytoplankton shortage.

A subsequent effort that described material flow
thtough a multispecies fishery in estuarine and
coastal waters (Schaaf and Peters 1982; Petera and
Schaaf 1983 and unpublished manuscript) related
commercial and recreational fishery harvests back
through the food chain to primary production. The
amount of food required by the trophic chains
supporting the fishery yield was calculated by
using intermediate trophic levels based on dietary
studies of yield species. From our calculators,
it appears that (1) menhaden require about
one-third of the total energy needed by the food
webs supporting all the yield, and (2) an organic
subsidy (e.g. vascular plant detritus] is needed
as a supplement to algal production.

If menhaden and other Eishery food chains depend
on detritus as an enerqgy source, vascular plants
are its most likely origin, To determine the
source and composition of the "detrital-like

259



matarial®" in menhaden stomachs, additignal visual
and chemical analyses were performed (Lewis and
Peters unpublished manuscript). Direct counts and
volumetric estimates indicated that hacteria,
meiofauna, zooplankton and unruptuted algae were
not substantial dietary components, and that the
“detritus® was once again of undiscernible origin.
As revealed by a chemical analysis, protein
constituted about one~half the organic material.
This can be explained by the presence of ruptured
algae, bacterial byproducts and the reaggregation
of dissolved amino acids. Further measurements
showed that about one-fifth of the organic matter
was cellolose. Therefore, vascular plants were
implicated as a substantial source of amorphous
detritus. <Clearly the presence of this cellulose
needs verification.

We next studied, by experimentation, whether
menhaden could digest the vascular plant materials
they consumed. We settled on ground Spartina as
an appropriate experimental food because we could
not collect the natural amorphous material in the
same way as menhaden collect it, and because
Spartina is the probable soutce of the cellulose
we Tound in the fish's stomachs. Fish were
brought into the laboratory, conditioned on
similar foeod for several weeks, then fed the
ground Spartina. We found that the carbon,
organic matter and cellulose it contained were
readily digested (i.e. with 75% efficiency). The
results of dietary studies, and our inference that
an additional nonalgal food source was needed to
sustaln the population, had led us to expect this
result. However, these high digestibilities were
contrary to expectations based on feeding studies
in which different techniques and species were
used. Because of this contradiction, independent
verification may not bring acceptance unless the
data are accompanied by a description of digestive
physiology involved.

In preliminary studies to verify the digestibility
of Spartina, we found that juvenile menhaden
possess enzymes ln the qut capable of partially
digesting cellulose. We assumed they contained
B-1,4 glucan cellobiohydrolase and cellobiase
{Berghem and Petterson 1373) since extracts from
their digestive tracts hydrolyzed carboxymethyl
cellulose to reducing sugars.
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Whether menhaden have any additional enzymes that
may be required to digest the cellulose they
consume {5 uncertain. Speculation that cellulase
may be endogencusly produced is supported by the
pretiminary cbservation that enzyme activities are
greater in extracts from the pancreas and
intestine than in extracts from more anterior
portions of the digestive tract. We have no basis
for further speculations of whether such enzymes
might be produced by the fish or by symbiotic
microorganisms,

From the studies of menhaden and their role in
estuarine ecology, we conclude that these fish
ingest and utilize large guantities of detritus.
The same information also supports the more
general statement that detritus represents a major
pathway in estuarine energy flow. The fact that
science cannhot verify such statements should be of
little concern, A more important consideration is
whether the evidence is clear enough to assist
gsociety in making more reasonable management
decisions.

One of the prime justifications given for
preservation or rehabilitation of marshes, swamps
and sea grass beds is that the detritus they
produce is extremely important to fishery food
chains, Since the food chain information is
incomplete, it is difficult to determine how
particular habitat medifications or
rehabilitations would affect fisheries.

We suggest three research areas that may provide
information useful in the evaluation of food chain
impacts:

1. We need to describe the role of nonyield
forage fish. What is the diet of the
species eaten by predatory fish? How much
food do they consume? What fraction of
their mortality is consumed by yield
species?

2. The species that are abundant and consume
large quantities of detritus warrant
study to determine the source and
composition of the detritus and its
digestibility,

3. Detrital formation processes need to be
degscribed better. Particular emphasis
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1s needed on the energetic efficiency,
scurces and mechanisms of amorphous
aggregate formation,
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MECHANISNS LINKING PRODUCERS AND CONSUMERS
IN SALT MARSH ESTUARINE ECOSYSTEMS

Ivan Valiela
Boston University Marine Frogram
Marine Biological Laboratory
Woods Hole, Massachusetts 02543

SOME TYPES OF MECHANISMS LINKING PRODUCERS AND
CONSUMERS

In estuaries, as in other ecosystema, consumers
and producers are coupled by feeding
relationships., Producers gignificantly affect
congsumers. The amount of consumable biomass may
be important to consumers, but the chemical
quality of the organic matter produced may be of
greater importance than the amount produced. Food
quality largely determines palatability and
assimilability,

In turn, consumers affect producers. Evidence
shows that consumption by animals restricta the
abundance of producers in various habitats,
Further, consumption can lead to marked changes in
the species composition of producers.

There are other interactive mechanisms between
producers and consumers that are not 80 cbvious.
One important class of such non-feeding
interactions cancerns the fact that
producer-consumer interactions OCCUr in an arena.
The physical architecture of the arena has major
effects on the outcome of the producer-consumer
interactian,

The research reviewed in this paper was
Supported by the National Science Poundation, the
Woods Hole Oceanographic Institution's Sea Grant
Program, the Victoria Foundation, and the Pew
Memorial Trust., John Teal, Robert Buchsbaum,
Carol Rietsma, Charlene U'Avanzo, John Wilson, Ken
Foreman, Wendy Wiltse, Charlotte Cogswell, and
Mark Abad have all been involved in the work
Summarized here, Thanks you due to Salt Pond
Banctuaries andg Mrs, Arnold Gifford for permission
to use their marsh area for our work.
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Producer-consumer interactions have evolutionary
dimensions --- an area of current interest but
beyond the scope of this brief review. This paper
is limited to an examination of some trophic
interactions between producers and consumers, and
of producer architecture on consumption, in salt
marsh estuary ecosystems.

EFFECTS OF PRODUCERS ON CONSUMERS

Herbivorous consumers seldom eat the entire crop
of producers in coastal ecosystems. The data vary
on how much of annual primary production is eaten
by grazers {(Table 1), but suggest that grazing on
phytoplankton tends to be meore intense than
grazing on vascular plants., The one high value for
North Carclina salt marshes is the result of an
anomalously large gathering of snow geese.
Although not shown in Table 1, macroalqae lie, as
a group, somewhere between phytoplankton and
vascular plants,

These differences in susceptibility to grazing
stem from differences in nutritive guality,
particularly nitrogen content, and from the
presence or absence of anti-herbivore compounds.

The microalgae found in plankton and benthos tend
to have lower carbon {C) to nitrogen (N} ratiaes
than macroalgae or vascular plants (Table 2}. If
C/N ig a rough indicator of nutritive value, it is
evident that ohe-celled algae are nutritionally
better than macrcoalgae and vascular plants, and
might therefore be consumed more readily.

An example of the importance to grazers of plants
containing nitrogen comes from our work on
experimentally enriched salt marsh plots (Valiela
et al, 197%; 1982). In these field plots,
nitrogen addition led to a threefold increase in
biomaas (Pig. 1, top; Valiela and Teal 1974). The
increased amount of biomass was not sufficient to
account for the increase in grazers. The
sevenfold to eightfold increase in insect
herbivores (Fig, 1, bottom) was attributable to
growth prompted by the increased nitrogen (Fig. 1,
middle; Vince et al. 1981) of the plants within
the enriched plots, MNote that the differences in
nitrogen content are seemingly small, yet they
decisively affect herbivores. The importance of
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TABLE 1

Percent of primary production by estuarine and
coastal plants and phytoplankton consumed by
herbivores,

Vegetation % of primary production
Type consumed by herbivores References

Vascular plants

Eelgrass, North Nienhuis &
Sea 4 Van Ierland
{1978)
Salt marsh,
Georgia 4.6 Teal {(1962)
Salt marsh, Smith &
M. Carolina 58 Odum (1981)
Mangrove swamp, Onuf et,
Florida 9-27 al. (1977}
Phytoplankton
Long Island Riley
Sound 73 ({1956)
Narragansett Martin
Bay 0-30 (1968)
Cochin Backwater, Qasim
India 10-440 {1979
Off California Beers &
Stewart
23 (71-52) (1971)
Peruvign Walsh(1975)
Upwelling Whitledge
92, 54~-6l (1978}
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small differences in nitrogen content to
susceptibility to grazers seems to be a general
phenomenon (Mattson 1980}.

Consumption by herbiveres does not often lead to
disappearance of the vegetation (Table 1)}, even 1nh
nitrogen-enriched vegetation, Current research
(reviewed by Swain 1977; Rosenthal and Janzen
1979; Norris and Fenical 1982; for example)
demonstrates that many secondary metabolites in
plants reduce grazing pressure by lowering
palatability and assimilability. Peeding by
Canada geese on salt marsh vegetation, for
example, is inhibited by certain concentraFions'of
ferulic acid, one of the two most common clanamic
acids in Spartina alterniflora (Buchsbaum et

al. 198Bl). 1In fact for geese, the palatability of
several species of marsh plants was largely
determined by the concentration of such phenolic
acids rather than by nitrogen content (R.
Buchsbaum, WHOI, unpublished dataj.

The assimilation of plant biomass by grazers also
is affected by secondary metabolites. For
instance, the assimilation of organic compounds
and proteins by Canada geese is negatively_related
t~ the content of phenolic compounds associated
with cell walls, and the lignin concentration of
the grasses (R, Buchsbaum, unpublished datal,
respectively.

The chemical composition of organic matter
produced by plants is also important to organisms
other than herbivores. Herbivores consume only a
small portion of the annual production of coastal
producers, especially in the case of vascular
plants (Table l1)}. The result is that most af
producer biomass in coastal waters enters the
detrital food web, and estuarine consumer specles
often feed on the abundant detritus,

Feeding on dead organic matter, however, is a
trade-off between the high abundance of detritus
and its low nutritional quality, Not only are
some nutritionally valuable soluble compounds of
live plants lost by leaching soon after death of
the plant, but some of the secondary metabolites
still remain in detritus,

Feeding in detritus, regardless of its abundance,
has several drawbacks: low palatability, low
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assimilation, and consegquently, low growth, We
can show, for instance, that the higher the
content of ferulic and p-coumaric acids in
detritus, the lower the palatability to salt marsh
snails and amphipods (Valiela et al. 1979%; Valiela
and Rietama, in prep.), In contrast to the
hierarchy observed with geese, the nitrogen
content of detritus is more important than that of
ferulic acid as a cue to feeding. The snail
Melampus bidentatus prefers to feed on

detritus with enhanced nitregen content (Fig. 2,
left histogram). At low nitrogen contents usually
found in relatively new detritus (two weeks or so
in age), the presence of ferulic acid in high
guantities deters feeding (Fig. 2, middie
histogram}., 1f, however, nitrogen content is high
{(comparable to that found in detritus eight months
to nine months in age), the effect of ferulic acid
is eliminated (Fig. 2, right histogram).
Palatability is thus affected by both cues, and if
nitrogen is sufficiently high, it overwhelms the
effect of ferulic acid.

The efficiency of assimilation of detritus is
generally lower than that achieved with live
producers or animals as food (Fig. 3). Carnivores
have a modal assimilation efficiency of 80 percent
to 100 percent, herbivores about 60 percent to 80
percent. Detritivores, on the other hand, have a
modal assimilation efficiency of 0 to 20 percent.
The low assimilation efficiency is not a feature
of the species of consumers invalved but rather of
detritus as a food. For instance, amphipods,
polychaetes, and holothurians have assimilation
efficiencies from 7 percent to 22 percent when
feeding on dead corganic matter, The assimilation
efficiencies of these consumers rise to 40 percent
to 83 percent when microalgae or microbes are
eaten (Hargrave 19B0; Cammen 1980; Yingst, 1976).

The result of low palatability and assimilation of
datritus is low growth on detrital diets. We
reared Fundulus heteroclitus, a fish that

ingests large amounts of detritus {Daiber 1982),
on detrital and cother diets (Prinslow et al.
1974). Mo growth was recorded when the diet
consisted of detritus., 1In more recent but similar
work, an age O fish showed no growth on a purely
detrital diet {Table 3, top). The detritus eaten
inciuded the microbes and meiofauna attached to
detritus. Growth was measured as the change in
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TABLE 3

Results of laboratory experiments 1n whlcgeg.on
heteroclitus of age classes O_and 1 were o 0
three different diets [small invertebrates rg

or mussel flesh (age 1), filamentous algae ©

Ulva, and detritus from creeks]. Data are

std. error {unless otherwise specified}); for ¢

I n f lllcubatloll,‘ for

class flsh afte nlone days o

]-yeal—{)l(l f].sh' 1epre5entat1\l’e data for a l-mollth
D'AVEHSO,

experiment, Data courtgsy of Charlene
Mark Abad and David White.

AGE 0 FISH
2 Condition fagtor
chi™ value a
final vs. initial % . (wt. x 12h) /
Diets size distribution Mortality leng
Animal 5.5% 6 135+12
Aligal g 4> 93 107
Detrital 3.9 N.S. 60 9145
AGE 1 FISH
Dai 0, consumption
wt
gﬁiﬁge 1 % %nnol 02 g1)
Diets {g day ) Mortality min
Animal 3.71+41.1 1] 564+42
Algal -4.941.4 77
Detrital -9.5tL.7 54 821+78

the size distribution of 15 fish over a nine-day
period, Mortality of the fish fed on detritus was
high, and their conditions were poor. Fish of the
same age that fed on algae grew, but suffered high
mortality. High growth, low mortality and best
condition were achieved on an animal diet.

Similar results were obtained in an experiment
with one-year-old fish (Table 31, bottom). Growth
and low mortality were possible on an animal diet,
but not on a detrital (or algal) diet. The
raspiration rate of fish on detrital diets was
high [as it is for copepods (Chervin 19781,
suggesting that detritivory regquires high energy
expenditures, perhaps due to metabolism of
resistant compounds,

Similar effects of detritus feeding on growth may
be common for other marsh estuary species (Fig.
4}. Werme (1981) performed gut analyses on common
fish in Great Sippewissett Marsh, Cape Cod, Maine,
and measured growth of the fish over time. Her
data on gut contents can be compiled into three
categories (animal, algal and detrital) for each
species of fish. The faster growth rates are
associated only with high contents of animal foods
{(Fig. 4). This pattern is striking even if animal
foods are digested faster than other foods,

The poor performance of detritivores must be
related to the chemical composition of detritus.
Carol Rietsma has done growth experiments with
Melampus bidentatus, a detritivorous salt

marsh snail, that highlighted how chemistry of
detritus affected growth rate,

M. bidentatus fed a diet of new (2-week-old)
detritus low in nitrogen and containing moderate
amounts of lignin {Valiela et al. in press) grew
slowly (Fig. 5, open circles). Snails grew faster
when fed older detritus (B-menth-old, open
triangles), richer in nitrogen but about equal in
lignin (valiela et al, in press). Thus, the
additional nitrogen may have prompted the higher
growth.

Snails fed on new detritus from nitrogen-
fertilized plots (black circles) grew faster than
on young control detritus. This was most likely
the result of the enhanced nitrogen of detritus
Erom fertilized plots {Fig. 1, middle).

275



- ANIMAL oo

1
188

< 4@8¢ ®

-

9 30t

N

3 eeef e
°© ipa} d

@ . .! 1 _._l . . 2
-~

ALGAL Foon

< 400

|t

9 398

~

< 200

3

© 1p@

P leae o e.

DETRITAL 00D

-4par @

s

S 3pat

E

“~

5 233*

3

E 102le ®

X .SJL¢J5 L 1 L

2 >0 40 68 80

% of gut contents
FIGURE 4

Relation of growth rate (calcu}ated as increase in
length of fish per month) to diet as shqwn by gut
contents in nine species of estuarine fish.
adapted from data in Werme {1981). Note that eech
apecies appears in each of the three graphs, since
these species fed on the three xinds of food.

276

Shell length (mm}

Swi |

( S®oem)

a1

ci

PIGURE 5

Growth of Melampus bidentatus on detritus of
different chemical composition. Snails were reared
on four types of detritus: Ycung (2-week-old} and
old IB—month—qldl litter collected from control
(C} and experimentally fertilized (F) salt marsh
plots, Data courtesy of Carol Rietsma,
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Intriquingly, snails fed on old fertilized
detritus (black triangles), where age and
fertilization combined to furnish the highest
nitrogen (Valiela et al. in prep.). This detritus
did not provide faster growth than young,
fertilized detritus. The enrichment led to an
increased degradation of labile compounds, so that

lignins --- the major refractery compounds
left -—-- were in highest concentraticon (Wilson et
al. in prep.}. Complex phenoclic compounds, such

as lignins, bind protein and make its nitrogen
unavailable to consumers {(Van Sumere et al. 1975;
Robinson 1983; Rice 1982)., It seems reasonable
that the higher the concentration of lignin, the
larger the proportion of nitrogen that will be
bound and hence unavailable to consumers.

These results suggest that nitrogen and phenclics
are important to detritivores. More
significantly, the data imply that nitrogen may be
present in two pools --- one available for
consumers and another bound in forms unavailable
to consumers, Future work on the nature of
detritivory needs to address the relative sizes of
these pools and their dynamics.

It is thus clear the detritivores face the problem
of obtaining sufficient nitrogen. This dilemma
can also be demonstrated by a different line of
evidence. The maintenance ration of C to N needed
by consumers is thought to be 17/1. The C/N of
plankton detritus is not far from the 17/1, but
vascular plants produce much higher C/N ratios
(Table 2)}. Since some of the nitrogen may not be
easily available, detritivores have a
nitrogen-deficit problem.

The second dilemma of detritivores is that
detritus furnishes low amounts of assimilable
carbon compounds and enerqgy. Nereis, for
example, assimilates only about 20 percent of its
carbon needs from detritus (Cammen 1980), and
often no growth is recorded for animals on
detrital diets. Yet, detritivores are common in
estuaries and elsewhere. These animals are
abundant; it might be that we are missing
something in our understanding of detritivory,
Some areas in which further research might show
the way out of the detritivore quandary include:

1) Perhaps we have not appropriately measured
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total microbial contributions to detrituas.
Fungal nitrogen has seldom been measured. New
ways have been proposed to measure fungal
biomaas that lead to much higher estimates than
aobserved earlier, In litter of §.
alterniflera, 12 percent to 22 percent of the
nitrogen may be fungal {Marinucci et al. 1983)
and available te consumers that can eat fungi.

2} Datritivorgs may be facultative predators,
supplementing their diet with occasional prey,
and thus increasing their nitrogen ratio.

3} Detritivores may use microbial exudates (Hcobbie
and Lee 1980). These exoenzymes and
mucopolysaccharides may be released in great
quantities by microbes and may be high in
nitrogen, carbon and energy,

4) Some detritivores may have microbial symbionts
Fhat use the reduced sulfur compounds abundant
in marsh estuaries as ensargy sources (C.
Cavanaugh, in prep.).

5) Maybe detritivores select nitrogen-rich
fractions of detritus (Odum et al, 1979; Bowen
1?80). Amorphous aggregates of previously
dxssglved organic matter are abundant, may be
particularly suitable and enriched, and may be
preferentially eaten.

€) Detritivores may have adaptations in their
digestive tracts to foster dissociation of
proteins bound to phenclics, Insects that feed
on refractory plant and detrital material show
alkaline sectors of guts (Feeny 1970; Berenbaum
1980; Martin et al, 1980), Certain herbivorous
(Lobel 1981} and detritivorous (Payne 1974;
Bowen 1980) fish, including estuarine species
sach as killifish and mullet, alsoc bave
relatively basic portions of gut.

These alternatives require further study and
represent potentially interesting research
directions,

EFFECTS OF CONSUMERS ON PRODUCERS

Many stud*es in coastal environments demonstrate
that grazing can determine the abundance of

279



producers and the species composition of the
assemblage of producers (see review in Valiela
1984, Chap. 8). The gquantitative effect of
grazers depends on the relative susceptibility of
producers to grazets. Single-celled algae tend to
be qrazed more intensively {(Table 1). Grazers on
salt marsh bottoms may remove more than 75 percent
to 85 percent of the biomass of benthic micrealgae
relative to that inside cages where grazers had ho
access (K. Foreman, unpubl. data). Grazers
feeding on vascular plants (Table 4, control data)
are less impressive; only when nitrogen content
increased under eutrophic conditions did losses
due to gragers increase to substantial proportions
of the stands of plants.

Grazers can also determine what species are
present in an assemblage of producers. Omne
example is provided by the changes in vegetation
that took place in our long~term studies where we
experimentally eutrophied salt marsh plots, In
certain sections of our plots within the low
marsh, the vegetation is made up largely of short
and tall forms of 5. alterniflora, the salt

marsh cordgrass. In untreated plots over the
course of different years, there are small shifts
in abundance, in which 50 percent to 780 percent of
the sward are short S. alterniflora (Fig. 6,

open cirecles)., In experimentally Fertilizad
plots, however, marked changes occur, The grass
grows taller, and particular patches are attacked
by grazera (Valiela et al. in press). Grazing can
create bare patches, which are colonized by the
opportunist grasswort, Salicornia eurcpaea

(Fig. &, black circles). At scome point, however,
the abundance of S. eurcopaea is sharply

reduced, primarily by the grazing activity of a
herbivorous beetle (Coryhephala maritima, C.
Cogswell unpubl. data). In a few growlng seasons
the stand reverts to 5. alterniflora, but the
grasses grow as the tall form, This latter
conversion is due to the aimulation of growth of
5. alterniflora by the chronic fertilization
during the perlod of study.

This example shows that feeding by grazers can

result in replacement of
thus altering the course
defining what species of
particular site, In the
and S. alterniflora, the

some species by others,
of succession and
plants remain in a

cage of §. europaea
glasswort is shaded
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TABLE 4

Mean percent of stems/m2 (+ 8.2,) that were
damaged by herbivores in three treatments (¢C:
controlizLP:_Txperimentally fertilized plot where
7.5 gm wk of a mixed WPK fertilizer werg
applied chronically; and EF, where 22.5 g m

wk * were applied),

Animal Grazer Control LF HF

Voles (Mic-
rotus pehnsyl-

vanicus) 1.8+40.7 18.5+8,2 29.140.3
Insects

{various

fly larvae) 7.54+3.5 8+2.5 4,94+4.4
Total 9.6+4.6 26.9+46.2 34.2+5

& voles consumed only a small proportion of each
plant that they damaged. The bulk of the plant
became detritus. From 77 percent to 83 percent of
the stems damaged by voles died, however, perhaps
because of waterlogging of the internal air ducts
in damaged plants.

281



- B ' - - - [r— — —— p— — | — —

and replaced by the grass. The beetle merely
hastens the disappearance of the glasswort. The
data of Fig. 6 demanstrate, nonetheless, the
intimate relation of grazing to gquality of
producer biomass (and to eutrophication), Grazing
is far more auccessful as an agent of change when
producer tissues have improved nitrogen content.
Lastly, the data of FPig. & show that long-term
studies are essential if we are to understand the
consequences of eutrophication. Consider, for
example, that the changes of Fig. & took place
over several years, and that there have been
further changes in vegetation in our plots since
1981. These are not trivial changes in specles
composition of interest only to the plant
taxonomist; the alterations resulted in major
changes in amounts and guality of the live biomass
bulk and detritus produced in the environment.
Puture work should focus on long-term effects ———
a point to be made to funding agencies.

I00% Salicornia
europoes

o fertilized
s 79

o control

EFFECT OF PRODUCER ARCHITECTURE ON CONSUMERS

N The relative complexity of the architecture of an
envivronment influences foraging by consumers, as
pointed out by Huffaker (1958), 1In salt marsh
estuaries, much of the physical structure is
provided by plants,

I00% tall
S. alternifiore

One example of the potential importance of habitat
architecture provided by vegetation is documented
N by Vince et al., {1976). The canopy Spartina
patens is more complex than that of 5.
alterniflora, and 5. patens stems occur much
more closely together than those of 5.
alterniflora (Valiela et al. 1978}, Fundulus
heteroclitus feed on the marsh surface during
high tide, seeking prey within the plant canopies.
Laboratory experiments showed that the number of
orey eaten per unit time was largaer in the
simpler, less dense 5. alterniflora canopy.
Field samples showed that Fish found it easgier to
FIGURE 6 find prey of the most appropriate size in the 5
alterniflora canopy (Vince et al. 1976},

ri

100% short
5. alternifloro

Percent cover in low marsh areas typically

dominated by the shart and tall form of S. It is not ce{tain that such effects accur in other
alterniflora, in control and experimentally marshes (Eneib 1982). Results of experiments in
fertilized salt marsh plots, for 1976 to 19%81. eéelqgrass beds, hgwevgr, uniformly show reduced
Note the appearance and disappearance of the impact of pFedatlon in vegetated habitats compared
glasswort Salicornia europaea in fertilized to bare sediments (Peterson 1979). Further wock

plots. Prom Valiela et al., 1n press,
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is needed on the importance of habitat
architecture, especially that furnished by
vegetation, on consumer activity.

EUTROFPHICATION, PRODUCERS, CONSUMERS,
ARCHITECTURE: COMPLEX INTERACTIONS

The mechanisms we discussed above do not exert

their influence on their own. Rather, their N
effect is meshed in a complex set of

relationships, which can be illustrated by some

results of experiments we did to assess the ,
importance of eutrophication and predation in salt

marsh estuaries.

In habitats where marsh grasses grow onh the

sediments, experimental eutrophication increases

the abundance of detritus-feeding invertebrates

{Pig. 7, top). Carnivores and herbivores add only '
a trivial amount of bicmass to the data of Fig. 7

(top) and are not included., Note that predators

——= principally fish ==~ had access to these

habitata. Animals from vegetated sediments were

extracted with Tullgten funnels, and the smallest

animals aampled were mites and springtails.

The results from experiments in vegetated

sediments contrast to those from experiments done

on bare sediments (Fig. 7, bottom). The

macrofauna from bare sediments were collected by

sieving through 500-um sieves, and provided .
animals of about the same size range as those

collected from vegetated sediments,

In the control and experimentally fertilized bare
sadiments, the biomass of macrofauna guickly
decreased after June (Fig. 7, bottom), Evidence
guggests that predation by fish is the most likely '
cause of the decrease. First, there is an inverse .
ralation of numbers of macroinvertebrates in creek

sediments and fish throughout the year (Fig. 8) in '
untreated areas. And, guts of the fish involved,

mainly P. heteroclitus, frequently contain .
specles found In sediments. Second, the growth

rate of the £ish is about one-third higher during '
June and July than it is during Auguat and

September (Vallela et al. 1977). This agrees with

the pattern of prey abundance seen in Fig. 6

{bottom). i

284

VEGETATED HABITATS

==

=2

n

Biomass (g/m¢)
£

BARE SEDIMENTS

8r
cgge Cage
g C O O
F o =m
4+

nJ

Biomass (g/m?)

JFMAMI JARSONTD
FIGURE 7

Top: Biomass of detritivorous macroi
on vegetated sediments of controf ?é?vizsegiggs?-
mentally fertilized (F) salt marsh plots. Average
of five years of data. The error bars on July dots
;egresent average standard errors for the whole
f:o: get. Bottom: Biomass of macroinvertebrates
oom ?re sedxmeptg 1n salt marsh creeks within
: rol and fertx}x;ed plots (both not protected
tze::q:s). In addition, data from sediments from
imose, :o treatments where cages were protecting
DAL ebrates from predation are also included.

4 courtesy of Wendy Wiltse and Ken Foreman.
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Top: Number of invertebrates in samples of macro-
invertebrates from surface of marsh creeks aover
time. Bottom: Number of fish per 100 meters of
shoreline along tidal creeks over time, Data of
Werme {1981).

Kenneth Foreman and Wendy Wiltse also carried out
experiments in which they placed plastic mesh
cages in the bare creek sediments to exclude and
evaluate the effect of predators (FPig. 6, bottom).
The macroinvertebrates within these cages
increased in abundance, in striking contrast to
invertebrate abundance in sediments not protected
by cages. Predators thus have major effecta on
fauna in bare sediments.

The seasonal pattern of abundance in the vegetated
sediments (Fig. 6, top) resembled that inside
caged bare sediments, as if the vegetation
conferred some protection from predators.

Although some predation takes place in the
grass—covered habitats, as discussed earlier, it
seems likely that the presence of any vegetation
makes prey-seeking more difficult, and hence
protects prey.

The effect of plant architecture is not the only
non-feeding mechanism operating. Note, for
instance, that the invertebrate biomass from
vegetated fertilized plots {Fig. 6, top) exceeds
that of control plots. In contrast, the
invertebrate biomass from cages in fertilized bare
sediments is less than that of cages in control
bare sediments (Fig 6 bottom). The reduction of
predation pressure allows the expression of the
influence of other factors. At least two
explanations are possible., Perhaps some
detrimental effect of the fertilizer reduces the
maximum growth of invertebrates in bare sediments.
On the other hand, the changes prompted by the
experimental eutrophication an the sediments may
be responsible. PFertilization tends to oxidize
vegetated sediments because the stimulated plant
growth leads to greater oxidation of sediments on
which plants grow {(Howes et al. 1981). In bare
sadiments, fertilization increases microbial
activity (valiela et al., in prep.), thus leading
to increased chemical reduction of sediments.
Macroinvertebrates may therefore do better in the
more oxidized sediments in eutrophied vegetated
plots, and less well in the more reduced bare
sediments, It is not clear what the explanation
is, but the suggestion is that propertias of the
sediment ~--- nitrogen content and redox --- are
intimately linked to consumer abundance.



CONCLUSICNS

I have identified a series of first-order
mechanisms--~involving feeding---that potentially
might couple producers and consumers, It seems
clear that differences in the chemical composition
of the organic matter manufactured by producers
confer differential susceptibility to consumption
by animals. 8Single-celled algae seem most
susceptible to consumers, since they appear to
lack the chemical defenses often found in
macroalgae and vascular plants.

The chemical composition of vascular plants and
their detritus prompts low palatability,
assimilation efficiency and growth for consumers,
The specific mechanisms involved seem most likely
to be a supply of available nitrogen and secondary
metabolites, especially phenolic compounds.

There are second-order effects that might also
play prominent roles in relations between
producers and consumers, These include the impact
of the habitat architecture provided by
vagetation, of consequence to foraging consumers.,

None of the mechanisms discussed above acts
separately. 1In fact, we have speculated that
sediment properties {(redox, nutrient supply)
change chemical composition and architecture of
producers. The latter properties of producers, in
turn, interact with consumers and their predators.
What we see taking place in the field is the net
result of these four-level interactions,

The interrelationships described in this paper are '
potentially important, but their impact in the

fiaeld or on the ecosystem has not been identified.

This is a priority for future work.

The complexity of the interactions is evident, and
80 should be the difficulty in attributing causes.
Correlational or descriptive studies are not going
to provide the needed insight into the processes .
involved. Experimental approaches such as those

reviewed above scem to offer the best opportunity

to assign causality and to unravel the

complexity. '
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COUPLING OF PRIMARY AND SECONDARY PRODUCTION:
A GREAT LAKES PERSPECTIVE

Claire L. Schelske
Great Lakes Research Division
Univergsity of Michigan
Ann Arbor, MI 48109

What are the limits to food chain dynamics in the
Great Lakea? It is important to understand what
factors control the population density and
production of important species. Research
addressed questions about the abundance of forage
fish and about whether pressures from stocked
salmonids will deplete the forage fish base. But
unlike ocean research (Ryther 1970), scientistg
have not utilized data on primary production to
estimate the potential harvest of Great Lakea
fisheriea, despite the availability of annual
rates of production (Vollenweider et al, 1974),.

The Great Laked are managed for two important
resource uses, The firat is to preserve water
quality. The Great Lakes are a source of drinking
water for millions of pecople in Canada and the
United States, Management efforts limited
phosphorus inputs to control eutrophication and
regulated inputs of toxics substances, Efforts to
maintain water quality should be beneficial to
long-term management objectives for fisheries.
However, the hypothesis that decreased standing
crops of algae benefit the quality of fisheries
production has not been tested. Qualitative
changes in the food base could have effects on
fisheries production, and changes in algal species
composition result from anthropogenic increases in
nutrient loading.

HISTORICAL CHANGES IN PISH POPULATIONS

Fish population records for the Great Lakes, which
were cbtained mainly from commercial fisheries
catches, oscillated widely in the last 150 years
(Beeton 1969). Many species that were once
important commercially, such as the Atlantic
Salmon in Lake Ontario, have become extinct.
Populations fluctuated or became extinct becauyse
of one or more reasons: 1} overfishing for
commercial species, 2) invasion of the parasitic
sea lamprey, 3) destruction of spawning habitat,
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4) eutrophication and other types of pollution,
and 5) competition from exotic species including
alewives and smeit (Smith 1972).

Because natural reproduction of large carnivores
failed, predators were stocked to fill this niche.
In one interesting experiment, Pacific salmon were
stocked in Lake Michigan to provide a sports
fishery and a predator for alewife. Alewives were
underutilized and dying in numbers large encugh to
create nuisances on beaches. The stocking program
has been successful to the extent that now concern
exists about the adequacy of the forage fish base.

DIFFERENCES BETWEEN THE GREAT LAKES AND SHALLOW
TURBID ESTUARIES

In contrast to the type of estuaries discussed {n
the challenge paper, the Great Lakes are not
estuarine because of their low salt content. In
addition, vascular detritus is a source of organic
material in only small areas of the Great Lakes,
Nutrient loading and bioclegical enrichment of
nearshore areas, bays and harbors, and subsequent
transport of these materials to offshore waters is
analogous to the transport and mixing of estuarine
watars with coastal and offshore waters. Standing
crops of chlorophyll, for example, can be greater
in nearshore areas or bays than in adjacent
offshore waters.

One would expect food chaing in the Great Lakes to
be simpler because the major source of primary
production is phytoplankton, Although
relationships have not been warked cut
quantitatively, this conclusion seems obvious
because of the depth and long residence time of
waters in the lakes and because the water surface
are? represents about 25 percent of the drainage
baain.

In contrast to shallow mixed estuaries, most of
the surface area of the Great Lakes ia nutrient
limited. Phytoplankton are phosphorus limited.
But excessaive phosphorus inputs can induce
sacondary nutrient limitation, in which silica
limits diatom growth and, in extreme cases,
inorganic nitrogen limits algae growth except
nitrogen-fixing blue—greens (Schelske 1979).
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From the standpoint of bioclogical resource
wanagement, fish are the only organisms of
{importance. Almost no commercial or sport
interest exists for invertebrates,

In mach of the system there is spatial separation
and structure in food chains. In the oligotrophic
and mesotrophic parts of the Great Lakes (Lake
Superior, Lake Michigan and Lake Huron), where
waters are clear, primary production occurs in an
upper mixed layer of the water column that is
nutrient-limited and in deeper layers where light
becomes limiting when waters are thermally
stratified {Dugdale 1967; Moll and Stoermer 1982),
buring significant periods of the annual thermal
cycle, the water celumn iz mixed convectively.
Therefore, phytoplankton populations that appear
to be mixed from top to bottom are light-limited
during much of this time (Stoermer 1978). Due to
this spatial structure, antrotrophic- and
hetrotrophic-basad food chains will be separated
spatially in the water column. Some detrital
materials will be processed in the trophogenic
zone, and some living phytoplankton will settle
into the tropholytic zone, One means of detritus
supply to the benthic enviromment is fecal
pellets, which may be a major source of detrital
materials (Bathelt and Schelske 1981},

But portions of the Great Lakes are more like
estuaries estvaries than lakes. Ketchum devised
methods to study estuarine flushing in Saginaw Bay
(Beeton et al. 1967) and Green Bay (Modlin and
Beeton 1970). 1In the western basin of Lake Erie,
Saginaw Bay and southern Green Bay, waters may be
turbid and phytoplankton may be light-limited
because of inorganic turbidity or shelf-shading.
Due to the shallow waters, vertical structure in
producer communities will be insignificant. 1In
addition, vascular plant detritus has greater
importance in areas adjacent to freshwater
marshes.

TOP-DOWN VS, BOTTOM-UP CONTROL IN ECOSYSTEMS

The Great Lakes are ideal for studying how
communlty atructure in ecosystems are controlled,
A broad range of trophie characteristics are
Present there (Vollenweider et al. 1974: Dobson et
al. 1974). Comparison of these systems should
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provide insight into how community structure is
affected by bottom-up control of food chain
dynamics from different levels of phosphorus
enrichment. Large-scale stocking of predaters can
be used to study how community structure and food
chains are altered from the top down.

The combined effects of eutrophication affected
community structure from the bottom up by changing
the gqualitative character of primary producer
communities. 1In their pristine state, diatoms
dominated phytoplankton assemblages in all of the
Great Lakes. But as phosphorus inputs increase,
silica-limited diatom production occcurs seasonally
in three lakes --- Lake Ontario, Lake Erie and
Lake Michigan (Schelske et al. 1983). In Lake
Huron and Lake Superior, diatom production is at
its highest level in over 200 years because of
increased phosphorus lecadings. Phosphorus loading
has not great enough to induce silica limitation.
Qualitative changes in diatom communities in Lake
Huron and Lake Superior probably resulted from
increased phosphorus enrichment (Stoermer 1978).
How thls has affected coupling between primary and
secondary production is not known.

Bvidence shows the effect of nutrient enrichment
on the gualitative composition of phytoplankton
communities. Empirical evidence that relates
total phosphorus concentrations and minimum silica
and nitrate nitrogen concentrations among the
Great Lakes shows silica and nitrogen limitation
result from increased phosphorus concentrations
{Dobson et al., 1974). Silica limitation in the
water column would shift the species composition
of phytaplankton, The proportion of diatowms would
decrease with a concommitant increase in the
proportion of green and blue-green algae (Schelske
et al. 1983}, Nitrate limitation would provide a
competitive advantage for specias that can fix
free nitrogen---blue-green algae. These secondary
natrient limitations for silica and nitrogen
produce extreme changes in the phytoplankton food
base and affect the coupling between primary and
secondary production (Stoermer 1978).

Two other consequences of increased anthropagenic
nutrient loading on phytoplankton species
composition should be mentiched. The first is the
effecta of conservative ions on the quality of
phytoplankton. Conservative substances, in
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particular sodium and chloride, in

nutrient enrichment, causing cﬁang::e?:e with
phytoplankt09 quality (Stoermer 1978). The second
consequence is from accessory growth promoting
substances. The three categories of these
sgbstances that have been studied include
vitamina, trace metals and chelating agents.
Microgram and nanogram concentrations of these
substances, in combination with phoasphorus
enrichments, produce large changes in standing
crops and specles composition compared to
treatments in which they were absant (Schelske
;979). In experiments, these trace additions have
increased standing crops by a factor of two and
changed the species dominant in the phytoplankton
assemblage (Stoermer et al. 1974).

Pield studies showed that nutrient

not alter the food base under a?l cgzsig?zﬁ:t does
Stoermer {1978) reviewed this evidence for tﬁe
Great Lakes and concluded that moderate enrichment
did not affect the gualitative composition of the
primary producerg&. He provides evidence which
shows that, in addition t¢ phosphorus loading
these changes may he affected by such factors’as
secondary nutrient limitation, accessory growth
substances and conservative ions. Empirical and
experimental evidence point to the unimportant
rolg of_nxtrogen, except for secondary nutrient
limitation {Schelske 1979; Stoermer et al. 1978).

This discussion points to ways that

function gould be controlledyby q:aliggzﬁgze:nd
quantitaFlve changes in primary producers. If
qualita;xve changey are important, then preaent
strategies to limit phosphorus inputs should have
long-term benefits for fishery management. Little
research has been done on how bottom-up control
affects secondary production or fisheries.

?op—down contrgl of ecosystem function can be
éllustrated using Lake Michigan as an example. A
ramatic change in this system can be attributed

to th i i i
salmoi.StDCklng of predators, primarily Pacific

The state began stocking these large predators in
1966 for two reasons. Pacific salmon replaced
indigencous fisheries that had collapsed for ohne
reason or another, And the fish were ideally
suited for sport fishing, which provides more
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economic benefits to the region than commercial
fishing, By this time, the commercial fishery for
lake trout, one of the most important large
predators, was dependent on stocking. Conseguently
alewife populations in Lake Michigan exploded,
providing a forage fcod base that was not
utilized.

The stocking program initiated in 1966 and 1967
produced changes in the system, First, it reduced
the alewife population, which peaked in 1966 and
crashed in 1967. After the crash and for most of
the 19708, alewife populations were maintained at
large levels. In 1982, populations decreased. By
1983 they were about 12 percent of the 1981 level
{Crowder 1984; Rvans in prep.).

In a second change described by Crowder (1984),
the decline in the planktivorous alewife decreased
grazing pressure on larger sizes of zooplankton,
Evansg (in prep.) documented this change in the
zooplankton community structure from 1972 to 1983,
From 1972 to 1981, Daphnia retrocurva and D.
galeafa mendotae were the dominant daphnids,
However, in 1982 when the alewife population
decreased, a form of Daphnia pulex first

became an important part of the zooplankton
community, By 1983, this daphnid comprised more
than 90 percent of the numerical standing stock of
the summer Daphnia community.

Thirdly, water clarity in Lake Michigan increased
with the growth of larger daphnid populations
(Scavia et al, in prep). Presumably this increase
resulted from the greater filtering efficiency of
the larger Daphnia. Evans (in prep.) shows that
the average body length of the Daphnia pulex

is about twice as large as the ftormerly dominant
species,

1n a fourth change discussed by Crowder (1984),
populaticons of bloater chubs increased as the
population of alewives decreased. Why this
potential forage food scurce is not being utilized
by predators is unresolved. However, it appears
that the increase in blocater chubs can be
attributed to lack of competition from alewives
and that the repcorted decrease in the size of
salmon can be attributed to reduced availability
of forage fish,
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It ia interesting and, rhaps
that the end result of s:ock?ng salmon may be an
improvement in water quality. It is reasonable t
conclude that increased water clarity is the = e
;ﬁ;:étlofkgecreased standing crops of

plankton. The decr
only because of declizezagi E:::::i{ eecurred not
concentrations but because of the increamed
filtering efficiency of the larger Daphnia
{Scavia et al. in prep.). The change In
zooplankton community structure would be expected
based on a similar change found by Wells (1970)
aftef the alewife declines in 1967, which were
attributed to size-selective predation by alewife,

facetious to note,

RESEARCH FOR THE PUTURE

If we are to have self-gustaining fish populations
in the Great Lakes, more information is needed
what fgetors are important in the early life °r
h:s;orxes of these species. Ts reproduction
lim}ted because of toxic substances in the
enviroment? Are historical spawning areas
unsuitable? Have gqualitative changea in
planktonic communities affected the recruitment of
larval fish? cCan management actions provide
better environmental conditions in the fyture?

What are the links in food chai i
and secondary production and zlz?mgtg?;egoprxmary
economically important species? What is the
optimum level of stecking for predators in large
gystems? Will stocking pressure ultimately g
groduce a more diverse and stable forage fish
d:::? bTo answer thgse questions, we myust obtain
e ta gut the magnitude of primary production and
a ut the fagtcrs that control energy transfer to
igher trophic levels. We need to find how
changes in zooplankton and fish community
structure, deseribed earlier, affect primar nd
seconda;y production? Has the level of ri;a:
pEodugtlon changed with the reductian inpthe !
?n::dlng crop of algae, or has there been an
1 easze in_turnover rates to compensate for the
(ower standing crop? Data from Green B
;ndicates that energy bl
®condary producers is af i
9radient in this part o? gﬁgtESe:éoggk:S? rrophic
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In the Great Lakes, scientists can study the
partitioning of primary production through the
pelagic or planktonic food chain and the benthic
food chain. Planktonic food chains would be based
largely on autotrophic production, but a greater
proportion of the energy for benthic food chains
would have a detrital origin. The importance of
the planktonic and benthic food chains could be
determined from a study that combined measurements
of primary production in the trophogenic zone with
fluxes of organic material out of this zone.
Fluxes of carbon ocut of the euphotic zone could be
determined with sediment traps.

Results of recent experiments with sediment traps
show how this type of study might be applied to
the problem of interest. Lorenzen and Welschmeyer
{1983} showed that the vertical phaeopigment flux
was conservative and that there was no significant
loss of the combined total of pigments
{chlorophyll and phaeopigment) enroute to the
benthi¢ environment. Because phasopigments are
forms of chlorophyll that are degraded by grazing
zooplankton, quantities of chlorophyll that are
grazed and sedimented can be estimated and
separated from chlorophyll that has not been
grazed. Therefore, the flux of these materials at
different depths in the water column can be used
te study the dynamics of organic matter transport.
This transport in the marine environment isg
enhanced by zooplankton fecal pellets that may
sink 100 meters per day {Lorenzen and Welschmeyer
1983). In the Great Lakes, sinking rates can be
almost that fast (Bathelt and Schelske 1983).

Sediment trap studies of biogenic silica are
another means of estimating the flux of biogenic
particles to the benthic environment in the Great
Lakea, especially Lake Michigan. Biogenic silica
produced primarily by diatoms is transported
quantitatively to the benthic enviromment
(Schelske et al. 1984}). This transport is
medlated by tooplankton grazing and fecal pellet
production., Given data on production of organic
carbon in the trophogenic zone and the flux of
organic carbon cut of this zone, an estimate can
be made on the potential flux of carbon, primarily
detrital carbon, to the bottom. In studies of
this type, the effects of resuspension should be
considered,
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Sediment trap studies can be used to ex i

chain dynamics and coupling between prigis;na£g°d
different types of secondary producers. How much
energy for deep-water benthic communities
originates from phytoplankton directly? How much
9r1g1n§tes from different detrital sources,
including grazed phytoplankton? Does the
carbon-to-nitrogen ratio of settling organic
matter change with the depth of the water column?
The ratio should increase if detrital carbon is
relatlvely_poor in nitrogen, How i3 detrital
carbon enriched with nitrogen? How does the
qualitative character of organic matter change
with depth as it is being degraded by different
processes (see Meyers et al, 1984)7

Questions about how different ecosyst
have affected coupling between pri;arimagganges
secondary production and ultimately fisheries
yields are complicated in the Great Lakes because
of many interacting factors. However, some
changes, such as the increased stocking of
predators in Lake Michigan, can be used to study
associated effects in the system. This type of a
change 1s an experimental manipulation, Historic
changes in important bioclogical characteristics of
these systems are not well-known. Therefore it is
not possible to relate fisheries yields to lower
levels in the food chains. However, it isg likaly
that paleolimnclogical studies will provide
;nsxght 1nto some of the causes for these changes
or example, several recent studies showed that
phytoplankton assemblages in Lake Erie and Lake
Ontario were affected by nutrient enrichment
before 1880 (see Schelske et al. 1983}. These
zzzggggima{_be :ignificant because effects of
cation had not i
2t magn cation h datg. been considered important
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zooplankton populations in Lake Michigan.

Limnol, Qceanogr. 16:556-565, 5. NIXON: I attempted to make an empirical link

between the fisheries yield of several coastal and
oceanic marine systems and the purported primary
productivity data for these systems. To my
knowledge, this has not been done before, 1I
published the information at the U.S. Fish and
Wildlife Symposium on Freshwater Inflow to
Estuaries, held in San Antonio, Texas, in 1981.

It turns out that you can get some rough empirical
relaticonships. For many large, temperate lakes,
the fisheries yield seems to be 10 times to 20
times lower than for the comparable regresasion for
estuaries. I wonder if Claire Schelske might
comment on why we see a difference like that.

C. SCHEBLSEE: 1 really don't have an

explapation. It could be that many harvested
marine apecies are at much lower levels in the
food chain. In most of the freshwater systems,
we're dealing with top carnivores. Therefore, you
might expect at least an order of magnitude
difference based on that.

C. PETERSON: I'd like to take Bill Odum's bait
here and add something to the litany of problems
in doing gut-content analysis. That is, the
differing rates of digestibility of alternative
orey one might find in the gut. If you have, for
instance, a piscivorous fish--gomething high on
the food chain--and you find in its gut one fiah
or another, you don't have a terrible problem.

But as you go down the food chain {in other words,
looking at the level of coupling primary and
Secondary production}, I think the problem becomes
a great deal worse. If you compare, for instance,
the assimilation rate in the gut of dissolved
organic matter, bacteria, a green flagellate and
juncus detritus, there's a tremendous range in the
rate at which those things may disappear.
Consequently, in the extreme, I'1]l be provocative
and argue that gut contents might tell you what is
Aot important in the diet rather thau what is.

W. ODUM: You're right. 1 agree with you one
hundred percent.
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8. NIXON: Delaware Bay has plenty of salt
marahes, but it has fairly low phytoplankton
production.

Delaware Bay also has very low fisheries yields
and always has had as far as we know, at least
back into the late 1800s. I don't think it's
something that we can blame on the city of
Philadelphia or on toxins or something exatic like
that, The fisheries yields from Delaware Bay are
about 20 kilograms per hectare, which is very low
for an estuarine region.

If these marshes are so important, one is
compelled to ask why Delaware Bay's fisheries
yields aren't higher. But one thing they don't
have is a lot of phytoplankton production, It's
just a piece of anecdotal informatioan,

L, CROWDER: I was interested in a comment that
Claire Schelske made regarding apparent changes in
water guality in the Great Lakes. Most of you are
probably aware of research that's been done in
freshwater systems, mostly in smaller lakes,
looking at what controls food chain interactions.
In other words, ia eutrophication in lakes a
result of nutrients inputs, or does it have
something to do with the food chain effects at the
top? Several researchers studied how those food
chain interactions affect what we perceive as
water quality or enrichment.

I'm fairly new to the estuarine scene, and I'm
wondering if people are seriously testing those
alternate hypotheses in estuaries. In other
words, how important are nutrient inputs relative
to controls from the top end of the food chain,
which may influence the number of critters in the
estuary that consume production?

I. VALIELA: There's almost no data that can

make that kind of comparison. The peocple who
study lakes and pounds are able to manipulate
amall anclosed bodies of water. They can, in
fact, make statements about a density attendant to
aome fish population and so forth. There's almost
nothing like that faor estuaries,

W. ODOM: This is a gquestion for Dave Peters. I

think Dave has some data here that, if it's true
{and I won't judge that at this point in time},
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has profound significance I thi

. ink most of
let that wa;h by you. 1IF it'g true that menzggen
can metabollzg that sort of refracted material and
you really think the data is that good, it has

incredible implicati
oneredit P ions, Do you want to comment

D,_PgTBRS:_ I suspect it's true that they're
utilizing it, It'sg €asy for me to beiiave that
FEQY ;oulgﬂ' There has to be some reason
it ne thing that we dida't talk ab i
that_detrltus is a lot of different tg?ﬁQZUChTés
detritus that menhaden eat looks like mucus Ie
don't know what it ig or why it has cellulo;e in
1t. More than likely it'sg reaggregated organic
matter that's dissolved, Maybe that explains wh
it has such a high nitragen content. vy

P;ob§b1¥ it's reaggregated, Tf it's a
physical-chemical process, it'sg

Sic ’ probabl
efficient. Y coyld eagily understand tﬁa:eige
system could be working on vascular plant
production, It certainly is on detritus, but the
extent of vascular plants is not clear ’

I. VALIELA: I also was atru

assimilatioan efficiency of c:¥13¥o;2.pe§c§?id it
hard t9 believe that an animal without the hel f
bacteria can do that, Maybe it's trye Howevgr0
some of ry colleagues found that a lot'of ’
cellulose is cleaved to individual elements of a
polymer. Then, reaglutination makes amorphous
gorp often fgund in guts. In that case, the whole
idea might differ because the individual Sugars

may assimilate at different
ae 2 eonilate rates than cellulosge

g:?ngtzﬁr comment.‘ I would like to reiterate a
thet ;ﬁcgcoit N;;on made that I think went by
attention. Jchn Teal and T h b
?g:ng long-term experiments in salt marsh ;;ztseen
en years. We've been chronically adding

materials gimilar to th i
add in the MERL tanks, ® kinds of dosages that you

We

intg:::npeen looking at the vegetation during thisg

soes ;ng ten years. Even now, we are still

strucgu? gnificant changes in the vegetation

In the me of those plots. They are major shifts

0ing e ajor species. Your interpretation is not
9 t0 be addressed by having one- or two-year

ino



projects, And we can give very strong evidence
that even 10 years after this set of plots was
started, we're getting major shifts which need to
be examined,

D. PETERS: Maybe I was misinterpreted, I did

not mean to say that bacteria didn't have any role
in detritus utilization., T don't know how
menhaden accomplish it, I don't know how the
material gets to be where it is. I have no
evidence to prove that there aren't bacteria in
the gut that have some role. I was saying that
the stuff they ingest has cellulose in it, and it
doesn't come out the other end.

L. DEEGAN: We have evidence from studies in
Louisiana that menhaden have enzymes in their
digestive tract that are strongly cellulelytic,
The origin of the enzyme may be a yeast very
common in salt marshes. It may be that they
ingest it and hold it in their intestines, culture
it and use it to break down Spartina. This
evidence corroborates what David Peters said about
menhaden's ability and may also account for the
relatively high assimilation rates. It seems ta
be mediated through a yveast that specializes in
breaking down Spartina,

B. CHRISTIAN: 1I'd like to come back to the
vascular material that Bill Odum mentioned, 1In
looking at water samples from Sapelo, I saw it
very rarely. The question that always comes to
mind is how many times has this material passed
through a gut when we actually look at it? What
is the turnover time for an average particle
between the water and the gut and out again?

W. ODUM: You have a good point. When you look

at this suspended material it is mostly suspended
flox. To answer your guestion, 1 think there is
continual breaking down and reformation of these
flox materials. So it's very hard to say how many
times any particular piece of material has been
through a gut. It could be a great many times, It
mugt be broken deown to few micrometers or mmaller,
then reformed into flox of 100 or 200 microns
across and broken down again.,

R, BIGGS: We've done an estimate such as you're

talking about not in terms of organic matter, but
in terms of the total material in suapension.
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We've measured the standing crops of zooplankton
in Delaware Bay and major benthlec filter feaders
in open water Delaware Bay. By weighting for
seasonal temperatures, etc,, it turns out that
total suspended sediment in Delaware Bay recycles
about 200 times a year through the filter feeders.

Delaware Bay has a zooplankton standing crop about
an order of a magnitude lower than Chesapeake Bay,
Long Island Sound or most other East Coast
estuaries. Therefore, I would expect that the
numbers are similar.

0f course, all this means is that moat of the
total suspended material of an estuary is due to
resuspension, It's resuspended every tidal cycle
or so, and something filters it cut and uyses it.

J. MILLER: 1In order for Scott Nixon to obtain

the tight couplings between yield and primary
production for lakes, he had to severely constrain
the typea of lakes used. He used large lakes. 1In
some cases small lakes don*'t fit. They used lakes
that are intensively fished because lakes that
aren't don't fit. Are there similar constraints
on the type of estuary where you may or may not
expect to see this type coupling versus others?

W. ODUM: Scott Nixon and I wrote a review paper
in which we independently suggested that there are
a number of factors about morphology in an estuary
-~~ the tidal range, the shape of the basin, the
freshwater inflow and the relative amount of
sediment flowing in. I think freshwater flow is
probably one of the biggest factors.

Anyway, there's a whole list of possible variables
that could, on one extreme, craate an estuary
which is phytoplankten-based, On the other
extreme, it could probably produce an estuary that
is largely detritus-based. And there are probably
estuaries in between.

We've all proposed those things, but we haven't
tested them with statistics. Getting information
to test is a little more difficult. T have no
doubt in my mind that there's a tremendous range
in different estuaries. And you can see that
there's a bias depending on where we work,



Obviously, I think there's a tramendous variatian
between estuaries, and we haven't done a good job
of going past the first sort of descriptive state,
That's the only aspect I can really comment on.

J. MILLER: T think it would make an interesting
comparison if, for example, there certain
estuaries are more detritus-based than
phytoplankton-based. What wa've heard today
suggests that there might be at least one extra
food link in there, 1If we believe ecological
theory, there should be some difference between

the response of the system in a systematic sort of
way,

W. ODUM: I don't think there are ever any
absolutes. I don't feel that there's any system,
unless it's a cave somewhere, that's totally
detritus-based or one that's totally
phytoplankton, Therefore, there are mixtures
between the two, and that is the only question.

D. FLEMER: I think the problem is extremely
complicated when we consider estuaries. As we all
know, they are echaracterized as gradient systems,
If you work in the tidal tributaries such as the
Patuxent, you will have a different bias about the
role of detritus than if you work in the mouth of
the Chesapeake where detritus is insignificant.
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INTRODUCTION

Estuaries throughout the world are valuable
nursery areas for many commercially and
recreationally important species of fish (Gunter
1967; McHugh 1967; Tyler 1971; Bayly 1975; de
Sylva 1975; Wallace and van der Elst 1%75;
Lenanton 1977; Warburton 1979; Weinstein 1979;
Bozeman and Dean 1980; Chubb et al. 1981; Pollard
1981; Dowvel 1981; Lenanton 19B2; Deegan and
Thompson in press). However, Some estuaries
support more fish than others. Por example,
Albemarle Sound represents 26 percent of the
estuarine area in North Carclina, yet it produces
anly 7 percent of the commercial catch. Pamlico
Sound produces &7 percent of the catch with only
56 percent of the state estuarine area (Copeland
et al. 1983), This paper will evaluate to what
degree and why nekton use estuaries as habitat and
what characteristics make one estoary hetter
habitat than another. We will review the
life-history patterns of fish that use estuaries.
And we will examine the three major reasons often
proposed for why fish use estuaries: (1) food
availability, (2) protecticon from predators, and
{3) physical and chemical suitability.

TO WHAT DEGREE DO FISH USE ESTUARIES?

Different species of nekton evolved various
life-nhiatory strategies for using eatuaries,
Based on aspects of their ecology, including
spawning location, feeding and salinity tolerance,
the nekton's use of the estuary can be divided
into five major life-history patterns {McHugh
1967;: Tyler 1971; Wallace and van der Elst 1975;
Day et al. 1981; Deegan and Thompaon in press).
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{l) Fresh water - Primarily freshwater species
gpawn in salinities less than 0.5 parts per
thousand and have slight to moderate salinity
tolerances. Typical species include largemouth
bass, bluegill and some catfish.

{2) Estuarine - True estuarine residents spawn and
cotiplete their life cyele in estuaries. 'Thay
generally have wide salinity and temperature
tolerances. Finfish in this group are rarely of
commercial or recreaticnal importance, although
shellfish often are. Typical species include
hegchoker, sea catfish and oysters,

(1) Estuarine/marine - These species are found in
estuaries primarily as juveniles., They spawn in
hearshore or offshore waters and have wide
gsalinity tolerances, These species are referred
to as "estuarine-~dependent® because they reside in
the estuary during the early, critical stages of
their life cycles. Examples of typical
estuarine/marine species are shrimp and menhaden.
The former is the top value species in the U. S,
fishery; the latter is top in weight.
Estuarine/marine species make up more than 88
percent (by weight and by ex-vessel dollar wvalue)
of the total fishery landings in the southwest
region of the United States (Lindall et al., 1979),
Oecause of the large commercial and recreational
value of these species in Atlantic and Gulf of
Mexico estuaries, considerable efforts have heen
made to analyze and quantify the importance of
estuarine habitat to these species,

(4) Marine - These species spend most of their
lives in nearshore or offshore marine habitat and
are generally intolerant of low salinity
cenditions. They spawn in marine habitat and
invade estuaries with intrusions of high salinity
waters, The bluefish is an example of a marine
species on the Atlantic coast.

(5) Diadromous - These fish migrate between the
sea and fresh water. Anadromous species spend
most of their lives in the sea and migrate to
freshwater for breeding., Juveniles spend varying
amounts of time in estuaries. The most
spectacular examples of these fish are salmon and
shad. Catadromous species migrate from fresh water
to the sea to apawn. The most well-known examples
of this type are American and European eels,
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Historically, work on the relationshi

estuaries in the United States was :egt:£e§i:: :Ed
South Atlantic coast, Because the figh ®
populations in these estuaries are deminated b
astuarine/marine species, this life-history Y
pattern became the archetypical "life history" of
an estuarinerependent fish. Although this
pattern is widespread along the Atlantic and Gulf
coasts, we now know that it ig not the dominant
pattern in all estuaries. Por example, estuaries
along the Pacific and North Atlantic céasts aree
typified by more marine and diadromcus spacies,

The widespread use of egtuari

juvenile species has led to éﬁ: gzn::;g é?rval and
estu§rine dependence, implying that the estuary is
requlyed for part of the life cycle of these
organismsg, Because over geclogic timae any
particular estuary is short-lived (Jess than
saveral thou§and years), controversy axists about
their essential naturae {Walford 1966: Schubel and
Hirachberg 1978), Schube} and Hirshberg argued
that the value of estuarjes in supporting ¥
fisheries species has heen overstated hecause of
the ephemerQI nature of particular estuaries and
because during geclogical time estuaries have been
small and rare. This {s misleading for two
reasons., Although a particular estyary is
short-~lived, the estuarine environment has existeqd
continuously during the evolution of commerciall
important estuarine-dependent species, It ig Y
probable that certain life-history patterns have
?een more prevalent during different standa of sea
lg:el {i.e. diadromous species during periods of

3 8ea level), §econd, the interest in estuarine
epandence (s motjivated by the deszire to manage
and conservye tishery stocks. The time span tgat

most. Fish abundance cycles th
at span sever
thousand years, although scientifically al

interesti :
standpoin:?' are not important from a management

g:;F gf the controve;sy stems from an imprecise
.1n1t£on of estuarine dependent, 1g a salmon,

to complete the sm ifi i
eltification process, an
:gsggdgnt than menhaden, whose juvenilé stggée?:
cris cund anywhere else? 1n the past, finding a
cal stage fusually juvenile or larvae)
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exclusively in estuarine areas qualified a species
for estuarine dependent status., Is this
sufficient criteria? Can alternative habitats be
used by these species if estuaries did not existy
For example, a survey of the Blackwcod River
estuary, Australia, and adjacent marine embayments
(Lenanton 1982) revealed that three of the 1§
species encountered were found exclusively in the
estuary. These species were regarded as
estuarine-dependent. The remaining 13 species
also used the marine embayments, but were not
considered estuarine dependent, 1In New England,
juvenile winter fleunders are abundant in
estuaries and nearshore coastal habitats, yet this
species often is referred to as
estuarine-dependent (Pearcy 1962).

LOCATIONS OF CRITICAL IMPORTANCE AS NURSERY AREAS

Because attributes of nursery areas are difficult
to define, they are determined empirically by
estimates of the abundance of larvae and
juveniles. Several workers (Weinstein 1979;
Bozeman and Dean 1980; Shenker and Dean 1979; pay
et al. 1982; Weinstein and Brooks 1983)
demonstrated that shallow tidal creeks and marsh
shoals harbor dense populations of juvenile marine
species such as spot, mullet, flounder and
menhaden. Some fish, for example Atlantic
croaker, also use open deeper water near the head
of the estuary (Weinstein 1979), Sea grass
meadows are another Qistinct and important nursery
area {Thayer et al, 1975; Adams 1976; Heck and
Orth 1980} for species such as spot, blue crab,
pin fish and sea trout. Nursery areas tend to be
situated in shallow areas along shorelines and
contain high levels of arganic matter and
nutrients.

The distribution of juvenile fishes within primary
nhursery areas has been related to many factors,
including temperature (Joseph 19733, salinity
(Gunter 1961), turbidity (Blaber and Blaber 19840,
calm watar (Blaber and Whitfield 1977), food
availability (Lasker 197%; Laurence 1977;
Whitfield 1980a,b) and predation pressure (Blaber
ad Blaber 1980; Weinstelin and Walters 13811,
Physiochemical parameters, which affect individual
tolerances, govern broad spatial distributions
within the estouary, But species interactions fine
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tune spatial distributions. Some factors, such as
salinity or turbidity, may influence distribution
gecondarily by contrelling the distribution of
predators {Joseph 1973; Blaber and Blaber 1980).

How specific is the selection for a nursery
habitat? Within a single estuary, some species
are found as larvae and juveniles in grass beds
and marshes. What is the relative value of thesge
habitats? Are growth, feeding and survivorship
different? PFor species that use multiple areas,
what is the contribution to the total stock from
the different nursery areas? For some species,
the area used as a nursery differs among
egtuaries, In Borth Carclina, Atlantic croaker
reportedly use the deeper open water oligohaline
regions in greater abundance than shallow marsh
creeks (Weinstein 1979)., However, in the Gulf
States, young croaker use marsh creeks and
shallows extensively (Herke 1977; Yakupzack et al.
1977). What causes this difference? 1In North
Carolina, Miller et al. {1984) suggest that
currents are the primary determinant of larval
distribution and determine use of an area as a
nursery ground.

The distribution of species is also life-stage
dependent, Most species use different habitats in
a predictable sequence. Por example, menhaden
spend the first four to six months of their stay
in estuarine tidal creeks, then move into open bay
waters for three to four manths before moving
offshore (Reintjes and Pacheco 1966; Hinchee
1977). What are the relative values of these two
habitats? A recent study of gqulf menhaden
suggested that marsh creeks may be important for
feeding and protection from predators at early
stages, But open water is important for growth
and lipid storage before the fall immigration
{Deegan and Thompson 1983). We do not know,
however, the cueing mechanisms that initiate and
guide these movements. Attainment of a specific
size (Yakupzack et al., 1977, depletion of food
resources (Miller and Dunn 1980; Levin 1980) and
environmental changes (Herke 1977} have been
Proposed.

We need answers to questions as basic as when, at

what size and why do species migrate? How long
does an individual of each speciea stay in a

ils



nursery? What are the effects of environmental
variations on survival, growth and movements?

IMPORTANCE OF PREDATOR PROTECTION

One of the primary reasons cited for use of
marshes and grass beds as nursery areas is
protection from predators. Evidence from
empirical studies indicate few predators in these
areas (Herke 1977; Bozeman and Dean 1980;
Weinstein and Walters 1981), Recent grass bed
work correlated greater species number and
abundance with greater habitat complexity, as
measured by above ground biomass (Heck and
Wetstone 1977; Heck and Orth 1980). The
relationship appears to increase protection from
predators and increase living space. Food seems
less important for some species because favorite
food items are more abundant in other habitats
(Heck and Wetstone 1977; Heolt et al. 19B3),
Expetrimental studies that tested this hypothesis
demonstrated reduced predator efficiency in grass
beds and greater protection from denser
vegetation.

It is difficult to postulate similar hypotheses
for salt marshes. Fish do not live among grass
stems but in adjacent, shallow marsh creeks.
However, the physical nature of these shallow
creeks may limit predators., The large
fluctuations of temperature and salinity in
shallow marsh creeks may be beyond the tolerance
level of predators (which tend to be adults), but
not juveniles (Cushing 1975; Hyatt 1979; Heck and
Orth 1980). Weistein and Walters (1981} reported
that mortality of spot {Leiostomus xanthurusa)

was significantly higher in polyhaline creeks than
in other portions of the eatuary. The difference
was attributed to the greater numbers of
stenchaline marine predators seasconally occupying
polyhaline marghes. Tidal creeks are also
characterized by high turbidity levels that may
provide protection from predators., Although many
senses are involved in feedlny, sight is importanmt
for capture success (Nikolsgky 1963; Hyatt 1979).
High turbidity could alsc lower the foraging
efficlency of juveniles, but this cost may be
offset by lncreased survivorship? Zimmerman and
Minello (1984) learned that a numher of species
were found ln the marsh during high tide.
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IMPORTANCE OF FOOD AVAILABILITY AND SOURCE

Scientists believe coastal fishery produetisn in
interti@al areas is dependent an primary
prodgctlon in estuaries and wetlands. Correlative
stud1es_of fisheries yield and estuarine
production provide evidence for this theory. The
importance of food to fish production can be
divided into two components--quantity and quality.

The question of fish food limitation is central to
the relationship between fish and Food. Can we
increase fishery productivity by increasing
available food? Evidence linking increased fish
production to increased food is found in the
relationships of fish yields and river discharge
Scientists correlated increased fishery ’
oroductiyity with river discharge. Similar
cor;elatlons were made for estuaries in Texas,
Mexico, Louisiana, Mississippi, Alabama, Florida
and Califorgia. Freshwater discharge stimulates
the productivity of the estuary, increasing the
food available to larval fish during their first
few months, a highly ctucial time in their
development, Nixon (1982) and Bahr et al. (1982}
show & correlation between coastal fisheries and
estuarine primary productivity. Wixon correlated
estuarine fisheries yield per area with the
pyiyary production per unit area of the estuary,
Similarly, Bahr et al. demonstrated a quantitative
relationship between gross primary production and
secondary production of fishery species. Thaese
studieslpoint to a relationship between primary
productivity and fisheries yvield, but they are
simple cortrelative analyses that do not show the
possible mechanism. We need more information to
define the mechanisms invelved and to verify that
these correlations show a dependence. In these
correlative studies, no consistent treatment is
glven to what is defined as Fisheries yield or to
what the yield is correlated with. Some studies
adjust everything to a per unit area basis, others
correlate totals and others look at ratios of
?ater to wetland. Often the relationship derived
or one species is different from the same type of
analysis developed for the entire fish community
ln the same estuary. A careful analysis of these
studies needs to determine if any basic
relationships exist.
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Several studies comparing food availability with
fish food requirements Suggest that feod suppliesg
potentially are limiting in estuaries (Peters ang
Kjelson 197s; Laurence 1977; Weinstein 1975; Bahr
et al. 1982}, Many fish with similar food
requirements exhibit temporal or spatial
Segregation in nursery areas. Some researchers
proposed fish may be food limited in estuaries
(Weinstein 1979, Polgar (1982) suggests that
food availability is the cause of differantial
mortality in Potomac River striped bass larvae.
Petera and Schaaf (1981) calculated the food
requiraements of Atlantic menhaden, They found
that observed phytoplankton production was not
sufficient to Support the population, leading them
to conclude that menhaden also must use detritus
and zooplankton. Other scientists attributed the
mevements of fish in estuaries to depletion of
food supplies (Levin 1380). Experiments excluding
fish from areas showed that fish can deplete food
organisms in a local area quickly (Virnstein 1977,
1978, 1979; Peterson 1979;: Holland et al, 1980;

Fitzhugh 1982, leading to locally limiting food
resources,

Another important question is the effact of fgod
Sources on fishery composition and praoduction,
For many years, organic detritus derived from
fringing wetlands was considered a major food
source in estuaries (Darnell 1961; McHugh 1967;
Odum and Heald 1975}, The original concept of
salt marshes supporting fisheries production was
based on food weh analygses showing detritus as an
important food source. The studies of Darnell
{1961) and Odum and Heald {1975} indicated diract
consumption of detritaus as an lmportant food
Source. Recent studies suggest that fishes
previously thought to be detritivores may be
carnivores, These fish nay conaume detritus
indirectly in the capture of food iteas, Many
scientista assumed that detritus was satill the
baze of the food web, bhut it passed through one or
more trophic levels hefore reaching fish.

Other studies, using stable carbon isctope ratios
as tracers of primary production in food webs,
questioned the role of organic detritus in
estuarine trophic structure, Hainea and Monteque
(1979) reported that mast eatuarine animals in a
Georgia estuary have stable carbon isotope rations
more similar to phytoplankton than toc marsh grass,
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found animals in a North
Thay?ingts:i.giizzsged that had ratios indicating
c:rgoplankton or microalgae and sea grasses were
1mgortant carbon sources, ?ry {1981) found_::r:gn
isotope ratios of brown shrimp correlated wi -]
habitat in which it fed or was captured,

s there are problems with interpreting gut
g:ﬁte:ts to construct a food we?,'there are
problems when using isotope ratio's to trace
primary production. A single stable carbon .
isotope ratio is not a unigue numbe; anq can fe
derived from several different combxnatlgns o
food types (Hughes and Sherr 1983!. Ratios are
also known to shift bet?een trophic levels, and
different tissues in animals often exhibit
different isotope ratios (Rau et al. 1983).

Current evidence indicates_that estuarine food
webs are a mixture of detrital-and
phytoplankton-based pathways, and that the
importance of these primary producers varle? among
estuaries, In a study of elght Gulf of Mexico
estuariea (Deegan et al. 1983), the following
cantributed to the total primary production:
phytoplankton 16 percent to 53 percent, marshes 0
to 72 percent, sea grasses (¢ to 80 percent and
mangroves 0 to €0 percent. These estuaries also
support varied fisheries. What is the relative
importance of these producer types? Chesapeake
Bay has high fishery yield, primarily due to the
planktivore Atlantic menhadgn. But it has a
low-marsh-open-to-water ratic (Nixon 19807, ]
Perhaps it should not surprise us that the fishery
is an estuary with a large, productlvg open water
area is dominated by a pelagic planktivore.
Patterns of production utilization and export also
depend on the dominant sources of primary .
production, Thus macrophyte or marsh production
and decomposition results in high amounts of
detritus with long residence ti@es. On the‘other
hand, phytoplanktan production is characterized by
rapid turnover and utilization. Hha; are the
consequences of shifting the production base to
phytoplankton by dredging and Exllxnglsalt
marshes, mangroves or sea grasses? ?Lll_a
phytoplankton-based fishery necessarily invade the
area? To what extent do these dlfferept producer
types substitute for each other as habitat and
food sources?
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IMPORTANCE OQF THE PHYSICAL AND CHEMICAL
CHARACTERISTICS

The importance of hydrology in determining the
relative fish productivity of estuarine habitats
often hag been overlooked. However, current
avidence indicates hydrology may be important in
determining entrance and use of estuarine
habitats. The importance of tidal currents at
estuarine mouths in determining the entrance of
larval and post-larval marine-spawned species
{Weinstein 1979; Miller et al. 1984) is
documented, Less understood is the relatienship
between wind-driven currents and fish entrance in
estuaries with small tidal amplitudes, such as
those in the Gulf of Mexico. Curtent studies
{Thompsaon et al. in prep} indicate frontal
passages may be important in creating current
flows that favor immigration intc estuaries in
winter or early spring. Herke (1977) showed
semi-impoundment of marsh creeks with weirs
diminished nursery use by some migratory
estuarine-marine species, increased use by other
gpecies and changed growth patterns.

These studies indicate the importance of an
ecogystem's configuration to fisheries production,
However we are far from understanding the complete
mix of physiographic features that make these
estuaries so productive. Some of the questions
5till unanswered are basic., If shallow seems to
be better, what is shallow? What is the optimum
depth for good nekton use? Deoes it vary from
species to species? How much wetland relative to
creek area {s optimum? How much open water is
needed relative to marsh and creeks? How many of
each species does each hectare of a nursery send
back to the sea? How much does the environment of
a marsh creek depend on the adjacent marsh? Is
fish space limited? Can we enhance fish
production by c¢reating more creek or marsh edge?
Some studies show increased fish production with
ditching for mosquite control (Resh and Balling
19B3), but dredging oil and gas canals seems
detrimental to fish production (Day et al, 1982).

The two most studied physics-chemical parameters
of nursgery areas are salinity and temperature,
Because nursery areas are hrackish, scientists
once thought low salinity was needed for complete
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species development For ex
; . ample, menhaden's

E;;;zfo:::t;o?ifrog zooplankton picker to filter

der elleved to require low salinit
(:elngjes and Pacheco 1966). However, labgrator
e pgrlments showed this transformation can occury
én u%l-strgngt? Sea water. Perhaps the
ranstormation in low salinity waters is a matter

old, and it takes &0 da

¥8 from spawning f
menhaden to reach brackish areas, Somg sozcies
are more stenchaline than others, T(Use ofp
isruarine areas may be limited by salinity
olerances. Yields of brown shrimp in Louisiana

: urser r
(Turner 1977). 1o explain the correlaticg gfog?gs

gg:;:ptzgslgj withthigh salinities, scientists
More estuarine area is available i
correct salinity range in years with a highern the
gfgrzqe sal}nlty: The correlation of river
a ﬁa;;ggtwéghtﬁlsh production may be the creation
e correct salinity, Resg
thf At?hafalaya delta shows that ;any earch in
§:c::F1ne—mar1ne species also uge a freshwater
ress;on as nursery ground {Thompson and Deegan in
Ehe roie ég i:wpos?}b}e, as mentioned befare, that
salinity i3 secondar it h
neutral effect gn juvenil » atte
€3, but a negati
on adult predators (Blaber and Blaberg198;? sffect

:any marine organisms seem affected more by

emperature than salinity, within tolerance

;g?qes, And agailn, many adult speciesz are less
erant than juveniles of wide fluctuations.

The higher temperatures of marsh cree

T ks als
:e reflected in growth. Many fish in the Gﬁl?agf
hgxlco showed increased metabolism and growth at
r;gher temper§tures {Hoese 1981}, Higher growth
: s result in larger fish that are less
ugceptxb;e to predation {(Cushing 1975). Some

:?mgfgu little about how fish respond to

ofeoy T:g;gscﬁgznges‘xn temperature and salinity
: ) ges 1n salinity are due t )
tnflux of river Flood waters that are mucﬁ Eg?der



than estuarine waters. What are the combined
effects of rapid changes in temperature and
salinity? Also, what are the effects of these
extremes on fish productivity. How do
exceptionally cold temperatures or river
discharges affect fish productivity? Do they
change the amount of habitat available because of
species tolerance limits? If extreme weather
events cause large fish die-offs and change the
mortality schedules, does thisg change the growth
rates for the fish that survive? Do they attain a
larger size because of reduced competition? We
also do not know the lower limits of change in
temperature or salinity that most estuarine fish
can detect. Do fish recognize a change of 5, 1 or
0.0l parts per thousand as being significant?

SUMMARY

Consistent life-history patterns, statistical
correlations, and general chservation point to the
importance of shallow inshore estuarine areas in
fisheries preduction, An understanding of the
relationships between fish and habitat
requirements would be useful for evaluation,
design and mitigation of activities affecting
estuaries, Clearly we cannot avoid all human
impacts on nursery grounds., How do we maintain
fisheries production in the presence of human
modification? Particularly important fish habitat
areas seem to be marshes, sea grass beds and
nearshore shallow areas. The major questions yet
to be answered are the specifics of the
relationships between habitat and fish production.
How general are the relationships? Are they
species-specific, or are there commonalities in
the patterns of use? Some specific gquestions that
need to be answered are:

(1) What are the characteristics of a good
nursery?

(2) Would these fish service if they were not in
estuaries?

{3) How general can we be when we construct broad
relationships such as those between commercial
catch and wetland area? Do we need
specles-specific relationships? What is the
fishery yield from an acre of salt marsh?
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{4) What do the correlative studies between gish
catch and river discharge, wetland/water ratios
and primary production mean? What are the
underlying mechanisms?

{5) What is the role of the different sources_of
primary production? What is the role of de?rntus?
what is the trophic base of fishery production?
Does it wvary among estuaries? What is the effect
on fisheries production of differing primary
production sources?
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HABITAT CHOICES IN ESTUARINE FISH:
DO THEY HAVE ANY?

John M. Miller
Zoology Department
North Carolina State University
Raleigh, North Carolina

Steve W. Rossa and Sheryvan P, Epperly
North Carolina Division of Marine FPisheries
Morehead City, North Carolina

We continue to hear questions about egtuaries that
Birge and Juday answered about lakes a huyndred
years aga. Why are generalities so difficult te
extract from such a narrow etrip of water? After
all, estuaries are small mixing zones, and those
in the same zocgeographic province share a similar
and relatively depauperate fauna, Perhaps our
classification of fish or estuaries is wrong. 1Is
it possible that we have created an illusion of
integrity with our choice of a single word to
describe this narrow strip of water? Or do we
continye to overlook some major organizing, or
disorganizing, factor in the ecology of estuaries?

This is not a paper on estuarine taxonomy.
Rather, what we want to consider is the question
of whether or not it is likely that we can reach
any level of generality in estuarine ecology
without a critical reexamination of our current
paradigms and significant changes in research
emphasis, We will restrict our comments to the
Atlantic strip and to the subject of fish,

The Atlantic estuarine Fish fauna is largely
comprised of a few marine species that have
invaded low salinity waters, In addition, there
are occasicnally large numbers of anadromous
Species (Haedrich 1983; McHugh 1967), Also
bPresent, especially in north temparate estuaries,
are resident species (Jeffries and Johnson 1974
Nixon 1980; Wixon and Oviatt 1973; Tyler 1971;
Werme 1981), And, depending on the distance
upstream or downstream, there are freshwater or
Stenchaline marine fishes, But a Few specias
dominate the bicmass (Bozeman and Dean 1980;
Miller et al. 1983; Ross and Epperly in press;
Weinstein and Walters 1381}, And for the most
part, these species are in the juvenile stage of

337



their life (northern estuaries again tend towarq
exception) (Gunter 1961). The dominant sSpecies
change with season and are generally reduced in
numbers in winter (Haedrich 1983: Hoff and Ibara
1977; Tyler 1971).

Three provisions of nursery areas were suggested
by Joseph (1973) as important: 1) a food supply,
2} refuge from predation, and 3) a benign abiotic
environment. Certainly because these contribute
to the production of fish, they also can
potentially limit production. We will examine
each, emphasizing our experience in Worth Carolina
estuaries, Hopefully we can pinpoint critical
research needs. As guideposts, we will consider
the principles of natural selection and fish
physiology. This approach is chosen over the more
traditional one of trying to distill generality
out of everything we know.

FOOD SUPPLY

It is not sufficient to kpow what fish eat; rather
we are interested in how food supply relates to
food demand. This requires an estimate of
production and the requirements of {potential}
competitors and the fishes of interest. 1Is food
typically limiting in estuarine habitats? We
think not. Occasional invasions of large numbers
of pre-spawning anadromous fisnh may temporarily
depress food supplies. But most evidence suggests
an adequate food supply for good growth and
survival of juvenile €ish in estuaries,

1) Estuaries are comparatively productive
aquatic environments {(Adams 1976; Mann
1982; Odum and Heald 1975).

2) TInter-specific competition is low, and
most fish are generalists {Kinne 196¢7;
Miller and Dunn 1980; Sheridan 1979},

3} Growth rates of fish are high, even at
elevated abundances in cages (Currin
19B4; Currin et al. in press}.

4) Specific production (P/B) of fishes is
not biomass-~dependent; production is
{Currin at al. in presas).

5} Diet overlap, indicating high food
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availability, is common (Woodward 1981).
REFUGE FROM PREDATION

although we know some details of the food web in
estuaries, we know far less about the rates of
predation on or by estuarine fishes, It seemsa
more likely that predators may limit the
production eof juvenile fish than food )
availability, especially in combination with
environmental perturbation (Dovel 1968). We .
suggest that other considerations outweigh this.

1} Adult fish (potential predators) are
comparatively rare in estuaries, perhaps
due to their reduced tolerance of low
salinity.

2} Visual predators are probably hindered by
the high turbidity, shallow depths and
large amount of structure,

3) Many of the (potential) predators would
necessarily be cannibalistic,

4) Predator saturation would seem likely on
occasions when predateors did invade
juvenile habitat.

ABIOTIC ENVIRONMENT

The concept of estuaries as stressful environments
is derived largely from observations that a
variety of animals seem to respond negatively to
rapidly fluctuating conditions, especially outside
their apparent preferred ranges (Hettler 1976;
Hoar 1966; Hochachka 1965; Kinne 1967; Knudson and
Herke 1978). Many researchers noticed the
caincidence of distribution patterns with salinity
(Carriker 1967; Gunter 1961; Khlebovich 1969;
Remane 1934)., A few le.g, Day 1967) have
suggested other factors, such as wave action may
b= more important than 2alinity., In fact, some
data support the concept of estuaries as
stressful, even for estuarine species (Burton et
al. 1979; Costlow et al, 1960; Haefner 1969), But
the data are largely on stencotopic species or
Stages, or the experimental conditions are outside
the likely rates of change that most vagile
organisms experience in estuaries, And the stress
of an environmental factor cannot be assessed
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without knowing the organism's resistance to it or
its ability to adapt to it. Scant evidence
indicates less stress con the dominant fish than
the current paradigm suggests, Several species
evolved efficient adaptive or compensatory
strategies to withstand or avoid the potential
stresses in estuaries (Kinne 1967; Segal 1967}.

1) Juvenile stages of many species of fish
{even stenohaline marine) are more
tolerant of environmental variability
than adults (Holliday 1971}.

2) The high growth rates of fish in
estuaries suggest an absence of
a chronic high level of stress (Currin
1984; Currin et al. in press; Rnedson
and Herke 19781}.

3) An intermediate salinity is close to
isosmotic for fish.

4) Many marine species of fish can be
cultured in estuaries when enough calcium
is pr- -ided (Gunter 1961; Kinne 1967).

5) Our {(unpublished) data on juvenile spot
and croaker show almost a complete
energetic disregard for rapidly
fluctuating salinity.

Where does the suggestion that estuaries are good,
not particularly stressful, habitats leave us?
Before proceeding, let's reconsider the idea of
limiting. We are not saying that improvements in
the above habitat gualities would not result in
increased production of estuaries fish. WNor are
we suggesting that all species should thrive in
the estuarine habitat. Rather we are saying that
for the dominant estuarine fish, the concept of
estuaries as stressful is probably overstated.
Food, predation and the abiotic enviromment do not
restrict their production---at least not like the
stunted Centrarchid populations in lakes.

Finally, we do not believe that estuaries are
dispensable for even these fishes. The low
sallnities may be necessary for metamorphosis or
production of preferred food (June and Chamberlain
19%9), But, whether these specles would be
competitively inferior in the marine environment
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or could not survive without estuaries has not
been tested,

It is tempting to infer from a distribution
pattern that an animal prefers the environment
near the center or that it cannot tolerate the
edge environment. But these inferences need to be
made in the perspective of the alternate choices
available. In distribution patterns derived
largely from dispersal of relatively passive
gwimmefs, such inferences are dangerous.
Estuarine organisms prefer certain environments
because they have no aother choices. 1In such
situations an understanding of the factors
involved in dispersal is essential. For most
estuarine organisms, they are related to the
hydrological regime. We know little about the
currents of estuaries and the responses of the
larval or juvenile estuarine organisms ta them?
We know that currents, as well as other
conservative properties of estuaries (such as
salinity, temperature, incrganic turbidity, et
al.), are hxgh;y variable in time and space. 1In
many cases, animals' distribution patterns in
estuaries can be predicted by the distribution
Patterns of these properties. But the leap to
inferences about their function as limiting
factofs seemsS unwarranted., 1If currents control
the distribution of estuarine fish, and the
pattgrns are (probably) dependent on the
particular morphometry, meteorology, etc., we
should.not expect to find generality amcong
estuaries (on our sampling stations) until we can
ordinate them on the appropriate physical axes.
And a lack of physical data for most estuaries
precliudes this.

As an exampla, we consider the distribution
pattern of juvenile fish in Pamlico Sound {Fig. 1}
{Ross and Epperly in press). A two-year analysis
of menthly trawl collections of juvenile figh in
31 designated (N.C. Division of Marine Fisherias)
nursery areas showed the stations could be
sepgratgd into five groups based on fauynal
simll?rxty. Habitat characterigstics (distance
from inlets, depths, sediment particle size,
nitrogep, carbon and C/N} were combined in a
discriminant function analysis and resulted in a
g}m11§r definition of the groups. The
distributions and abundances of 22 of the 24 most
lmportant demersal species of fish and



FIGURE 1

Bathywetry of Pamlico Sound, North Carolina and 51
Jjuvenile nursery areas, divided into five groups
{different symbols) based opn faunal similarity of
24 species. See Ross and Epperly (in press) for
explanation of analyses.

invertebrates were correlated with at least one of
the habitat characteristics measured. All of
these are intimately related to hydrology. These
24 species were separable into eight categories
based on theilr distributions and abundances, Did
these dominant juvenile organisms select their
habitats or were their distribution patterns
derived from their initial dispersals?

The two station groups north and west of Bluff
Shoal are instructive because Pamlico Sound is
divided by the shoal into two subbasins with
different crientations. The dominant juvenile
fish and shrimp, which originate from
winter-spawned eggs offshore, are probably
transported from inlets to their nursery areas by
wind-driven currents (Miller et al. 1984).
Juvenile croaker (Micropogonias undulatus)
colonize Chesapeake Bay and other estuarine
nursery areas north of North Carolina in fall and
colonize in spring in North Carclina and
southward. They were found in fall almost
exclusively at stations north of Bluff Shoal.
Similarly, juvenile spot (Leiostomus

xanthurus) appeared at stations north of Bluff
Shoal earlier in spring than at any other station.
Oregon Inlet, north of Cape Hatteras, is a
potential source of juvenile fish from Virginia
coastal waters. But the cther inlets to Pamlico
Sound are contiguous with the southern subbasin
and represent sources of juveniles fram Carolina
coastal waters., Separation of these two water
masses and their attendant biota at Cape Hatteras
is well-known {Magnuson et al. 1981; Pielon 1979),
The two most abundant juvenile fish in Pamlico
Sound show colenization patterns suggesting a
strong influence of currents and water mass
origin. This simpler hypothesis should be
explared as an alternative to active habitat
selection based on preferred or prohibitive
environmental factors. Other gpecies may respond
differently, There are stenotopic marine species
that are excluded from certain estuarine habitats.
And for eurytopic species, we should expect a
Spectrum of responses, These other species, not
the dominants of estuaries, are most likely
influenced by the biotic and abiotic variability
of astuaries,

If we suggested or implied that we expected to
find the same controls (or lack of) in all

-



egtuaries, we would be committing the same error
that has led to present overgeneralizations,

Where does Pamlico Sound fit in %o the spectrum of
estuaries aon the East Coast? We need a reasonable
schema of estuaries, emphasizing the factors that
have the most significance to the fish,
Unfortunately, the necessary physical data are
often lacking for an accurate categorization;
Pamlico Sound is no exception. Most of thae
important biotic and abiotic factors can vary
greatly along primary and secondary axes of
estuaries. Many are also temporally unstable.
While this variability is recognized by most
researchers, neither our research protocol or many
of our reports adequately demonstrate this. Not
even our attempts to classify estuaries recognize
their dynamic nature, And no research protocol
exists to encourage researchers tc measure
relevant physical variables that could permit
comparisons of estuaries. We lag behind
limnologlsts and oceanographets in this area,
Considering the greater variability in "standard”
variables in time and space, any useful research
protocol should include some continuous recording
of temporal changes. If scales of weeks and
kilometers are relevant in oceans, then minutes
and meters are relevant in a typical estuary.

In the nursery areas of western Pamlico Sound
(lagouon), we tentatively concluded that the
environment for juvenile fish is benign,
biotically and abiotically. Indeed, we think the
environment could support more juvenile fish
production than it currently does., Production
seems constrained by the number of juveniles that
initially ceclonize the nurseries, 1In the tidally
dominated lower reaches of the Cape Pear River
estuary, Copeland and Hodaon (1977} concluded that
entrainment of up to 460,000 post-larvae spot per
day by a power plant would have no effect on their
production. In other words, the numbers of
juvenile fish exceeded the carrying capacity. In
fact, the apparent differences in controlling
factors would be expected if one considers: 1)
the lower shoreline development (Hakanson 1981)
that characterizes narrow river valley esatuaries
like the Cape Fear and 2) the decreased
probabillty that wide river mouths restrict the
entry of ocean-spawned post-larvae.
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advective processes {p determining the
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arise from dispersal of immature stages,

3} We need to borrow from ecological theory,
not past estuarine paradigms, some ideasg
of what to expect when wWe embark on our
Surveys. We do not need more undirected
descriptions, Even though our ideas may
be wrong, we should approach our surveys
and our experiments from an
hypothesis—testing perspective (Weinstein
1982),

4} Advectiye Processes, such as river flow
and wind-driven currents, can transport
bicta and conservative properties (e.qg,
salinity) over long distances quickly,

We should expect to find carrelations
between them if they are measured
Synoptically. 1If they are not, we should
expect to find chaos. But because many
physico-chemical Properties of estuaries
are linked, we must recognize that such
corrections may be spurious, We should
distinguish between causal and predictive
factors with laboratory or field
experiments,

5) Although the variability of an estuarine
environment suggests a high level of
stress, data to substantiate this
hypothesis are lacking. We need
additional measures of biota responses
before promoting estuaries as stressful,
In fact, the dominant species may be
preadapted to tolerate wider ranges and
changes than previously believed.

Once we appreciate the importance of the different
hydrographics of various estuaries, perhaps we can
See patterns through the apparent biological
chaos. Some day, we might even consider some
hydrological management practices (Rapetsky 1981)
Lo supplement onr conventional management
strategles. Owing to their amall size and
convenient location, estuaries perhaps offer the
greatest potential for management---not Jjust
ranching——-of living marine resources.

e .
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The symposium'’s goal is to develop directions for
future research in the nation's estuaries, Such
knowledge is needed to establish managerial

42 p. strategies designed to protect valuable estuarine
resources. My response te the challenge paper
emphasizes the critical link between research and
management that must exist if we are to protect
these rescurces. My views are based on experience
qained in the Sacramento-San Joaquin Delta and San
Francisco Bay system of California, oOur reseatch
documents potential impacts on fish and wildlife
caused by the diversion of water From the delta by
State and federal water projects. Results are
being used to develop facilities and water quality
standards that will prevent adverse effects aof the
projects. The California State Water Resocurces
Control Board mandates that thase standards be met
by the projects as a condition for permission to
divert water, Participating agencies include the
California Pish and Game, and Water Resources
departments; 1U.S. Figsh and Wildlife Service; and
the U.S. Bureau of Reclamation.

RESPONSES TO THE CHALLENGE PAPER
General

Deegan and Day (1984) pravided an extensive list
of fish habitat issues plaguing fishery
biclogists, Althcugh they offer an interesting
overview of the subject, they do not identify
tesearch priorities in a concise manner. The
lumercus questions are not all equally important
for making critical management decisions designed
to protect estuarine fish populations, This
highlights the need to continually define the
Specific management goals applicable to the
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important to the stock as a whole and attempted to
quantify the causal mechanisms for that variation,
We asked the classical ecological question: What
influences fish distribution and abundance? This
approach brought about the need for good
interaction between habitat-oriented and
population-oriented biologists. We documented _
certain influences of river flow on fish and their
food organisms in the estuary {(Chadwick et al.
1977; Stevens and Miller 1983; Herrgesell et al.
1981; Kjelson et al. 1981},

Flow proved to be a broad habitat requirement that
correlated to additional classical fish habitat
needs (food, protection from predators and toxics,
transport processes, chemical suitability and
temperature) as discussed by the challengers,
Defining flow volume as a major f£ish habitat
requirement simplified management and made it
easier for the public to understand. Flow
standards for striped bass and salmon were
established by the California Water Resources
Control Board to restrict diversion operations of
the state and federal water projects. Although
freshwater flow may not be a limiting factor in
all estuaries, it influences the character of all
estuarine systems and must be censidered, Water
is a major fesSocurce, and its use has enormcus
management implications,

Degree of Use

An overview of the variety of estuarine uses by
hekton is provided by the challenge paper.
Research needs to define the life stage that is
dependent upon estuarine habitat and that is
critiecal in setting year class strength.
Correlations suggest that recruitment of a striped
bass yaar class in the Sacramento-5an Joaquin
estuary is affected by abundance in the first
summer of life (at 38 mm in length). HKumbers of
fish at 38 millimeters correlate well with
abundance of 7-millimeter to 10-millimeter larvae,
Hence, priority was given to assessing factors
impactiag abundance of Young bass (Stevens et al,
In press.),

The term "classical estuarine dependent spacies,”
which refers to many Southeast and Gulf Coast
Stocks, has been used for many vyears.



Unfortunately, it may have conveyed the idea that

other species are not as dependent on estuarine
habitat, therefore estuarine research is not
needed. Until recently, this seemed to be the
case with Pacific salmon stocks {(Healey 1982; Levy
and Worthcote 1982).

Relatively short-term exposure to estuarine
habitat can significantly impact survival. Our
wark with Sacramento River chinook salmon
indicates that the survival of out-migrant
juveniles (smolts) as they migrate through the
delta Erom upstream rearing areas is directly
related to the amount of freshwater flow entering
the delta (Fig. 1 and Kjelson et al. 1982), We
are evaluating several mechanisms that explain
this relationship including predation, food,
diversions and temperature, We will use the
findings to recommend mitigation measures to help
overcome the impact of planned, additienal
diversions of water from the estuary,

Relative Contribution to Stock and Relative
Survivorship

These are two issues the challengers raised, They
highlight possibly the most critical research
needs in establishing estuarine habitat
requirements for nekton. Defining a life stage's
contribution to adult stock and its survival rate
under different habitat conditions is a powerful
tool for evalvating management strateqgy.
Contribution to the adult stock links the habitat
to the resource we are protecting, The survival
rate quantified, in a net sense, how well the
maltiple interacting factors we call "habitat" are
doing in meeting the organisms' needs,

We are studying the relative importance of the
Sacramento-San Joaguin estuary as rearing habitat
for fall run chinook salmon stocks (Kielson et al.
1982). Chinook fry (the pre-smolt stage) are
reared in upstream freshwater sites at and below
spawning locations, in the delta {(fresh to low
salinity water), and in the brackish waters of San
Prancisco Bay. Preliminary estimates of
differential survival based on adult coded wire
tag recoveries from the ocean fishery are shown in
Table 1. Survival appears to vary by the rearing
location and the magnitude of freshwater runoff.
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FIGURE 1
Percent gurvival of coded wire tagged chinook
salmon smolts (approximately 70 mm to %0 mm)} asa
they migrate through the Sacramento-San Joaguin
River Delta during late May and early June,
1969-1971 and 1978-1981, under varied flow. Flow
Measured at "I" Street in Sacramento.
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TABLE ]

Habitac 1980 1981
{wet) tdry)
Upper Sacramento River 370 48
North Delta 130 39
Central Delta NS
San Francisco Bay 5 i
6
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Such data, comhined with abundance estimates from
each rearing habitat, will enable us to define the
relative contribution of chinocok fry reared in
selected habitats.

our greatest challenge in documenting chinock fry
contribution to adult stock is the need to obtain
total measures of abundance from the various
habitats to which fry survival is linked.

Sampling strategies are important if one is to
achieve unbiased fish abundance and survival
measures (Kjelson 1977). Research assessing the
interrelationships between sampling gear, fish
behavior and environmental factors must be given
more priority if our data are to be unbiased and
cour interpretations sound. We are attempting tec
improve estimates of total salmon abundance in
each rearing habitat by estimating fry catch
efficiencies for several types of gear in various
habitats. Catch efficiencies are obtained using
mark-racapture techniques and other methods
{Kjelson and Colby 1977}. Applying the reciprocal
of the catch efficiency---the fraction of fish
captured that are present in the area sampled-—--to
the raw catch data, yields a measure of total
abundance or biomass {(Kjelson and Colby 1977). We
use haul seines and electrofishing gear to measure
abundance, Chinock salmon fry, during rearing,
concentrate in shoreline habitats that vary (sand,
mud, gravel/riprap, marsh and riparian}), BAs
usual, the cost increases as we seek to refine
estimates of abundance. We must critically
evaluate how accurate an answer must be for our
management purposes.

Another example of an attempt to use catch
efficiencies and biomass data to develop total
biomass values of nekton for selected estuarine
habitats is shown in Table 2. These results are
based on research in the Newport estuary near
Beaufort, N, C, (RKjelson 1977; Kjelson and Colby
1977). It represents the use of six sampling
gears for which catch efficiencies for the
dominant nekton species were obtained by direct
experimentation.

Quantitative Studies of Larvae and Juveniles

The influences of hydrodynamic processes on the
distribution and movements of estuarine nekton and
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TABLE 2

. 2

Mean seasonal and annual total b;og?:st;g{ﬁ éhgf

i for nine habita
fish, shrimp and crabs ; in the

i h Carolina. Va

t River Estuary of Nort C .

f:;?g;ent raw biomass data mu}t%pllgd by the
reciprocals of gear catch efficiencies.

2
TOTAL BIOQMASS (GRAMS/METER®)

Habitat Spring Summer Fall Winter Annual X

Freshwater
River 3 5 1 T z

Brackish
Water River 13
Channel 3 9 10 T

Ditched High
Marsh k|
(Juncus) 4 6 1 T

Tidal Creek
High Marsh B
(Juncus} 12 11 3 4

Estuarine 2
Shoreline 2 4 1 T

Shallow Dpen A
Water 9 15 & 2

Low Marsh
Tidal Pond

.
{Spartina) 7 3 28 T 1

ass
ﬁiég' 11 24 28 6 17

Deep Open
Water 2 1 T T 2

2
T = Trace =<0,7 g/m

in0

their food scurces has been Buggested as
important, fThe initial habjitat "selection"

fish larvae is usually determined by circulation
patterns, although i

great. Such interaction should, in fact, be a
research priority in itgelr,

Although research on striped bass and salmon and
efforts to understand the estuarine food chain
have vielded valuable knowledge, one of the most
difficult problems has been measuring and
interpreting the relationship between hydrodynami ¢
processes and fish abundance. This was

and Ball 1979), Mgst fecently, we saw these
problems in our efforts to define freshwater
outflow needs for fishery resources inhabiting san
Francisco Bay {Herrgesell ot a]. 1983).
Preliminary findings indicated that variations in
circulation patterns in the bay attributed tg

Hence, numbers and distribution are expanded in
high flow Years (Table 3; Armor and Herrgesell., In
press.}. Again, in setting research priorities to

Expenses far hydrodynamic studieg are high,
however cost sharing ig possible between brograms
with different Management goals byt similar
hydrodynamic data needs. We pooled funds from oyr
water development-related bay program with that of
the efflyent discharge monitoring Program in the
bay area to be More cost effective,

Coordinatea efforts are another high priority
reSearch/manaqement objective that often takes
Much energy to achieve, Although everyone talks
aboyt coordination, it jis seldom accomplished ip
the fy)) sense. TFunding agencies should make

APpPropriate coordinatiop a formal requirement in

i6l



TABLE 3

Catches of post-larval flatfish for each area of
the San Francisco Bay studied from 1380 to 1982
Dgta are expressed as mean number/10 )
m”/stations, Numbers in parentheses are the

total annual freshwater flow in million acre featr
(maf) entering the bay.

San
) West Pablo Central South
Species Delta Bay S.F. Bay S&§.F, Bay

English sole
Parthrxs
vetulus 13 24 19

Starry Flounder
Platichthxs
Stellatus 36 139 31

Sand Sole
Psettichthys
melanosticutys 9 S

1581
(11.5 maf}

English Sole 3
Starry Flounder 3 6

Sand Sole

1982
(32,9 maf}

English Sole 15 459 400 3l
Starry Flounder 1s 24 14

Sand Sole 15 9 &
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contracts to assure it is accomplished. Thorough
coordination between the public, educational
institutions and requlatory/research and
development agencies can yield huge rewards for
the rescurces we are attempting to protect., This
is at the heart of many of our problems,

A need exists for the coordination of data stored
in common computer files. This would enable
researchers to have access to the data for their
individual use. The system could help encourage
interdisciplinary approaches that would benefit
all. We initiated use of the EPA STORET system,
normally used to store water guality data, to
store fishery data., These modifications are
presently being tested, and we are hopeful they
succeed, The risks of others using *"your® data
erronecusly exist but the potential benefits
outweigh them,

Are Fish in Estuaries Food Limited?

The question of food limitation is one of the most
researched problems in fishery biology. Deegan
and Day (1984) described this problem by saying
there was "a lot of research, but no real answer.”

This does not mean that trophic studies have been
useless. However, questions arise. How often do
food shortages impact stock abundance? And is the
problem truly less in estuaries than other systems
as is inferred by the "fact®™ estuaries are
productive systems. Again, if it is a research
priority, it must be justified in terms of what we
are trying to preserve and the likelihood that it
is a problem or a potential one.

Evaluation of the recent striped bass decline in
the Sacramento-San Joaquin estuary suggests that a
potential cause is a reduced availability of
zooplankton during initial larval feeding.
Another probable cause is a decline in egg
oroduction caused by reduced abundance of adults
{Stevens et al. In press.). Stevens et al. found
a significant relationship between young bass
abundance and (1) zooplankton densities when the
larvae began feeding, and (2} mean May to July
river flow. We have evidence that there also is
an overall decline in the productivity {(primary
and secondary as measured by phytoplankton and



zooplankton densitiaesz) in the bass nursery area,
which may be limiting the survival of larvae.

A major research need has arisen in Pacific
northwest estuaries related to potential food
limitations. The problem concerns the carrying
capacity of estuarine systems exposed to huge
releases of salmon from hatchery facilities, This
has been one of the driving forces in initiating
salmeon research in estuaries. Again, the most
direct approach to this problem is to measure
survival under varied salmon rearing and food
densities, Intensive sampling programs and
marking experiments required to achieve such
information are expensive. An alternative
research strategy is to measure growth, via scale
and otolith analysis and residence time, with the
assumption that better growth yields greater size
and better survival later.

Protection From Predators

If there are few predators in nursery areas,
great, But is it necessary to know more for
management decisions? The relationship of
turbidity to predation is significant and may
partly explain our salmen smolt survival to flow
relaticonship {(Fig. 1). High flows are usually
accompanied by high turbidity and may decrease the
efficiency of sight-feeding predators, We are
evaluating the variation in predator abundance
during the smolt migration period (April to June)
from our gill net, fyke trap and electrofishing
survey data,

Qur program gained some knowledge in predator-prey
interactions from our Interagency Fish Screen
Research Study. PFish screens are hecoming more
common as a mitigation measure in estuarine
waters, yet predation can be a significant
negative impact associated with such facilities,
Experiments with marked juvenile salmon that were
released in the state water project pump/storage
forebay in the South Delta indicated that
mortalities were over 90 percent (Hall 1980)., The
mortalities were apparently from observed high
predator populationm {striped bass and catfish) in
the forebay and adijacent to louver flah acreens
near the pumps. Research of predator-prey
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interactions is needed to de
velop ma
strateqy to solve such problems.p nagement

Chemical Suitability

Although the challenge paper does not includ
gl:fu931on of man-made pollution on estuarin: ?ish
at tgt, tpis 18 a research area needing high
priority 8ince it influences habitat qualitg in
many estuarine systems. Toxic Substances are a
potential cause of the declines of striped bas
ghytopla:kton and zooplankton in the >
acramento-San Joaguin estuar .
of sufficiept dataqpreventaau; frg:w:;::;n;hghéaCk
theory., Evidence suggests that adult bass haye
accumulated some toxins in their flesh at lavel
exceeding those recommended (Whipple et al. In )
press.). 1t alss shows that herbicides draimed

ar,
Although these effects are defined, we don't know

the overall population
Ps nouoral consequences, Purther study

There is evidence that ambient river temperatur
alene may be a major source of mortality for smglt
f:l:o: as they pass thfough the delta. Such data
: aken f;om June during Years when the amount of
ow entering the delta [s relatively low {Kjelson
et al, 1982). 1t complicates the smolt
survival/flow relationship noted earljar durin
Inw flow periods because it is difficult to 7
Separate the individual impactas of flow and
temperature, We seldom See low temperatures and
low €lows, thus temperature is corralated
inversely with flow and is influenced by ambient
alrltempeyature. More data will be necessary t
refine thisg relationship, ) v e

Summary

:getgga};:nger? provideq a broad theoretical view

° . ues involved in estuarine fish habitat

d:??;rsments. Rese@rgh priorities were not well

et m:n; and the eritical link between research

nag man gf:gggsggalsT;Q tﬁr@s gf important stocks
: =, ais i

questions that are justyfied ses::Tzhlgs?g:?gfeg
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However, many of the questions do not have a nigh
benefit/cost ratio to support further study.

My discussion has recommended research priorities
and management strategies that we found to be
justified from our experience in the
Sacramento-San Joaquin Estuary of California.
These priorities and strategies appear to be
useful for most estuarine systems. The following
list summarizes these recommendations (not
necessarily in order of importance):

Research Priorities

1. Develop long term data bases.

2, Identify critical habitat/stock relationships.

3, Identify relative contribution to total stock
of different habitats,

4. Tdentify flow requirements for critical life
stages.

5. Identify sampling gear-fish behavior, habitat
interrelationships,

6. Identify hydrodynamic influences on organism
distribution, abundance and survival.

7. Identify contaminant impacts on estuarine
fishes

8. Emphasize interdisciplinary approaches.

9. Document if food is limiting to estuarine
fishes

Management Principles/Strategies

1. Prioritize management goals.

2. Reqguire coordination between researchers and
managers

3. Define information needs for management
decisions,

4. Develop fish habitat requirements to
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prevent adverse impacts to fish stocks.

Encourage open communication betwean
researchers, managers and the public.

Make data available to all research/
management disciplines.

Initiate cost sharing to support research.

ie7
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FISHERY HABITAT REQUIREMENTS: UTILIZATION OF
NURSERY BABITATS BY JUVENILE PENAEID SHRIMP IN A
GULF OF MBXICO SALY MARSYH

Roger J. Zimmerman
and
Thomas J. Minella
National Marine Fisheries Service
Southeast Fisheries Canter
Galveston, Texas 77550

INTRODUCTION

This paper responds to the challenge issued by
Deegan and Day (1984) regarding characteristics of
a good estuarine nursery. The discussion is
primarily based on data from juvenile shrimp in a
Texas Spartina alterniflora marsh, but the
principles outlined may extend to other species
and have implications elaewhere. The principles
as summarized are:

1) Direct explcitation of the salt marsh
intertidal by natant estuarine species may be
extensive and highly useful for feeding and
protection,

2) Since direct exploitation of the marsh by
estuarine species depends upon intertidal
flooding, the dynamics of water level changes and
marsh geomorphology will control accessibility to
the marsh. For instance, tides of relatively low
diurnal and high seasonal amplitude may improve
accessibility through seasonal stands of high
water in intertidal areas. Likewise, increased
intertidal edge in marshes may facilitate access
for exploiting estuarine species,

3} The degree of marsh exploitation by natant
estuarine species differs among species and may
differ within species depending upon availability
of alternative habitats,

In the northwestern Gulf of Mexico, tides are
dominated by seasonally high and low wat=ar stands,
and estuarine marshes tend to be highly
reticulated, having a large amount of edge. We
prapose that for brown shrimp (Penaeus

azrtecus), these characteristics may partially



explaln the high nursery value of Gulf salt
marshes,

THE PROBLEM

In the past, information on estuarine-dependent
juveniles of fishery species in the salt marsh
{vegetated intertidal areas) has been limited due
to the inherent difficulty of sampling in marsh
vegetation. Most measurements of natant ‘
macrofauna abundance were restricted to subtidal
channels, bayous and creeks that weave through and
bound the marsh (Weinstein 1979). Increased
abundances of some species were assaciated with
the marsh edge (Mock 1966; Faller 1979), but
comparigons of animal densities in marsh and
nearby open water were not made. To compare these
and other habitats, sampling techniques that
measure relative abundances are inadequate, and
accurate density measurements of estuarine
macrofauna are needed. Once distribut%onal
compariscons are based upon actual denSLties! the
degree of habitat specificity can be established
for each species. Hypothases regarding space,
feeding and protective utility to species between
habitats can be formulated and tested.

We examined the significance of density
differences for estuarine species b?tween .
Spartina marsh and adjacent subtidal open water
when both habitats were equally accessible {i.e.,
flood tide), For penaeid shrimp, we also designed
manipulative field and laboratory experiments to
test the utility of Spartina habitat in

providing nutrition and protectian.

HABITAT SPECIFICITY

We assumed that animal densities reflected the
degree of usage and perhaps habitat selegtion by
an estuarine species. To compare densities
between adjacent vegetated and nonvegetated
habitats, we employed large (2.8 square meters)
corer—type samplers in pairs (Zimmerman et al.
1984). Through replicate pairwise comparisons of
vegetated intertidal and nonvegetated subtidal, we
analyzed density differences in monthly sample
sets between March 1982 and March 1983,
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our results demonstrated that juveniles of fishery
species, including white shrimp (P.
setiferus), brown shrimp (P. aztecus) and

ue crabs (C. sapidus), were abuindantly found
in marsh vegetation at flood tide {(Pig. 1:
Zimmerman and Minallo 1984). Brown shrimp were
significantly more abundant in vegetation in all
but winter months, and blue crabs were always more
numerous in vegetation (P < 0.01; paired t-tests).
White shrimp were frequently numerocus in
vegetation but overall were not more abundant in
either habitat. Major influxes of postlarval
brown shrimp into the marsh correlated positively
with seasonal stands of high water during spring
and fall. Blue crab peak abundances coincided
with the fal)l high-water stand, the highest
seasonal tides (Hicks et al, 1983)., White shrimp
abundances appeared unrelated to water level as
waere abundances of the resident grass shrimp
Palaemonetes pugio. Grass shrimp were
numercus throughout the year and were essentially
restricted to vegetation during flood tide {Pig.
13). By species, fishes were variable in their
attraction to marsh habitat. Among 29 species
collected, 14 species each had 75 percent of their
mean monthly abundance in vegetated habitat and 10
species had 75 percent of monthly abundances in
adjacent nenvegetated habitat. Using the 75
percent abundance criteria, only five species dig
not select either habitat, Qf the 11 most
abundant fishes (93 percent of all fish numbers),
Gobiosoma bosci, Lagodon rhomboides,
Fundulus spp., Cyprinodon variegatus, and
Cynoscion nebulosus selected vegetation,
Leiostomus xanthurus, Anchoa mitchilli,
and Brevoortia patronus selected nonvegetated
habitat, and Micropogonias undulatus,
Paralicthys lethostigma and Mugil cephalus
were i1ndifferent to elther habitat.

NUTRITION OF SHRIMP IN MARSH HABITAT

Since brown shrimp were strongly attracted to
flooded Spartina habitat, we designed an
experiment to examine potential nutritional
benefits for shrimp expleiting the vegatated
intertidal areas versus nonvegetated gsubtidal
araas, Six replicate cages (2 x 4 m) split
lengthwise to provide experimental and control
portions wer=s set in each vegetated and
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nonvegetated habitat, Vegetated gages included
one half nonvegetated subtidal to allow a refuge
during low tide. After placing the cages, a
coarse mesh seine was passed once through the cage
during low tide to remove fish, crabs and shrimp
larger than 30 millimeters total length.
Postlarval white and brown shrimp easily passad
through this seine. Small brown shrimp (50/cage)
of uniform size {approximately 30 mm TL} were
added to the experimental part of each cage.
After 27 days, all shrimp were removed and
neasured for total length.

Sizes of brown shrimp in vegetated cages at the
end of the experiment were significantly larger (P
< (.01, Kolmogrov-Smirnov test; Fig. 2) than those
in nonvegetated cages. These data demonstrated
that even under limitations imposed by a natural
tidal regime, significant additional nourishment
was derived from direct exploitation of intertidal
marsh by brown shrimp, Sizes of white shrimp
(initial sizes were less than 30 mm) did not
differ between cage treatments, Furthermore,
stable carbon isotope ratio values did not overlap
between white shrimp (~13.4 ofco + 0,2 SE} and
brown shrimp (-16.4 o/00 + 0.2 SE} in the cages.
These data strongly imply resource partitioning
and separate habitat needs exist for white and
brown shrimp.

PROTECTIVE FUNCTION OF MARSH VEGETATION

The structure of sea grasses offers amphipods and
caridean shrimp protection from fish predation
(Nelson 1979; Stoner 1979; Coen et al., 1981; Heck
and Thoman 1981}. Spartina apparently functions
similarly for amphipods and small gastropods
(Vince et al. 1976; Van Dolah 1978). In
laboratory experiments (Table 1), we demonstrated
that simulated Spartina structure reduces
predation on juvenile brown shrimp (50-69 mm) by
pin fish (Lagodon rhomboides}) and Atlantic
croaker (Micropogonias undulatus) (Minello and
Zimmerman 1983). Mo effect on predation rates was
detected, however, for spotted sea trout

{Cynoscion nebulosus) or red drum (Sciaenops
ocellatus) ranging from 119 millimeters to 245
millimeters in length. This variability in the
protective nature of marsh vegetation for brown
shrimp may also depend upon size or developmental

Comparative densities {mean and 95% C.I., untransformed
dat;] of macrocrustaceans from Spartina alterniflora
habitat and adjacent nonvegetated habitat in &
Galveston Bay salt marsh (taken from Zimmerman and
Minello, 1984).
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Table 1.

Mean number of p. AZte
Predators examined

{taken from Minello and Zummerman 1983).

Cus eaten/fish/day at different vegetation densities for

—_—l

m»_.mn_. Mean number of shrimp eaten/fish/day
e Size #0bs/ No 220 440 Ba0 ANOVA
redator {mm_TL) Mean Veq. stems/m? Stems/m? Stems/m? P _
Pinfish 61-77 9 2.2 1.4 1.4 0.03*
Atlantic
Croaker 115-133 k| 3.4 2.6 2.9 0.04
Red
Drum 1 154-192 3 6.7 6.1 0.86
(8
Red _._h
Drum II 190-245% 3 0.3 9.3 0.67
Red
Drum IX: 160-1495 3 9.7 8.5 J.52
Speckled
Trout 119-170 3 1.8 1.8 1.0
* n=2 for vegetated treatment
+ Taken from Table II
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stage. In experiments using live Sparting i

small aquaria, we found thag the presenceaofn
Spartina reduces predation on postlarval brown
shrimp (7-19 mm) by juvenile pinfish and red drum
between 37 millimeters and 59 millimeters in
length (unpublished data). Although these results
are preliminary, no effect of vegetation was
detected on predation rates of Fundulus

grandis or juvenile Atlantic croaker.

The protective nature of Spartina also appears

ko dlffer between species of shrimp. Selactive
predation experiments in the laboratory indicate
that juvenile white shrimp are more susceptible to
predation by Atlantic croaker than brown shrimp in
the presence of simulated Spartina structure
{manuscript in preparationt. Atlantic croaker did
not select for either prey species in nonvegetated
treatments., 1In partially and completely vegetated
treatments, however, there was a significant
selection for white shrimp over brown shrimp.

This difference in the protective nature of
vegetation between brown and white shrimp
coincides with a difference in selection for
vegetaticn between the two prey species,

In combination, ocur predation studies indicate
that a generalization across all species cannot be
made regarding the protective nature of salt marsh
vegetation, As cover, the vegetation apparently
functions differently dependent upon size and/or
species of prey and predators,

DISCUSSION AND SUMMARY

The nursery function of salt marsh estuaries is
generally known (Herke 1%71; Thayer et al. 1978;
Weinsteip 1879; Montague et al, 1981}, and
cgrrelgtlons of increased marsh area and edge with
high fishery yields have been reported (Turner
1977; Faller 1979). The evidence for utilization
of marsh habitats or marsh materials by fishery
Specles has been indirsct and not well
established, For the most part, theories coupling
the_nursery function with marsh habitats have
relied upon transport of detritus or nutrients
Erom the marsh ints estuarine open-water habitats
(Odum 1980), 1In contrast, Bell and Coull (1978}
and Bell (1980) suggested that direct predation by
natant estuarine macrofauna may account for
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numerical reductions in populations of marsh
macrofauna. Our studies demonstrate that certain
estuarine species may invade the marsh at flood
tide in significant numbers and derive important
nutritional and protective benefits from its
exploitation.

If we accept direct utilization of marsh habitats
by large numbers of some estuarine-dependent
juveniles, then tidal dynamics in the estuary
become an important controlling mecharism. When
daily tide ranges are relatively high and are
equivalent to or greater than seasonal
variability, the time available for marsh
exploitation, especially seascnally, may be
diminished, This case is increasingly more
apparent from lower to higher latitudes in the
western North Atlantic and is evident aiong the
eastern coast of the 11.5. (Provost 1978},
Conversely, in the Gulf of Mexico whare seasonal
tides dominate, marshes may be periodically more
available for direct expleitation. This may be
particularly valuable in expanding feeding grounds
to a structurally diverse habitat where food is
moare abundant and concentrated. Tncluded in
exploitation is utilization of marsh cover as
protection from predation. In regions where tidal
ranges are low and marsh is more accessible,
mortality due to predation may be reduced. Low
ranges tend to contract and expand estuaries less
radically, and that may facilitate use of
protective cover for prey. 1In regions where
diurnal tidal ranges are high, predation may be
more extensive due to longer periods of prey
exposure in unprotected open water. 1In addition,
larger tides may force prey into a smaller
estuarine area and volume at lowest ebb, which may
increase prey densities away from protective cover
and extend the advantage to predators,

The configuration and slope of marsh and apen
water areas in estuaries may also have bearing on
the nursery function, More reticulation between
habitats increases the amount of edge, and more
edge may facilitate access to marsh for exploiting
species. On the other hand, if the banks along
channels or bayous are slightly elevated above the
interior marsh or the marsh is relatively unbroken
by small entry channels and streams, access may be
impeded for estuarine species,
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i ree that marshes differ,
;:pgg?g}gslggéi:ga?gy, in their utility asin:rsery
habitat for juwveniles of many ffsherg spegsgr;

The primary mechanisms controlling the n? oYy

function may be tidal dynamics and geomorp °

of the marsh, either through Egc}11t§txon‘?es

limitation of access fgr expio;;;ngi%?zin;moné

Finally, the utility of mars ] ng
i ies dependent upon their particula

g::::;;;eo?pﬁgbftat Etilization in the estuary.

We propose that manipulative experiments in the
field and laboratory can lead to separatl?g
habitat effects and understanding cgﬁtrg;t;ngnd
i a

hanisms for estuarine species. ]
?ﬁgormatinn derived from such studies are an
egsential prerequisite to the evaluation,l fion
conservation and management of our coasta ishery
resources,
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WHAT FACTORS DETERMINE HABITAT [SE IN FISH?

Larry B, Crowder
Department of Zcology
North Carolina State University
Raleigh, N. C. 27695-7617

INTRCDUCTION

Ecologists and fishery managers are interested in
what sorts of habitats fish occupy. We want to
understand the habitat requirements of fish to
protect necessary habitats from destruction,
pollution or damage. But the term "habitat
requirements® suggests that we are attempting to
elucidate the essential, and perhaps minimum,
requisites for life by these fish, We need to
examine habitat use by fish in terms of the
possibilities for growth or reproduction in
various habitats rather than te define the
boundary cenditions for life.

I will begin this paper with a clarification of
terms. The habitats fish occupy {i.e,, where we
Find them) may or may not have anything to de with
the habitat selection or preferences of fish. Por
example, larval estuarine fish initially may
gccupy a hay because the water they were being
transported in slowed down there. Their abundance
in the bay may have nothing to do with habjtat
selection, Thus, when we examine the distribution
of larval fish, we must bhe cautious about inveking
habitat choice behavior without first eliminating
the simple alternate hypothesis.

Once we have documented that active habitat
selection is occurring, we will be interested in
how fish make their cheoices, What are the fish
trying to maximize or cptimize? If Fish respond
predictably to habitat characteristics or
available resources, then it may be possible to
establish reasonable generalizations abaut what
fish will do with a set of habitats. Again,
knowing where the fish are abundant does not
N2cessarily allow us to describe their optimal
habitat., Multiple factors control the value of
habitat te fish, but compromises and use of
suboptimal habitats may be commen. The
distribution of fish i= influenced by
environmental factors including temperature,
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salinity, light, dissolved OXygen and other
physical/chemical habitat characteristies, Figp
distributions also are influenced by the Presence
of predators or competitors for resources such asg
fa0d or Spawning sites,

What criteria might fish use to make habitat
Selection decisions? Organisms maximize fitness
during natural selection S0 one might expect
fishes to choose available habitat to maximize
fitness, Because these choices are complex and
involve trade-offs in costs and bhenefits, we
expect habitat selection patterns in fish tg be
complex and difficult to predict. Recent research
on optimal foraging theory (Pyke et al. 1977) and
other behavioral optimization hypotheses {Ware
1982; crowder and Magnuson 1983; Dill 1983}, as
well as experimental tests of these ideas relative
to habitat selection in lakes and ponds,
(Mittelbach 1981; Werner et al. 1983a) have
demonstrated that fish behave in ways that are
consistent with maximizing fitpess,

Habitat characteristics influence absolute
abundance of fish and their distribution. Fish
recruitment highly variable and poorly
under-stoad. Causes of recruitment variability in
fish are unknown. But hypotheses concerning
starvation of larvae {Hjort 1914; Lasker 1975,
1978) and predation or cannibalism on eggs and
larvae (Crowder 1980: Hunter and Kimbrell 1980;
MacCall 1981) are often used to explain critical
periods in the ontogeny of pelagic fish, Larvae
of estuarine-dependent fish are pelagic and
migrate or are transported long distances to enter
estuaries, The pattern and stability of larval
transport may be critical to these species (Miller
et al. 1984), as Sharp {1981) poiated out, larval
fish may face a series of critical periods that
Serve as mortality bottlenecks, reducing
Yecruitment. Recruitment of estuarine-dependent
fish that spend a portion of their lives in the
estuary may be determined in the larval stage in
the open sea. But the ecology of these larvae is
unknown relative to what we know about juveniles
in the estuary or the larvae of marine pelagic
species,
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ESTUARINE HABITATS
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GREAT LARES COMPARISONS

Lake Michigan is dominqted ?y Fxsh ofiiegﬁgz
marine origin. The major piscivores egies are
Pacific salmon and the ?:J?;mfgga?gssp T530;

i inbow sme ' ;
g;::éi?eagg75?. Of all the native and exotic
fishes in Lake Hichigan,.we have no tr:ﬁ of Fahore
estuarine-dependent species, which apa of
and whose larvae depend on nursery are:gies
nearshore bays or rivers. Numerous ﬁp ol v
{salmon, alewife, amelt, vellow perc 'reas LS ars
are anadromous and move to nearshore a ’
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and bays to spawn. Their larvae are abundant in
these habitats. Other species (bloater, sculpins)
spawn offshore and move to a nearshore environment
later in their lives. Lake whitefish spawn
offshore, and the larvae drift into bays where
they go through a brief nursery period. But they
alsc pass through this period in the open lake
successfully (Frederick 1981).

Physical factors are important to the distribution
of fishes in Lake Michigan. Larval and adult fish
distributions nearshore are influenced by
movements of water masses such as upwellings
{Brandt et al, 1980; Heufelder et al. 1982).
Prequent upwellings may reduce larval survival or
drive larvae offshore, away from productive
nearshore habitats, Shifts in predominant wind
direction determine whather larval lake whitefish
reach nursery bays. Intense storms that occur
after spawning and before the eggs hatch may
determine year class strength (Frederick 1981).
Temperature may determine the distribution of
adult fishes that occupy the thermal gradient
where the thermocline intersects the bottom of the
lake {Brandt et al. 1980).

We tested the hypotheses that starvation or
predation on larvae may determine year class
strength in bloater or alewife in Lake Michigan.
Laboratory experiments suggested that bloater
larvae are relatively insensitive to starvation,
They do not experience a critical period
associated with first feeding or a point beyond
which death is inevitable even if food becomes
available., When 20 fish that had been starved 30
days since hatching were exposed to food, 70
percent fed within one hour. But starvation does
lead to reduced growth rates and swimming speeds,
which may prolong the period of predation risk and
increase the probability of capture by predators
{Rice unpublished data). We are testing the idea
that predation by adult and juvenile fish might be
an important mortality source for juvenile
bloaters. We are also examining mechanlsms of
larval survival in alewife. Because alewife
larvae are smaller at hatching, we expect food
availability to be more critical than for
bloaters,

Unlike estuaries, competition appears important in
the recent history of Lake Michigan. Because sea
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(Wells 1970}, sugqgestin imi i
. g food 1i
number of native fishes were losgltatlon' a8

zooplanktersg (Janssen 197¢; Crowder and Binkowski
1983).. Because of the historical evidence for
compgtxtxgn, we examined the evidence for reso
partlt%on}ng.‘ Current habitat and diet aree
partitlonlng 18 consistent with the hypothesis
that competition isg important in this communit
{Brandt et al. 1980; Crowder et al, 1981) Bug
had_no direct evidence for competition, énl o
native deep-water cisco, the bloater remaingdone
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:leglfe and smel?, 10 have eggs or larvae that

end to ?e pelagic. Following the invasion, onl
Cne species remained abundant-«-bloater. Tﬂe Y
other 11 species that have demersal egqgs and
;arvae may have fluctuated during the alewife
in:rease, but thgy did not disappear. Salmon ana
1:mertrout stocking that began in 1965 after aea
pregaggo:egg ;?nggd byh;a:pricides has increased
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zglzanped to answer one major questian about
onid stocking: How many predators are too



many? When we began cur study, salmon Stocking
was increasing due to growing pressure from
fishermen and managers to expand this increasingly
valuable fishery, We wera concerned because
dlewife, like other clupeids, undergo dramatic
fluctuations in abyndance from year to year,
Because the numerical response of the predators is
limited by hatchery capacity, it is not linked
directly to the numerical dynamics of the Farage
base. Bioenergetic models of the stocked

(Stewart et al, 1981}, We suggested that salmonid
predators may cause mortality in alewife, and weak
alewife year classes could be reduced further by
predatory mortality, We predicted that: (1)
galmonid predation might reduce alewife dominance,
allowing an increase in rare planktiveores;
{2)growth rates and condition factors should
increase for alewives and their competitors ang
decrease for the salmonids; (3} changes in
competitive interactions should result in habitat
and diet shiftsg ameng the forage fishes; and (4)
reduced total planktivory should increase
zooplankton size and perhaps ghift species
composition to larger zooplankton.

Unpublished data Suggest that alewives are
declining, The alewife biomass estimate for 1982
is lower than the estimated alewife biomass aftar
the 1967 population crash. The 1983 estimate is
only 14,000 metric tons {Edward Brown Jr., Great
Lakes Fishery Laboratory, U.S. Fish and Wildlife
Service, personal communication). This
constitutes the lowest biomass since the early
increase of alewife in Lake Michigan (1962). If
the predators continue to feed primarily on the
reduced alewife population, they may be consuming
BC perceat to 100 percent of the annual alewife
production. Several native fishes that are
planktiverous in early life stages, such as
bloater, vellow perch and shiners, seem to he
increasing. And some evidence suggests that
growth rates of some salmonids are declining (R.
Rybicki, Michigan Department of Natuyral Resources,
G. Eck, U.S. Fish and Wildlife Service). 1T am
unaware of any published data on shift In growth

or condition of alewife or any of the other forage
fishes.
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Some evidence of recent habitat shifts in alewife
and smelt is available {Crowder and Hagnu:on
1982), but the data are limited to shgrtglerm
observations in late summer. The availa e c
salmonid diet data contaxng little evidence o
diet shifts away from a}ew1fe, although . L
alternative forage species, such as bloater ;ate
yellow perch, appeared in sa1m9n1d diets in e
summer 1983 (J. Hagar and J. thghell,’Center o
Limnology, University of wlsconsxn-nadxson?é
Although the alewife popglgtion and salmoni .
growth rates may be declining, the predatorsfa e
not readily switching to abundant alternate forage
{e.g. bloaters). Zooplankton size, a sensitive
indicator of the intensity of planktivory, has
increased in recent years (GLEterdl?ﬁ2), and

r Daphnia pulicaria are foun
ig;g?ankzgn samgles (Glenp Warren, Center ior
Great Lakes Studies, UH—Mllyaukee, persona .
communication), Water clarity bas increased in
southeastern Lake Michigan (Claire Schelgke, 4
University of Michigan), perhaps due to increase
filtering by zooplankton.

FUTURE RESEARCH

Three priorities for research on estuaring fishgry
habitat requirements emerge from my experience in
estuaries and in the Great Lakes:

{1) Critical aspects of Fhe life histories of
estuarine-dependent specles occur offshorg on FTe
continental shelf. One might argue that juvenile
estuarine fish populations are ocean dependent
because the number of successful spawners and the
subsegquent number of larvae that reach the .
estuaries are dependent upon poorly-known oceanic
processes., The effects of environmental variation
on larval survival, food limitation and predation
on larvae need to be understoed to forecagt theh
number of larvae available for transport into the
estuaries, Further, the larval trangport process
needs to be related to weather and wind condlt}ons
during the period when larvae enter the estuaries.
Then we can project whether a particular year is
"gocd” or "bad" in respect to the success of
larval transport to es;uarine nurseries. In
short, we need to examine potential crlt}ca%_f
periods of estuarine fish throughout theLrh ife
history, not just during the period when they
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accumulate in coastal estuaries. While management
cannot control the weather, they could moniteor it
and forecast year class strength of fish.

(2) If predation is a major mortality source in
juvenile estuarine fish, we need to document where
and when the predation occurs and who the major
predators are. But we cannot stop there. To say
that flounders or blue crabs eat larval or
juvenile spot deces not estimate the importance of
predators to spot production, To estimate the
importance of a predator to a forage base,
scientists make seascnal and spatial estimates of
direct predator consumption using gut evacuation
rates and compare the results to estimates of
juvenile fish production. But this appreach is
tedious and costly. An alternative is to employ a
bioenergetic model such as we used on the Lake
Michigan salmonid predator-prey interaction. The
models require a prodigious amount of data, but
one may be able to estimate the importance of
predators with a simplified form of the model, 1If
predators are an important factor limiting
juvenile fish production, variocus management
strategies could reduce predator effectiveness or
the number of predators.

{3) Our approach to estuarine fish communities has
been primarily empirical and descriptive. The
literature is replete with open-ended questions,
but few testable hypotheses are seen, Because
different estuaries vary in physical-chemical
parameters and hydrology, it has even been
difficult to exploit the comparative approach
successful in lakes, Any science must begin by
describing the system, but it usually progresses
beyond description toward comparative and
experimental approaches. Carefully designed and
performed laboratory and field experiments, would
provide insights on fish habitat requirements that
would be difficult to infer from years of trawling
survey data. Management manipulations also should
he viewed as experimenta. When large-scale
management manipulationa are performed, the
hypothesis or expectations should be clearly
stated and the results evaluated to see if the
manipulation worked as desired. Only in this way
can we see if we understand the system well enough
to manage it,
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DISCUSSION

K. THOEMEKE: We've heard a lot about the
importance of marshes te fisheries habitats, I'm
not trained as a fisheries biclogist, so maybe my
question is too simple. But I would like to know
how you feel about the role of mangrove estuaries,
How d¢ some of the things said about marshes
pertain to mangroves?

R. ZIMMERMAN: Mangrove-dominated estuaries are
considered some of the most difficult in which to
work. We know rhat some of the relationships we
found for marshes may hold for mangroves. I am
thinking specifically about production of pink
shrimp in the south Florida mangrove complex,

Working in these habitats is extremely difficult.
One cannot do the nice, neat caging experimenta
within the complex of mangroves. I don't know how
to answer your question other than simply to say
that they are as important as nurseries. Maybe we
can apply the things we're learning in some
systems that are more easily manipulated to
mangroves,

J. MILLER: Certain habitats are important
because of a measurement of abundance of organisms
there, The other side of the coin is that
managers coften ask how c¢ritical or how important
certain habitats are to the ultimate maintenance
of stock, That is a totally different question,

K. TEOEMKB: As a follow up to my question, let
me mention our Naples Rookery Bay National
Estuarine Sanctuary. If anyone is interested in
examining the rele of mangrove ecosystems in
relation to fisheries habitat and management, you
are welcome to come to Rookery Bay and work with
me,

Rookery Bay is one of about 15 estuarine sanctuary
gites in the country. We have a lot of things I
think would benefit people. A laboratory is
available for visiting scientists, and there are
also dormitory facilities, boats and a fairly
extensive data base for the area (including water
guality and some benthic work).
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J. ba¥Y: John Miller talked about the importance
of circulation and dispersion. That, coupled with
Zimmerman's ideas on how fish use the estuary, may
explain some of the differences between East Coast
and Gulf Coast fisheries, For ianstance, in the
North Carelipna systems you have very restricted
inlets. Perhaps lack of circulation restricts how
young fish get to the nurseries. On the other
hand, in places like Florida Bay or the Deltaic
Plain, you have wide inlets or open fronts to the

Sea.

D. PETERS: I would like to hear a definition of
what food limitation is. My experience has bean
that if you feed fish more, they grow faster up to
a point, That would seem to be one kind of food
limitation. Miller showed data on spot indicating
maximum growth of about 20 percent of their bhody
weight per day. Are those growing at a lesser
rate food limited? I saw data showing spot larvae
grew at about 20 percent per day when they entered
the estuary. However, as soon as they get to the
estuary, my measurements show that they grow at
about 4 percent per day. That would seem to
indicate food limitatien in the estuary. From
what I have seen, unless we have a lot of
definiticons of what foed limited is, evidence
indicates food limitation in the estuaries.

J. MILLER: I think we're looking for the

relative importance of which factors are
potentially limiting, My purpose in stating this
was to suggest that we should be looking at scme
potentially greater influences on the survival and
well-being of juvenile fish than food limitation.

I was also making the point that we may expect to
find changes in the relative importance of things
like food, depending on where we look in
estuaries, Any general concept of either food
limitation or other limitation will be strongly
tempered by what species we're looking at and by
the relative importance of other potentially
limiting factors,

I don't think, on the other hand, that I mean
limiting in a sense that there is no point in
changing any of the other potentially limiting
factord, Nor do I mean limiting in the sense of a
chemical reaction where the action will proceed no
faster than the moat limiting or rate limiting
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as costs; what is lefc, ban calls "surplus w

; er,"
With that leftover enerqy, fish can grow, ee
reproduce or do other things,

Behavigral energetics ensues that if natural
selection acts on fish so that they maximize thig
surplus power, they can grow guicker, swim faster
to avoid predators, or have more energy for
reproduction. You would, therefore, expect fish
to behave in ways that maximize the amount of
surplus energy per time to do other things.

If you accept that noticn, You can state some
testable_hypotheses about how you expect fish to
behave given their environment. Whatever the
temperature, salinity, habitat structure and
predator risk, you can begin formulating
hypoetheses that are testable as discreet things.
If that sort of idea works, you can ask why fish
do something different in another estuary. The
lmplngements on the physiological and behavioral
energetics of that individual fish, by which it
may be making "rational” decisions about what to
do, may be different. This is not easy, but it is
an approach to reach rational conclusions.

M. WEINSTBIN: Tt's very difficult to state
hypotheses and alternative hypotheses. It's
equally difficult to test them from the standpoint
of constructing proper controls and controlling
variables in the proper way.

Only then, perhqps 20 or 25 years later, will you
find that the single factors are interactive.
Then you come back to the drawing bhoard,

R. WISSMAR: We developed a model for one of the
estuaries of Puget Scund, Fortunately, about 10
vears of good data were available, and we put
everything in terms of energetics just as Crowder
suggested, We found that carrying capacity was
impertant and that eelqgrass beds were essential
for the well-being of the fish, They were in the
eelgrass bed because of the epibenthic plankton;
they can't catch neritic plankton,

I highly recommend the biocenergetic modeling. It
has become a powerful tool for us. You can test
more than one hypothesis at a time ana get at
alternative hypotheses,
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FUTURE RESEARCE STRATEGIES: A SOMMARY

B.J. Copeland
UNC Sea Grant College Program
Raleigh, North Carolina

The objective of this symposium was to develop
research strategies for managing the nation's
estuaries., To achieve this, we assembled a cadre
of the nation's baest estuarine researchers and
challenged them to think about future research
directions. These experts represented various
sections of the U.S. coastal area. The audience,
repregsenting a broad spectrum of interests,
provided outstanding responses to the challenges.
This combination of challenger and responder
presentations provided a successful forum to
develop themes for future directions of estuarine
research, We must continue to develop mechanisms
to get objective evaluations to managers in a form
they can use and in an appropriate time frame.

The purpose of this final chapter is to summarize
the essential points made during the symposium.
Although we realize that multidisciplinary
approaches are necessary for progress, we
organized the symposium into five critical areas
so that we could focus on the issues, They were:

(1) Water management and its relationship to
estuarine productivity;

(2) Sediment management and estuarine
preductivity;

{3) Nutrient and other contaminants, and control
of primary productivity;

(4) Coupling of primary and secondary production;
and

{5) Habitat requirements for fisheries preoduction,

In order to improve management perception of
scientific findings, we must develop a means of
objective evaluation of ecological risks. After
ail, the scheme of management is to reduce the
nunmber of risks that something bad will happen as
a result of management imprecision. Therefore,
one research priority involves interactions of
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mathematics with other scientific disciplines to
improve our analysis of risk based on the bast
gcientific information about how an ecosystem
tunctions. We must translate our doubts and
uncertainties into the language of risk, and we
must educate the public and policymakers about
using risk in making decisions.

WATER MANAGEMENT AND ESTUARINE PRODUCTIVITY

One of the important problems facing our nation
today is the allocation of freshwater resources,
Ay the demands for water increase from municipal,
commercial, industrial, agricultural and recre-
ational sources, the downstream availability of
water decreases, Estuaries lie downstream of
freshwater resources. And, as land-use activities
change around the estuary and near the upstream
tributaries, the quantity, quality and timing of
Ereshwater inflows to the estuaries also change.
By definition, estyaries are intimately related to
the inflow and mixture of fresh water with salt
water, Therefore, these changes may

significantly alter estuarine productivity.

The prime research question is the coupling be-
tween freshwater inflows and primary and/or sec-
-gndary production in estuaries. We need to know
the quantitative relationship between freshwater
inflows and fisheries landings from individual
estuaries and from regional groups of estuaries.

Our problems range from not enough fresh water in
gome parts of the country to too much in others.
Based on current scientific knowledge, our crude
estimates are not good enough to equate the
demands of estuaries to the demands of other water
users, We have found that merely providing an
allocation of water to estuaries based upon a
mean, historical schedule has not provided for the
maintenance of historical levels of fisheries
productivity., The common denominator for
maintaining estuarine productivity lies in the
management of watershed activities.

SEDTMENT MANAGEMENT AND ESTUARINE PRODUCTIVITY

The sediments deposited during the recent geologic
periods are fundamental to the characteristics of
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NUTRIENTS AND OTHER CONTAMINANTS AND ESTUARINE
PRODUCTIVITY

For a long time, we believed the higher
productivity of coastal waters was supported by
nutrient inputs from the land. But recent
research has emphasized the importance of nutrient
cycling within the system. Yet many relationships
between nutrient inputs, recycling and productiocn
are still undefined., Analytical techniques to
measure nutrients have been available for several
decades; but only recently have spatial and
temporal variations and seasonal cycles of
autrients in a reasonable number of estuaries been
measured, Therefore, we must emphasize that we do
not yet understand the fundamental processes
underlying the relationship of nutrient flows and
coastal productivity. Several fundamental
observations indicate that nutrient loadings to
estuaries are increasing. Most of the human
population in the United States is concentrated
around the estuaries and Great Lakes, By 1990, 75
percent of the population of this country is
expected to live within 50 miles of the ocean or
Great Lakes. 1In additicn, the use of inorganic
fertilizers has been increasing exponentially for
almost a century. Large-scale conversions of
wetlands to urban and agricultural developments
eliminate them as potential nutrient and sediment
sinks. AsS a result, we might expect that the
amounts of nutrients in our estuaries have
increased markedly. The lack of adeguate
long-term data makes it difficult to determine if
this is true.

Our knowledge of the effects of nutrient
enrichment on estuarine ecosystems is primarily
based on short-term laboratory studies of algal
cultures and short-term synthesis experiments
involving nutrient additions to plankton
communities, These experiments lead to the
conclusion that recycling ig a dominant factar in
the primary production of coastal ecosystems.
However, the massive, debilitating algal blooms in
the upper regions of many of our nation's
estuaries indicate that increased nutrient inputs
are major contributing factors.

Therefore, we need fundamental ecosystem-level

experiments to test how estuarine ecosystems
respond to a combination of nutrient inputs and
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recycling. Experiments involving large mesocosms
and field manipulations, such as those used in
limnolegy and terrestrial ecology, have the
potential to yield integrated resulps useful for
management. These efforts will reguire long-term,
multidisciplinary studies of ecosystem responses
to nutrient additiona and recycling.

Though nutrient loading impacts estuaries, the
host of synthetic chemicals and metals a}so poses
a seriopus scientific guestion about the impact on
downstream estuaries., These facts challenge the
scientific community to develop a research
protocoel to understand long-term, inteqrated
responses pof estuarine ecosystems to exotic
materials.

COUPLING OF PRIMARY AND SECONDARY PRODUCTIVITY

Estuarine ecosystems are characterized by .
intrinsically high levels of primary production,
Accompanyving these well-documented estimates of
estuarine primary productivity are high levels of
secondary production, Although estimates of
secondary production are generally gqualitative,
the high yields of fish and other organisms offer
compelling evidence. Therefore, the fundamental
question concerns the specific connections between
high primary praduction on one hand and high
secondary preduction on the other.

Although there is clearly a theoretical
relaticnship between primary and secondary
productivity, documentation of the importance and
ecoleogical efficiencies of individual pathways
remains unresolved, A fundamental management
guestion revolves around the issue of whether ane
can protect or improve secondary production by
managing for a certain level of primary
producticn. For example, what is an acre of salt
marsh primary productivity worth in the fisheries
production of the receiving estuary?

The most important research need in this area is
the development of a guantitative relationship
between primary production and secondary
producticon in estuaries. This will require )
multidisciplinary approaches tg unravel the myrtad
of Food chains and relationships that exist in
these coastal ecosystems., We need to Know: 1}
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the comparative trophic importance of vascular
plant versus plankton organic matter; 2) the
degree to which coastal fisheries organisms
utilize detritus as an energy source; and 3) the
impact of removing large tracts of detritus-
producing salt marshes and sea grass beds,

In estuarine ecosystems, food chains are
quantitatively and qualitatively interconnected.
While it is obwvious that the guantity of biomass
at one producer level helps determine the gquantity
of biomass at the next level, the quality may be
the more significant factor. For example, the
production of a large biomass of blue-green algae
might result in very short food-chain circuits
because none of the secondary consumers can
utilize the blue-green algae. Before estuarine
management can improve, we must establish the
qualitative relationships and the gquantitative
dependency. This will require a rather
sophisticated research effort. We must also
improve traditional feeding experiments to the
extent that we can also measure chemical
utilization.

HABITAT REQUIREMENTS FOf FISHERIES PRODUCTION

Cne of the traditional wvalues of estuaries
thtoughout the world is their role as a nursery
area for many of the commercially and
recreationally important species of fish. Over 90
percent of the fish tonnage taken along the
coastal fringes of the United States is dependent
upon estuaries during some portion of the life
cycle. This dependence has leong been viewed the
most important societal value of an estuary.
However, it has been well documented that more
fish are produced in some estuaries than in
others, Perhaps the key to more effective
fisheries management is the understanding of the
role that estuarine habitat plays in the
production of the fisheries,

Traditionally, three major reasons have explalned
why fish use estuaries. The tremendous primary
producticon attributed to estuaries leads to an
increased food availability. The shallow,
brackish to sometimes fresh water offers young
crganisms protection from predators. And, certain
fundamentally important chemicals such as vitamins
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and growth stimulators, as well as suitable
physical substrates, are available in the
eastuaries.

The distinctive attributes aof nursery areas are
difficult to define. Important research questions
are: 1) How specific is the selection for a
nursery habitat? 2) What basic criteria are
needed to protect those characteristics to provide
suitable fisheries production? The distribution of
fisheries species in estuaries is life-stage
dependent, and many species use different hablitats
in a predictable sequence. Except for a very few
species {(salmon, for example), we do not know the
cueing mechanisms that initiate and quide these
movements; nor do we know the relative importance
of each segment in the sequence. We atill need
answers to basic questions about species
migration, times of residence in each segment of
the estuary, and the effects of envirommental
variations on survival, growth and movement.

In terms of effective management pragrams, the
most important guestions revolve around the
relationship between fish production in the
estuary and the quality and quantity of nursery
areas in terms of the availability of food and
subsequent growth and mortality. 1In other words,
if we improve and enlarge nursery habitat in the
nation's estuaries, will we also improve and
enlarge the fisheries production along our coastal
fringe?

While there is considerable evidence that
ecosystem configuration is important to fisheries
production, we are far from understanding the
complex mix of physiographic features that make
estuaries sc¢ productive for fish., Important
integrators of estuarine habitat and coastal
fisheries production are the hydrographic regimes
characteristic of estuaries. In order to
understand estuarine nursery utilization, it is
critical that we also understand the physical
characteristics of the estuaries and how these
relate to the use of the nurseries by fisheries
s»ecies,

The solution to all these important questions will

require large, multidisciplinary studies hased on
good, testable hypotheses.
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