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Lake M
ichigan's offshore ecosystem

 has been altered dram
atically during the past decade. S

um
m

er zooplankton
dom

inance has changed from
 calanoid copepods to D

aphnia and the substantial contribution of filam
entous

blue-green  algae to sum
m

er phytoplankton
 has been replaced by phytoflagellates. These changes occurred con-

currently w
ith reduced P

 load, P
 concentration, 

and abundance of the dom
inant zooplanktivore, the alew

ife
(A

losa pseudoharengus). In this analysis w
e pose alternative hypotheses of nutrient loading and species interac-

tions as determ
inants of zooplankton and phytoplankton species com

position in the sum
m

er epilim
nion. 

W
e

evaluate these hypotheses w
ith a food w

eb m
odel that w

as calibrated to m
easurem

ents of the 1980s Lake M
ichigan

plankton com
position  and algal production, sedim

entation, and grow
th rates and literature estim

ates of zoo-
plankton  secondary production and nutrient excretion. T

he m
odel sim

ulates the influence of gradients of both P
load and alew

ife abundance on predation-com
petition

 interactions. W
e conclude that sum

m
er plankton com

-
position  in Lake M

ichigan is controlled largely by predation. The m
odel further predicts a return to a plankton

com
m

unity sim
ilar to that of the 1970s under a scenario of increasing invertebrate predation by a new

 zooplankton
species for Lake M

ichigan, B
ythotrephes cederstroem

i.

A
u lac M

ichigan, I'ecosystem
e situe au large a changg de facon spectaculaire au cours des dix dernieres annees.

Les copepodes calanoTdes, qui dom
inaient auparavant le

 zooplancton
 en ete, ont fait place aux D

aphnia, tandis
que les cyanophycees filam

enteuses, qui contribuaient de facon im
portante au phytoplancton en ete, ont ete

rem
placees par les phytoflagelles. C

es changem
ents se sont produits en m

em
e tem

ps que la reduction de la
charge en P

, de la concentration de P
 et de I'abondance du gaspareau (A

/osa pseudbharengus), le zooplanctivore
dom

inant. D
ans cette analyse, nous proposons de nouvelles hypotheses concernant I'effet de la charge en ele-

m
ents nutritifs et des interactions entre les especes sur la com

position specifique du zooplancton et du phyto-
plancton  dans 1'epilim

nion
 en ete. C

es hypotheses sont evaluees a I'aide
 d'un m

odele de reseau trophique calibre,
d'une

 part, avec les m
esures faites au lac M

ichigan en 1980 sur la com
position du plancton ainsi que sur ta

production, 
la sedim

entation et les taux de croissance des algues, et, d'autre part, avec les estim
ations publiees

de la production secondaire et de I'excretron d'elem
ents nutritifs chez le zooplancton. Le m

odele sim
ule I'effet

de gradients de la charge de P
 et de I'abondance du gasparau sur les interactions predation-com

petitton. II ressort
que la com

position estivale du plancton dans le lac M
ichigan

 est en grande partie determ
ined par la predation.

D
e plus, le m

odele predit un retour a une com
m

unaute planctonique sem
blable a celle des annees 1970 suivant

une predation accrue des invertebres par une espSce de zooplancton, B
ythotrephes cederstroem

i, nouvelle
 pour

le lac M
ichigan.
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W
^

 ecen
t 

changes 
in

 L
ake 

M
ichigan 

food-w
eb

 
structure

m
f 

(W
ells 1985; E

vans an
d

 Jude 1986; E
vans 1986; Scavia

I
 m

et al. 1986; F
ahnenstiel an

d
 Scavia 1987a) h

as stim
ulated

discussion  
of w

hether plankton
 

species com
position

 is 
con-

trolled from
 the top

 (food-w
eb

 
effects) 

or from
 the bottom

(nutrient effects) of the ecosystem
 (K

itchell et al. 1988). T
hese

'G
U

E
R

L
 C

ontribution N
o. 542.

C
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argum
ents developed

 because L
ake M

ichigan has experienced
(1) a m

ajor shift in
 the com

p
osition

 of its planktivorous fish
es,

presum
ably 

caused by environm
ental 

stress (E
ck 

and
 B

row
n

1985) and
 predation by stocked salm

onines (S
tew

art et al. 1981;
K

itchell and
 C

row
der 1986), and

 (2) reduced P
 loading (D

eP
in

to
et al. 

1986) and
 in-lake P

 concentrations 
(L

esht and
 R

ockw
ell

1985; 
Scavia et al. 1986). W

hile the m
echanism

s underlying
these changes 

have not been
 defined 

indisputably, 
note 

the
follow

ing:

165



(1) 
T

otal 
phosphorus 

concentration 
during 

w
inter-spring

isotherm
y 

has decreased 
gradually from

 
approxim

ately 
7.5

M
-g-L-' in 1975 to approxim

ately 5.5 u.g-L
~' in 1984 (L

esht
and R

ockw
ell 1985; Scavia et al. 1986).

(2) A
bundance of alew

ife (A
losa pseudoharengus), the pre-

viously dom
inant planktivore, had decreased by about an order

of m
agnitude since early 1970s and in 1983-84

 w
as at its low

est
level since its years of dom

inance (W
ells 1985). T

he decrease
represents a factor of 3-4

 betw
een the late 1970s and the early

1980s.
(3) Z

ooplankton total biom
ass in offshore w

aters did not
change 

significantly during 
1975-84; 

how
ever, 

an 
abrupt

change  in sum
m

er species com
position occurred betw

een 1982
and 1983 (Scavia et al. 1986). T

he previously dom
inant cal-

anoid copepods (D
iaptom

us ashlandi, D
. m

inuter, D
. sicilis)

w
ere replaced first by D

aphnia pulicaria in 1983 and then by
a com

plex of three daphnid species (D
. pulicaria. D

. galeata
m

endotae, D
, retrocurva) in 1984 and 1985 (E

vans and Jude
1986; Scavia et al. 1986; Scavia and Fahnenstiel 1987).

(4) C
urrent sum

m
er epilim

netic phytoplankton species com
-

position changed from
 that reported for the 1970s (Schelske

and Stoerm
er 1972; R

ockw
ell et al. 1980; B

artone and Schelske
1982). U

sing  the assem
blage schem

e of R
eynolds (1984) as a

convenient 
sum

m
ary, 

spring 
and 

early 
sum

m
er 

rem
ain

unchanged. Initially the system
 is dom

inated by diatom
s char-

acteristic  of B
 and C

 assem
blages (e.g. M

elosira spp., Tabet-
laria spp., w

ith lesser am
ounts of A

sterionella form
osa, F

ra-
gilaria crotonensis) and then by phytoflagellates of assem

blage
Y

 (C
ryptom

onas, R
hodom

onas) and assem
blage E

 (D
inobryon,

M
allom

onas). 
In the 

1970s, the phytoflagellates w
ere suc-

ceeded  by a com
m

unity dom
inated by colonial greens and blue-

greens characteristic of R
eynolds' H

 and M
 assem

blages 
(e.g.

A
nabaena spp., M

icrocystis). H
ow

ever, these species abruptly
disappeared  after 1982 and the com

m
unity of 3-30

 u.m
 phy-

toflagellates of assem
blage Y

 continued to dom
inate through

the sum
m

er (Fahnenstiel and Scavia 1987a). T
hus, the 1970s

L
ake M

ichigan phytoplankton seasonal succession follow
ed B

/
C

 —
»• E

/Y
 —

»• H
/M

, w
hile the early 1980s pattern follow

ed
B

/C
 —

*-E
/Y

 —
»*Y

.
(5) M

easures of sum
m

er w
ater clarity (Secchi depth, rrans-

m
issivity, photosynthetically active radiation) appear to have

im
proved gradually betw

een 
1975 and 

1982, 
but also have

im
proved m

ore abruptly after 1982 (Scavia et al. 1986). Sum
-

m
er Secchi depth averaged 7.0 

±
 

1.3 m
 betw

een 1975 and
1982, but averaged 11.1 ±

 
1.4m

 during 1983-86
 (Scavia and

Fahnenstiel 1988).
W

e believe that alterations in phytoplankton and zooplankton
species com

position w
ere caused either by (1) reduced P load-

ing and/or (2) reduced predation on large zooplankton due to
declining alew

ife abundance (Scavia et al. 
1986; Scavia and

Fahnenstiel 1987; Fahnenstiel and Scavia 1987a). 
W

e tested
these hypotheses  by constructing a m

odel of phytoplankton-
zooplankton-nutrient interactions, calibrating it to conditions
(concentrations and process rates) observed in the eariy 

1980s
(Scavia et al. 

1986; Fahnenstiel and Scavia 
1987a, 

1987b,
1987c; Scavia and Fahnenstiel 1987), and subjecting it to a
range of zooplanktivory under the influence of tw

o P-loading
scenarios. T

he sim
ulation analysis tests w

hether the m
odel, cal-

ibrated to conditions and species m
ixtures of the 1980s, could

reproduce  the trend (backw
ard) of species changes represent-

ative of a sum
m

er com
plex com

prising blue-green and colonial
green algae and calanoid copepods under the relatively heavy
alew

ife predation of the m
id-1970s.

S
i

/
P

«
^E

xte
rn

a
l l_c

T:

D
iatom

s
F

lagellates
B

lue-
G

reens

S
ink'

D
iaptom

us
D

aphnia
i

D
etritus

S
ink

T
R

espiration

F
io. 1. S

chem
atic of m

ajor pathw
ays in m

odel designed to sim
ulate

nutrient  cycles and biom
ass flow

 am
ong com

peting phytoplankton and
zooplankton groups. 

A
rrow

s 
represent 

m
ajor 

pathw
ays; 

som
e are

om
itted for clarity. N

ested boxes are used to show
 selective grazing

pathw
ays. 

F
or exam

ple, all algal groups are consum
ed by D

aphnia
w

hereas only flagellates and diatom
s are consum

ed by 
D

iaptom
us.

M
ethods and

 M
odeling R

ationale

T
he M

odel
T

here  is increasing evidence that pelagic 
m

odels based on
functional (e.g. R

eynolds 1984) or size-grouped (e.g. Sheldon
et al. 1982; Sprules et al. 1983) com

ponents offer advantages
over traditional m

odels  of individual species (O
'N

eill et al.
1986). C

hanges that have occurred in L
ake M

ichigan since the
1970s are adequately described by functional classes and w

e
w

ere intrigued by the possibility of exploring hypothesis on
com

petition 
and predation w

ith such an approach. 
Figure 1

details the functional categories of plankton used in the m
odel.

O
ur 

approach 
incorporated 

both 
em

pirical 
principles

correlated  
w

ith 
size 

and 
biom

ass 
(P

eters 
1986) 

and
experim

entation that accounts for the specificity of functional
groups 

expressed 
by 

param
eters 

derived 
from

 
species

interactions (L
ehm

an 1986). For exam
ple, cladoceran grazing

rates  and body size are related (e.g. Peters and D
ow

ning 1984);
how

ever, clear differences 
for cladocerans 

versus calanoid
copepods 

(K
noechel 

and 
H

oltby 
1986a, 

1986b) 
m

ust 
be

preserved. 
H

ence, 
w

e 
separated 

zooplankton 
into 

these
functional groups. O

ur algal functional groups w
ere derived

sim
ilarly from

 analysis of 
observed 

successions 
(R

eynolds
1984)  and grow

th rates (Som
m

er 
1981) and from

 
practical

definitions for ecosystem
 m

odels (Scavia 1979a).
In 

general, 
the 

m
odel 

sim
ulates 

com
petition 

am
ong

phytoplankton 
and 

zooplankton 
groups, 

each 
subject 

to
differential grazing pressure. A

lgae and detritus are grazed and
sedim

ented; 
algal 

grow
th 

is 
nutrient 

dependent. 
T

he
zooplankton gain m

ass through food-dependent ingestion and
lose m

ass through defecation, respiration, and fish predation.
Inefficient alew

ife and zooplankton grazing provides input to
detritus and available P pools. A

ll ingested Si is routed directly
to 

the 
detrital 

pool. 
Z

ooplankton 
P

 
release 

is 
assum

ed
proportional to respiration. D

etrital Si settles and dissolves;
detrital C

 and P settle and slow
ly decom

pose to available form
s.

Phytoplankton and zooplankton concentrations and fluxes are
sim

ulated in term
s of C

; associated nutrient fluxes are traced
subject 

to a constant m
ass R

edfield 
ratio 

(P:C
 

—
 0.024).

E
quations sim

ulating these first-order processes leading to gains
and losses of each m

odelled com
ponent are listed in T

able 1.
Som

e detailed aspects of those equations and their rationales
follow

.
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TA
BLE 1. M

odel equations.
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F
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FIG
. 2. D

efining relationships for (A
) phytoplankton and (B

) zooplank-
ton 

com
petition 

for 
resources. 

B
oth 

are 
represented 

as 
M

onod
responses to substrate or food concentration and the governing param

-
eters  are listed in T

ables 2 and 3. For perspective, L
ake M

ichigan
sum

m
er epilim

nion soluble reactive P
 concentrations are below

 1.0
M

-g-L.-', total algal C
 is 20-40

 jig
-L

-', and paniculate organic C
 is

approxim
ately 200 jig

-L
-'.

O
U

T m
odel 

of 
the 

offshore 
sum

m
er epilim

nion 
assum

es
constant optim

al light and tem
perature. H

orizontal and vertical
transport are not critical 

factors in the sum
m

er epilim
nion

(Scavia  and Fahnenstiel 1987; Fahnenstiel and Scavia 1987b,
1987c); therefore, w

e ignore them
.

D
uring  1975-84, P

 loads decreased (D
ePinto et al. 

1986).
W

e included analyses for the high available-P
 load of the m

id-
1970s  (0.0055 jig P

-L
-'-d

") and the low
 load for 1981-82

(0.0035
 \LJ> P-L

~'-d~'X
 based on estim

ates sum
m

arized by
R

odgers and Salisbury (1981) and L
esht (1984) for a southern

basin epilim
nion volum

e of 4.28 x 
10" m

3.

Phytoplankton

Phytoplankton grow
th rate (u,) w

as m
odelled as a m

axim
al

rate (|O
 scaled by the lesser of tw

o grow
th-lim

iting factors,
one for Si (diatom

s only) and one for P (all groups);

(1) 
M. =

 iv
M

IN
ff/ar, 

+
 P), Si/(K

Si 
+

 Si)}.

M
axim

al grow
th rates and half-saturation constants (K) 

w
ere

generated  from
 m

easured rate constants for species represent-
ative  of our three m

odelled groups (T
able 2). D

iatom
s are usu-

ally Si lim
ited during sum

m
er both in the lake (Fahnenstiel and

Scavia 
1987a) 

and 
in our 

sim
ulations. 

C
om

petition 
for 

P

State variable

Phytoplankton

Z
ooplankton

D
etrital C

A
vailable P

A
vailable Si

D
etrital Si

M
odel equation

—
 

=
 (n - s)A

 -
 g

Z
dAdtAM-sdZdtdCdtCBEddPdtPS

rZ

phytoplankton concentration
grow

th rate (see text equation (1))
settling loss
sinking rate/epilim

nion depth
zooplankton grazing
(see text equation(2))
zooplankton concentration

—
 

=
(

g-r)Z
-P

r 
=

 respiration (see text equation(3))
P

 
=

 fish predation
= 

specific ration • alew
ife biom

asses

—
 

=
 B

-E
~(d 

+
 s)-C

-gZ

detrital C
 concentration

particulate fraction of unassim
ilated

food
zooplankton egestion
(I -

 assim
ilation efficiency)-ingestion

m
ineralization rate

d-C]

PC
 

=

dSi

dtSi 
=

d, 
=

M
* 

=

S
C
 

=

dt

available P concentration
zooplankton  respiration
phytoplankton production
P:C

 ratio

// -^ 
—

 V
*-ii 

4
tiij ijj 

ĵ
- 

^fff\j
*savailable Si concentration
detrital  Si concentration
dissolution rate
diatom

 grow
th rate

diatom
 concentration

Si:C
 ratio

S
C

-E
, - 

(d, 
+

 s)-S
d

egested silica

betw
een the tw

o P-lim
ited groups is illustrated in Fig. 2 for our

kinetic constants. W
e used constant group-specific phytoplank-

ton settling velocities, also draw
n from

 several review
s (T

able
2).

Zooplankton
Z

ooplankton grazing rates (g) are based on saturation kinetics
for feeding and the "effective food concentration" (E

FC
) con-

struct of V
anderploeg et al. (1984):

(2) 
g =

 g
m-EPC

/(K
 

+
 

E
FC

)

w
here g

m is the m
axim

al w
eight-specific ingestion rate and K

is the half-saturation constant. T
he E

FC
 is defined as

C
an. J. F

ish. A
quat. Sci. V

ol. 4
5

,1
9

8
8
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TABLE 2. Properties of m
odelled algal groups. Each set of values from

 the literature represents the
m

ean, standard deviation (in parentheses), and num
ber of species included in the m

ean.

Param
eter

D
iatom

s
Flagellates 

B
lue-greens

Source

M
axim

al grow
th

rate(d-')
1.09(0.42)6
0.73(0.23)28
1.47(0.37)17

0.8-1.8
7.5

0.82(0.01)2

0.79(0. U
K

'
1.18(0.27)6

1.0-1.4
1.1

0.79(0.46)10
0.57(0.22)5

<
0,7
0.4

R
eynolds 1983

T
ilm

anetal. 1982
Som

m
er 1983

R
eynolds et al. 1982

R
eynolds 1984

U
sed in this study

M
onod constants
u.g P

-L
-

m
g S

i-L
-'

Sinking rates
(rn-d-)

3.0(5.0)11
2.5

0.11(.014)25
0.10

1.2(0.7)2
1.0(0.4)7
0.5(0.3)9
1.0(1. 3)37"

0.8

—1.0

—0

0.01(0.004)3
0.0
0.0

—0.05

0.8(0.4)4
1.3

—0—
0.04(0.004)

——0.05

T
ilm

an et al. 1982
U

sed in this study
T

ilm
an et al. 1982

U
sed in this study

Fahnenstiel and Scavia 1987a
Som

m
er 1984

R
eynolds and W

isem
an 1982

W
etzel 1983

U
sed in this study

•V
alues are likely low

 due to m
echanical ham

pering.
bU

sed m
inim

al and m
axim

al values to calculate averages w
hen ranges w

ere reported.

TA
BLE 3. Properties of m

odelled zooplankton groups.

Param
eter

D
aphnia 

D
iaptom

us
Source

M
axim

al ingestion
rate
(m

gC
-m

gC
-'-d-')

0.71
0.86
0.61-
0.84*

0.2-0.3

—_
#

—
 *

0.60

0.2————0.2—
 «

—
 c

0.25

M
uck and L

am
pert 1984

O
lsen et al. 1986

Peters and D
ow

ning 1984
Peters and D

ow
ning 1984

Porter etal. 1982
V

anderplocg et al. 1984
K

noechel and H
oltby 1986a

K
noechel and H

oltby 1986b
U

sed in this study

H
alf-saturation
constant
(m

g
C

-L
-)

0.12 
0.01-0.05

 
M

uck and L
am

pert 1984
0.05-0.10

 
—

 
Porter et al. 1982

—
 

0.02 
V

anderploeg et al. 1984
0.08 

0.02 
U

sed in this study

•From
 body w

eight regression assum
ing 10 p,g dry w

eight and 1 m
g C

-L
r' food.

"From
 body w

eight regression assum
ing 30 u.g dry w

eight and 5 m
g C

M
,-' food.

C
learance rates on algae and bacteria w

ere 5-10
 tim

es low
er for calanoid copepods of the sam

e size
as com

parable cladocerans in the cited report.

w
here W

t is the selectivity 
coefficient for food source i w

ith
concentration  X

f (V
anderploeg 

and Scavia 1979).
W

hile the m
athem

atical form
 of the relationship betw

een zoo-
plankton ingestion and food concentration is arguable (M

ullin
et al. 

1975; P
orter et al. 

1982), w
e use equation (2) w

hich is
sim

ilar to the M
onod expression 

for pnytoplankton grow
th.

M
axim

al 
w

eight-specific 
ingestion 

rates  
and 

half-saturation
constants, based largely on the w

orks of P
orter et al. (1982),

M
uck and L

am
pert (1984), P

eters (1984), Peters and D
ow

ning
(1984), V

anderploeg  et al. (1984), and O
lsen et al. (1986), are

listed in T
able 3 and are illustrated in F

ig. 2.
E

quation (2) estim
ates ingestion

 of all prey by a given pred-
ator. L

oss rates  for an individual prey item
 i are estim

ated from
the product of equation (2) and the w

eighted diet portion attrib-
utable to prey i, W

'JC
&

W
JC

,. T
he rationale for selectivity coef-

ficient (W
'i) values acknow

ledges that the phytoflagellates (3
-

30 u.m
) are w

ithin the size range of high preference for both
calanoid  copepods (V

anderploeg 1981; V
anderploeg etal. 1984)

and D
aphnia (G

liw
icz 1980; 

K
nisely and G

eller 1986); thus,
they are a m

ost preferred prey (W
, 

=
 

1). B
oth calanoids and

D
aphnia can ingest som

e diatom
s (K

nisely and G
eller 

1986;
H

. A
. V

anderploeg, G
L

E
R

U
N

O
A

A
, pers. com

m
.) and w

ere
thus assigned

 W
, values of 0.5. T

he dom
inant calanoids (D

iap-
tom

us spp.) are highly selective against filam
entous prey (V

an-
derploeg 1981;  H

artm
ann 1985); D

aphnia are not (P
orter etal.

1982; R
ichm

an and D
odson 1983). W

e assigned a W
't of 0.5

for colonial greens and blue-greens grazed by D
aphnia and 0

.1
for grazing by the calanoids.

A
ssim

ilation efficiencies w
ere assum

ed to be 50%
 on all algal

foods (48%
,  C

om
ita 1972; 75%

, P
orter et al. 1982; 50%

, P
eters

1983; 
50%

, 
Parsons et al. 

1984, 
38%

, 
Peters and D

ow
ning

1984)  and 
10%

 on detritus. B
ecause zooplankton respiration

rate  is generally higher for w
ell-fed anim

als than for starved
ones (Porter  et al. 1982; L

am
pert 

1984; P
arsons et al. 1984),

w
e estim

ated respiration (r) as proportional to the ingestion
function of equation (2):
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(3) 
r =

 r, +
 r2-E

F
C

/(*
 +

 E
F

C
).

M
axim

al respiration rates generally fall in the range of 0
.1

-0
.4

m
g C

-m
g C

-'-d
-' (P

orter et al. 1982; R
ichm

an and D
odson

1983; L
am

pert 1984; Parsons et al. 1984; L
ynch et al. 

1986)
w

ith rates for w
ell-fed anim

als typically 1.2-3.0
 tim

es higher
than starved ones (Porter et al. 1982; L

am
pert 1984; Parsons

et al. 
1984). W

e use m
axim

al rates of 0.25-d~
' for D

aphnia
and 0.11

 -d~
' for D

iaptom
us. T

he difference betw
een D

aphnia
and D

iaptom
us respiration rates reflects different behavioral and

feeding m
odes (P

orter et al. 
1982) as w

ell as observations of
body C

 loss under low
 food conditions (M

uck and L
am

pert
1984).

Fish P
redation

T
he functional underpinnings of alew

ife predation are not
w

ell understood. N
onetheless, w

e estim
ate, in a general w

ay,
the m

agnitude of alew
ife predation w

ith a tim
e-tested (R

ice and
C

ochran 1984; B
artell et al. 

1986) approach based on a bio-
energetics 

m
odel 

of 
alew

ife population 
structure and diets

observed during 1976. T
he original energetics param

eters w
ere

those developed by S
tew

art (1980) and m
odified by S

tew
art and

B
inkow

ski (1986).
F

rom
 June through A

ugust of 1976, lake-w
ide m

ean feeding
rates w

ere estim
ated 

as 1.76 
x 

10
7 kg of zooplankton prey

consum
ed  per day. W

ith sum
m

er ale w
ife biom

ass of 7.6
 x 

10
7

kg (S
tew

art 1980) the m
ean daily ration becom

es (1.76/7.6) =
0.23-d -', w

hich is higher than that for other fishes, due to high
feeding  rates by juveniles (Stew

art 
1980; 

K
itchell 1983). W

e
held this ration constant during sim

ulations and varied alew
ife

biom
ass to m

im
ic its changing im

pact over tim
e (see below

).
A

lew
ife prey selection

 w
as based on studies of prey prefer-

ences, foraging behavior, and optim
al foraging theory (M

orsell
and N

orden 1968; 
W

ebb and M
cC

om
ish 

1974; R
hodes and

M
cC

om
ish 1975; Janssen 1978; Janssen and B

randt 1980; W
ells

1980; C
row

der et al. 1981). T
he m

odel treats alew
ife as a size-

selective predator w
ith preferences of m

ajor prey ordered as
m

acroinvertebrates (M
ysis and

 P
ontoporeia) >

 cladocerans >
 >

copepods. A
 biom

ass m
odel such as ours can only include diet

ontogeny  by w
eighting selectivity coefficients. T

hese 
coeffi-

cients can be derived as estim
ates of prey preference from

 for-
age ratios based on the fraction of prey i biom

ass in the sum
m

er
diet  (r,) divided by the portion of prey i biom

ass in the available
plankton (p,) (V

anderploeg and Scavia 1979). From
 field stud-

ies conducted during the m
id-1970s 

(S
tew

art 1980), diets of
alew

ife (r,) w
ere 30%

 copepods, 
20%

 cladocerans, and 50%
hypolim

netic M
ysis 

and P
ontoporeia. 

D
uring these survey

years,  D
aphnia com

prised only about 10-15%
 of the total zoo-

plankton biom
ass (net hauls through top 40 m

; S
cavia et al.

1986); the rem
ainder w

as dom
inated by calanoid copepods.

S
ufficient data are not available to estim

ate accurately the bio-
m

ass concentration of M
ysis and P

ontoporeia available to ale-
w

ife during those years; how
ever, w

e can m
ake certain esti-

m
ates.  P

ontoporeia are likely not available to offshore (100-m
depth contour) alew

ife during sum
m

er because the invertebrate
is benthic and the alew

ife planktonic. T
hus, the m

ajor m
acroin-

vertebrate prey is likely to be M
ysis. Sell (1982) estim

ated its
abundance to vary betw

een 0.1
 and 1.11 g dry w

eight-m
"

2 in
L

ake M
ichigan. A

ssum
ing a m

igratory behavior that places
M

ysis w
ithin a 15-m

 band available to alew
ife for about 6 h per

day (B
ow

ers and G
rossenickle 1978) and a C

 : dry w
eight ratio

of 0.5 yields a C
 concentration averaging 5.1 u.g-L

~
l. T

his
value is not unlike that for D

aphnia during the m
id-1970s (S

ea-

TABLE 4. L
ake M

ichigan sum
m

er epilim
nion conditions m

easured in
1983-84 (D

ata from
 Scavia and Fahnenstiel 1987; Fahnenstiel and

Scavia 1987a, 1987b, 1987c; Scavia etal. 1986).

Property
C

oncentration or rate

A
lgal grow

th rates
A

lgal production
A

lgal biom
ass

A
lgal sedim

entation
Z

ooplankton grazing
Z

ooplankton biom
ass

0.1-0.4
 d

-'
12.9±

2.2M
,gC

-L
-'-d-'

2(M
O

 jig C
-L

-'
Flagellate dom

inance

0.02-0.45
 jig C

-L
-'-d-'

8
.7

±
2

.5
u

-g
C

-L
-'-d

-'
20-35

 jig C
-L

-'
D

aphnia dom
inance

via etal. 1986). If w
e assum

e that m
acroin vertebrate abundance

ranged betw
een being equal  to the cladocerans and tw

ice the
cladocerans, then relativep

i estim
ates are 8

5
-9

0
,5

, and
 5-10%

for copepods, cladocerans, and the hypolim
netic invertebrates,

respectively. S
etting the largest W

v to 1.0 and
 scaling the rest

for convenience results in values of 0
.0

3
-0

.0
7
, 0

.4
-0

.8
, and

1.0 for copepods, cladocerans, 
and M

ysis\e used 0.05, 
0.5,

and 1.0 in the m
odel.

S
im

ulated zooplankton loss rates w
ere calculated from

 the
product of alew

ife biom
ass, daily ration, and diet proportion

(W
iX

&
W

&
), 

w
here X

( 
is the concentration 

of prey i. W
e

assum
e a constant pool of hypolim

netic prey equivalent to 5.0
u

-g
C

-L
-.

N
utrient C

ycles

A
vailable  P

 
concentration 

w
as 

determ
ined 

by 
a 

balance
betw

een 
phytoplankton 

uptake, 
detritus 

m
ineralization

(0.01-d"
1). and alew

ife and zooplankton release. A
 portion of

food ingested but not assim
ilated by alew

ife and zooplankton
w

as shunted to detritus, w
ith the rem

aining portion 
shunted

im
m

ediately to available nutrient pools. W
e assum

ed that 50%
of egested P

 becom
es available im

m
ediately to algae on the tim

e
scale  of our sim

ulations. A
vailable S

i concentration w
as deter-

m
ined by the balance betw

een diatom
 uptake and detrital S

i
dissolution. 

In addition, all S
i ingested by zooplankton w

as
im

m
ediately placed in the detrital S

i pool.

C
alibration

F
or the calibration data set, w

e relied prim
arily on m

easure-
m

ents m
ade during the L

ake M
ichigan E

cosystem
 E

xperim
ent

of 1983-84
 (S

cavia et al. 1986; S
cavia and F

ahnenstiel 1987;
Fahnenstiel and Scavia 1987a, 1987b, 1987c). T

he field exper-
im

ent w
as designed to m

easure rates of phytoplankton grow
th

and sedim
entation and zooplankton grazing, as w

ell as tem
poral

and spatial variation of nutrients and phytoplankton and zoo-
plankton species com

position. T
he current state of southeastern

L
ake M

ichigan, based on the 1983-84
 field seasons, is sum

-
m

arized in T
able 4. F

or cases w
here com

parable process rates
w

ere not determ
ined em

pirically for L
ake M

ichigan, w
e used

published values from
 other lakes to establish bounds on m

odel
expectations.

C
alibration 

consisted  of varying coefficient values w
ithin

ranges expected for L
ake M

ichigan phytoplankton and zoo-
plankton assem

blages (T
ables 2 and 3) until the m

odel repro-
duced both m

easured state variables and process rates m
easured

in the 1980s. B
ecause coupled nonlinear differential equations

such as the ones used here do not have unique solutions, it is
possible to arrive at sim

ilar state-variable sim
ulations w

ith very

C
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different 
sets of coefficient values, and thus, rates 

(Scavia
1979b, 1980, 1983). T

herefore, 
requiring accurate 

reproduc-
tion of both state variables and process rates should m

inim
ize

com
pensating 

rate-process 
errors 

and produce 
a 

reasonable
m

odel caricature of L
ake M

ichigan ecosystem
 dynam

ics.
T

he 
nine 

differential, 
m

ass-balance 
equations describing

ecosystem
 dynam

ics (T
able 1) w

ere solved num
erically using

a forw
ard-difference E

uler schem
e w

ith a tim
e step of 2.4 h.

M
odel output w

as stored every 25 d and sim
ulations w

ere run
until com

petition results w
ere clearly defined (usually 300 d,

see below
).

A
lew

ife Im
pact 

Scenario

L
ake M

ichigan alew
ife w

ere first reported in 1949
 (Sm

ith
1970). T

he population expanded exponentially until a m
ajor

overw
inter m

ortality in 1966-67
 and thereafter rem

ained g
en

-
erally at less than half its peak abundance. R

ecently, alew
ife

abundance has further decreased (W
ells 1985). A

lthough stock
assessm

ents and estim
ates 

of local variability exist, no u
n
e-

quivocal quantitative m
easures are available for lake-w

ide ale-
w

ife abundance (E
ck and B

row
n 1985). T

he alew
ife's distri-

bution is highly patchy; they school, m
igrate vertically, and

generally aggregate (vertically and horizontally) near the edges
of the m

etalim
nion during sum

m
er (C

row
der et al. 

1981).
A

bundance peaks 
near 

the 
20 to 30-m

 depth 
contour and

decreases exponentially offshore tow
ard the region of the 100-

m
 contour (B

randt 
1980), the area w

e attem
pt to sim

ulate.
H

ence, it is difficult to determ
ine the absolute effective biom

ass
im

pacting the epilim
nion in our region of interest.

Initial m
odel analyses dem

onstrated that w
e could not repro-

duce plankton dynam
ics observed at the 100-m

 contour under
the grazing pressure im

posed using the high lake-w
ide average

alew
ife biom

ass estim
ates of the 1970s (75 000 M

t; W
ells and

H
atch 1985). For alew

ife biom
asses above 15 000 M

t, sim
u-

lated zooplankton and phytoplankton relative species com
po-

sition rem
ained constant; but total zooplankton biom

ass w
as

reduced to unrealistically low
 levels, phytoplankton biom

ass
increased to unrealistically high levels, and process rates w

ere
far below

 those observed. G
iven these results and the uncer-

tainties on 
biom

ass 
im

pact estim
ates discussed 

above, 
w

e
restricted our analyses to a range of lake-w

ide alew
ife bio-

m
asses from

 0 to 15 000 M
t and explored species changes along

the relative alew
ife biom

ass gradient.
A

ssum
ing 

an equal 
north-south 

distribution, 
an 

alew
ife

C
 : w

et w
eight ratio of0.15andastrictlyepilim

netic existence,
this range is equivalent to 0-2.64

 M
-g C

-L
~

'. B
ecause it is dif-

ficult to assign an alew
ife biom

ass level to a particular set of
years, w

e sim
ulated the entire zooplanktivory gradient for each

of the tw
o P-loading scenarios: one reflecting conditions of the

m
id-1970s (0.0055 jig P

-L
-'-d

'1) and one of the early 
1980s

(0.0035  jig
 P

-L
-'-d

-').

U
ncertainty A

nalysis

W
e recognize the difficulty in justifying any one set of coef-

ficient values used in the m
odel, even though they fall w

ithin
observed ranges and produce internally consistent and reason-
ably faithful reproduction of m

easured state variable and pro-
cess rates. T

o explore the robustness of our sim
ulations, w

e
perform

ed M
onte C

arlo analyses including 14 m
odel 

coeffi-
cients as the random

 variables. W
e generated 300 sets of ran-

dom
 and independent coefficient values, draw

n from
 a 14-var-

iate 
norm

al distribution 
(International M

athem
atical and

Statistical L
ibraries subroutine G

G
N

S
M

). E
ach coefficient w

as

0.08

0.06-

0
.0

4
-

0.02

oenE

P
h
yto

p
la

n
kto

n

Flagellates

0.06-

0.04-

0.02-

Z
ooplankton

D
aphnia

100
2
0
0

3
0
0

4
0
0

5
0
0

Tim
e (days)

F
io. 3. T

ypical m
odel output for sim

ulation of com
petition

 am
ong

phytoplankton and zooplankton groups under low
 alew

ife abundance
and low

 P
 load. E

ach sim
ulation

 displays a transient response follow
ed

by slow
 developm

ent tow
ard steady state. W

e use results at 300 d into
the sim

ulation throughout the analysis (see text).

assigned a m
ean value equal to the value used in the determ

in-
istic sim

ulation and a standard deviation equal to 10%
 of its

m
ean. W

hile 10%
 m

ay not represent the true extent of coeffi-
cient variability, it is sufficient to use here to evaluate overall
m

odel sensitivity. A
 sim

ulation w
as run for each set of coef-

ficient values resulting in 300 tim
e series for each state variable;

w
e analyzed results at 300 d into the sim

ulation, the sam
e as

for the determ
inistic m

odel. M
onte C

arlo results w
ere sim

ilar
w

hen m
ore than 300 cases w

ere used.

R
esults

D
eterm

inistic S
im

ulations

A
s 

expected 
for 

solution 
of 

differential 
equations 

w
ith

constant inputs, each sim
ulation (F

ig. 3) began w
ith a transient

response follow
ed by a m

ore stable period approaching steady
state. 

W
hile transient responses 

are influenced strongly by
initial conditions, 

steady-state responses are independent of
those 

starting values, depending only on the 
nature of the

equations and values of the coefficients and inputs. B
ecause

very different transient responses can be effected w
ith different

starting values, and because w
e do not know

 starting values,
w

e used sim
ulation results clearly beyond the influence of the

initial conditions (e.g
. after 200 sim

ulation days, F
ig

. 3).
In 

theory, 
as 

w
ell 

as 
in 

continuous-culture com
petition

experim
ents 

(e.g
. T

ilm
an 

1982) w
ith 

only 
one potentially

lim
iting nutrient, one species w

ill exist at steady state. W
hile

our analyses have tw
o potentially lim

iting nutrients (P, S
i),

heavy sedim
entary losses inflicted on the Si-lim

ited diatom
s

essentially elim
inate them

 from
 the sum

m
er com

petition. A
s a

result, tw
o species (m

odelled flagellate and blue-green groups
in this case) are alw

ays left to com
pete for P and the m

odel
alw

ays predicts com
plete dom

inance by one of the tw
o groups

at 
steady state 

(usually 
after 

400-500
 

sim
ulation 

days).
H

ow
ever, L

ake M
ichigan is not a continuous culture and steady

conditions rarely persist. It is not realistic therefore to expect
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FIG
. 4. (A

) S
im

ulated zooplankton biom
ass (total and groups) as a

function of P load (high, broken line; low
, solid line) and alew

ife
abundance. T

he relative contribution of D
aphnia 

to total biom
ass

dim
inishes  as alew

ife abundance increases. (B
) Sim

ulated total phy-
toplankton (total and groups) and PO

4 concentration as a function of
P

 load (high, broken line; low
, solid line) and alew

ife abundance.
Flagellate concentration rem

ains relatively  constant, w
hile blue-greens

increase at higher alew
ife abundances.

the lake ever to be at steady state nor to run the m
odel until

those conditions prevail.  W
e use 300 d into the sim

ulation for
our com

parisons 
of alew

ife and P
-load 

im
pacts. 

T
his 

is a
reasonable com

prom
ise because, at this point in all sim

ulations,
the m

odel 
is no longer under the influence of the transient

response and the outcom
e of the com

petition is clear. Selecting
tim

e points further tow
ard m

odel steady  state w
ill only influence

the 
abundance 

of 
total 

plankton; 
the 

overall 
trends 

in
com

position
 are unaffected.

S
im

ulation days are not to be confused w
ith actual days in

the sense of tim
e to reach steady state. T

he analysis does not
suggest a tim

e scale to steady state on the order of 1 yr (300 d)
because the duration of the transient response is controlled by
the extent to w

hich the initial conditions deviate from
 steady

state. F
or exam

ple, if w
e chose initial conditions exactly equal

to 
the 

steady-state 
response, 

there 
w

ould 
have been 

no
transients.

R
esults 

of m
odel runs for a range of zooplanktivory are

sum
m

arized as response-surface 
plots (F

ig. 4-7) of plankton
abundances and process rates versus alew

ife abundance for the
tw

o P-load 
scenarios. T

otal zooplankton biom
ass is slightly

higher 
under 

the 
higher 

P
 

load 
for 

all 
levels of 

alew
ife

abundance; how
ever,  the overall im

pact of alew
ife is m

uch
larger 

(F
ig. 

4A
). 

A
s 

w
e 

increase 
alew

ife 
biom

ass, 
total

zooplankton biom
ass decreases; m

ore im
portantly, com

position
changes  from

 D
aphnia dom

inance to D
iaptom

us dom
inance.

O
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FIG

. 5. S
im

ulated phytoplankton production (== zooplankton grazing),
sedim

entation, and algal grow
th rates (f 

=
 flagellates, b 

=
 

blue-
greens, d =

 diatom
s) as a function of P

 load (high, broken line; low
,

solid line) and alew
ife abundance. A

s alew
ife abundance increases,

algal  grow
th rates decrease and the im

portance of sinking, relative to
grazing, increases.

T
otal 

phytoplankton biom
ass 

increases 
w

ith 
increasing

alew
ife biom

ass over this range of alew
ife abundance (F

ig. 4B
);

the 
responses 

at 
both 

P
 
loads 

are 
sim

ilar. 
P

hytoplankton
com

position changes  as w
ell. T

he flagellate dom
inance under

low
 alew

ife levels is replaced by an assem
blage com

posed of
flagellates 

(approxim
ately 

60%
) 

and 
blue-greens

(approxim
ately 40%

) under high alew
ife levels. 

A
vailable P

concentrations decrease at higher alew
ife levels (F

ig. 4B
), w

ith
the im

plication that m
ore P

 is tied up in phytoplankton biom
ass.

A
s 

alew
ife 

abundance 
increases 

and 
P

 
concentrations

decrease, 
prim

ary production  and phytoplankton grow
th rates

both decrease (F
ig. 

5). A
lthough 

phytoplankton 
biom

ass
increases, 

the 
low

er 
grow

th 
rates 

controlled 
by 

low
er 

P
concentrations and the shift to slow

er grow
ing blue-greens yield

low
er 

epilim
netic 

prim
ary 

production 
rates. 

G
row

th 
rates

decrease 
sevenfold 

over 
the 

full 
range 

of 
zooplanktivory;

prim
ary production decreases only tw

ofold. S
edim

entation loss
rates increase from

 about 0.10 u,g C
-L

-'-d
'1 w

ith no alew
ife

predation to about 0.24 jxg C
-L

-'-d
-' under m

axim
al alew

ife
biom

ass  at the higher P
 load. S

edim
entation increases from

 0.07
to 0.22 u,g C

-L
-'-d

-' for the low
 P

 load.
B

ecause sedim
entary losses  are sm

all during sum
m

er, m
odel

net 
prim

ary 
production 

is nearly 
balanced 

by 
zooplankton

grazing. C
alculated ingestion m

inus defecation  and respiration
yield m

odel estim
ates  

of zooplankton secondary 
production

(Fig. 6A
). T

otal zooplankton production increases  as alew
ife

abundance increases, but appears to level off at biom
ass levels

above  
5000

 
M

t. 
D

aphnia 
production 

decreases 
as 

their
contribution  

to total zooplankton 
biom

ass decreases. A
t low

levels 
of zooplanktivory, 

D
iaptom

us is actually a negative
contributor  to secondary production (F

ig. 6A
). U

nder these
conditions , 

D
aphnia 

flourish 
and 

drive 
phytoplankton

concentrations below
 the level that allow

 D
iaptom

us to survive.
T

his 
result 

can 
be 

seen 
m

ost 
readily 

in term
s of 

relative
production to biom

ass ratios (net grow
th) for the tw

o groups at
different 

levels of zooplanktivory (F
ig. 

6B
). 

It is not 
until

alew
ife abundance reaches approxim

ately 
5000

 M
t and total

phytoplankton 
C

 reaches approxim
ately 40 

|xg 
C

-L
-' 

that
D

iaptom
us 

ingestion 
rates 

exceed 
egestion 

and 
respiration

losses. 
B

eyond that, 
they 

grow
 but 

still slow
ly 

relative 
to

D
aphnia.
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FIG

. 6, Sim
ulated zooplankton (A

) secondary production and (B
) pro-

duction to biom
ass ratios as a function of P

 load (high, broken line;
low

, solid line) and alew
ife abundance. T

his suggests that during sum
-

m
er in L

ake M
ichigan's epilim

nion, D
aphnia is alw

ays die superior
com

petitor  and only selective losses can shift the dom
inance tow

ard
D

iaptom
us.
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FIG

. 7. T
otal and w

eight-specific zooplankton P regeneration rates as
a function of P load and alew

ife abundance.

Phosphorus recycling by zooplankton is the m
ajor P supply

supporting phytoplankton production. T
he decreased 

supply
rate 

at 
higher alew

ife 
abundance (F

ig
. 7) 

reflects 
m

ostly
decreased total zooplankton biom

ass (F
ig

. 4
A

). A
s excretion

rates are tied to group-specific rates of grazing and respiration,
how

ever, w
eight-specific excretion rates also varied as the

phytoplankton 
and zooplankton 

assem
blage com

positions
changed (F

ig. 7).

Sum
m

ary of M
odel R

esults

In 
general, 

several 
ecosystem

 
properties 

show
 

dram
atic

changes 
along  the predation 

gradient, 
w

hereas 
only sm

all
changes are evident w

hen com
paring results from

 the high and
low

 P-load scenarios. A
s alew

ife abundance increases, (1) total
zooplankton biom

ass decreases and the com
position shifts from

D
aphnia dom

inance to D
iaptom

us dom
inance (F

ig
. 4

A
), (2)

total phytoplankton biom
ass 

increases 
and the 

com
position

changes  from
 dom

inance by flagellates to a m
ixture of flagel-

lates and blue-greens (F
ig

. 4
B

), (3) prim
ary production and

zooplankton ingestion rates decrease and are nearly equal to
each other (F

ig
. 5), (4) phytoplankton grow

th rates decrease
m

ore dram
atically than production rates, (5) sedim

entation rates
increase but are never an im

portant com
ponent of phytoplank-

ton dynam
ics, (6) P

 regeneration by zooplankton (F
ig

. 7) and
available 

P
 concentrations 

(F
ig

. 4B
) decrease, and (7) zoo-

plankton secondary production and grow
th rates increase (F

ig
.

6), w
ith D

iaptom
us grow

th rates varying from
 negative to pos-

itive though alw
ays below

 D
aphnia grow

th rates. T
hese sim

-
ulated changes are sim

ilar to those described for L
ake M

ichigan
during 

changing 
abundances  

of 
alew

ife. 
T

hus, 
the 

m
odel

appears  to reproduce the cascading influence of zooplanktivory
on the L

ake M
ichigan food w

eb
.

U
ncertainty A

nalysis
For error analysis, w

e chose m
odel coefficients 

considered
to be m

ost uncertain, m
ost critical to the analysis, or both; phy-

toplankton m
axim

al grow
th rates  and half-saturation 

constants
for P-lim

ited grow
th; zooplankton m

axim
al ingestion 

rates,
half-saturation constants  for ingestion, and respiration rates; and
the selectivity coefficients for zooplankton on bluegreens and
for alew

ife on zooplankton. W
e report m

edians (Fig. 8) for the
M

onte C
arlo results because the distributions of m

odel output
w

ere strongly skew
ed, as w

as the case in analysis of a sim
ilar

m
odel (Scavia  et al. 

1981). W
hile the M

onte C
arlo 

m
edians

differ from
 the determ

inistic projections described above (F
ig

.
4), the overall trends and shifts in plankton com

position are the
sam

e. In 19 of the 20 cases (i.e. 4 state variables at 5 alew
ife

abundances),  the determ
inistic sim

ulations fall w
ithin 12.5%

 of
the m

edians. (T
hose ±

 12.5%
 lim

its are show
n in F

ig
. 8). W

e
interpret the fact that the determ

inistic solutions are sim
ilar to

the stochastic m
edians to m

ean that the determ
inistic sim

ula-
tions w

e presented above are rather robust.
H

ow
ever,  to w

hat extent are the determ
inistic sim

ulations
realistic representations  of L

ake M
ichigan ecosystem

 dynam
ics

as opposed to sim
ple m

athem
atical 

exercises?

D
iscussion

C
om

parison w
ith the 1980s

O
ur first task is to evaluate w

hether m
odel results under

conditions 
of 

low
 alew

ife 
abundance are 

sim
ilar to 

those
observed during  1983-84

 (T
able 4). L

ake M
ichigan sum

m
er

phytoplankton concentrations ranged betw
een 20 and 40 

fxg
C

-L
'1 (Scavia and Fahnenstiel 1987), averaging over 80%

 as
phytoflagellates (range 

=
 

70-90%
) (Fahnenstiel and Scavia

1987a). T
hese conditions are reproduced by the 

m
odel 

for
alew

ife 
biom

ass 
levels 

below
 

5000-7500
 

M
t. 

S
um

m
er

zooplankton concentrations ranged 
betw

een 
20 and 

35 
fig

C
-L

~
' (Scavia and Fahnenstiel 1987), w

ith C
 assum

ed to be
50%

 of dry w
eight, although there has been little observable

system
atic variation over the past 10 yr (m

ean = 40 ^tg C
-L

~
',
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FIG

. 8. M
edians of M

onte C
arlo sim

ulations of phytoplankton and
zooplankton concentration as functions of alew

ife abundance at low
 P

load. D
eterm

inistic sim
ulations (see F

ig. 4) generally fall 
w

ithin
± 12.5%

 of the m
edians, show

n here as error bars.

SD
 

=
 

10.8; 
Scavia 

et al. 
1986). D

uring the early 
1980s,

how
ever, D

aphnia 
contributed 

about 
70-90%

 to crustacean
biom

ass. 
T

hese conditions 
are reproduced by the m

odel for
alew

ife levels betw
een 2500 and 5000

 M
t.

M
odels can reproduce concentrations of ecosystem

 variables,
yet severely 

under- and overestim
ate 

rates of m
aterial 

flow
(S

cavia 
1980). 

A
s 

an 
exam

ple, 
sum

m
er 

phytoplankton
dynam

ics are controlled 
by a balance 

betw
een 

grow
th and

grazing loss. G
row

th is controlled by the P
 supply, w

hich is
largely determ

ined 
by zooplankton 

regeneration. 
B

ecause 
P

regeneration 
in the 

m
odel 

(and 
likely in nature) is tightly

coupled to zooplankton ingestion, both phytoplankton grow
th

and loss rates are influenced strongly by zooplankton. It is easy
to 

im
agine 

situations 
w

here 
algal 

grow
th 

and 
zooplankton

grazing both could  be low
 or high and the resulting rate of algal

biom
ass change be the sam

e. T
hus, w

e could get the right results
(state-variable 

concentrations)  
for 

the 
w

rong 
reasons

(com
pensating rate processes). S

o, w
e m

ust com
pare m

odelled
and m

easured rates.
M

easured production and loss rates from
 the 1983-84

 H
eld

seasons are com
parable in m

agnitude for m
uch of the sum

m
er,

although som
e unaccountable algal loss m

ay have been evident
(Scavia and F

ahnenstiel 1987). B
ecause the only loss included

in the m
odel (other than grazing) w

as sedim
entation and because

sedim
entation rates w

ere low
 (both in the m

odel, 0
.0

7
-0

.2
4

 u,g
C

-L
-'-d

-
1, 

and 
in the 

field 
experim

ents, 
0
.0

2
-0

.4
5

 
u-g

C
-L

-'-d
-

1; Scavia and F
ahnenstiel 

1987), m
odel estim

ates of

phytoplankton net production and zooplankton grazing are in
close balance. N

et epilim
netic production averaged 12.9 

u-g
C

-L
-'-d

-
1 

(S
E

 
=

 
2.2, 

N
 

=
 

8) and zooplankton 
grazing

averaged  8.7 u-g C
-L

-'-d
-' (S

E
 =

 2.5, JV =
 5) during 1983-

84. T
hese prim

ary production estim
ates 

are som
ew

hat higher
than those sim

ulated by the m
odel, but the grazing rate estim

ates
are sim

ilar to m
odel results reproduced w

ith alew
ife abundances

less than 5000
 M

t. E
stim

ates 
of algal sum

m
er grow

th rates
typically fall betw

een 0.1
 and 0

.4
-d

~
' (Fahnenstiel and Scavia

1987b), consistent w
ith predictions  w

ith alew
ife biom

ass below
5000

 M
t.

L
ess is know

n specifically about L
ake M

ichigan zooplankton
processes. W

hile our estim
ates of phytoplankton ingestion are

sim
ilar to those 

determ
ined 

in the 
field, 

w
e m

ust 
rely 

on
estim

ates 
from

 
other 

environm
ents 

for 
com

parisons 
of

secondary production, zooplankton grow
th, and P

 excretion.
Secondary production is relatively constant (0.1

 |ig
 C

-L
" '*d~

')
for 

m
odel 

evaluations above 2500
 M

t of 
alew

ife. 
P

rim
ary

production 
varies betw

een  3 and 6 jxg C
-L

^'-d
"

1 over this
range, 

yielding 
1
.7

-3
.3

%
 

transfer 
efficiencies 

for 
these

herbivores. W
hile these values appear som

ew
hat  low

 (5-15%
m

ight be expected, W
etzel 1983), they are w

ithin the ranges
reported 

across 
several 

freshw
ater environm

ents 
(13-15%

,
B

lazka et al. 
1980; 

0
.1

-2
7
.4

%
, B

rylinsky 
1980; 

1.7-14%
,

W
inberg 1980).
Production 

to 
biom

ass 
ratios 

(P
:B

) 
are 

another 
w

ay 
to

evaluate the validity of m
odel calculations. O

ur daily P
:B

 ratios
range from

 
—

0.002 to 
-f 0.003-d"

1 for D
iaptom

us and from
0.003

 to 0.013-d"
1 for D

aphnia betw
een alew

ife abundances
of 

2500 
and 

1
0
0
0
0

 
M

t. 
T

hese 
values, 

like 
the 

transfer
efficiencies above, are sim

ilar to those at the low
er end of recent

sum
m

aries 
(0.003-0.30, 

M
organ 

et 
al. 

1980; 
0
.0

0
1
-0

.1
7
,

W
inberg 

1980). 
A

lso, 
our 

sim
ulated 

difference 
betw

een
D

aphnia and D
iaptom

us is consistent w
ith the generalization

that P
:B

 ratios for cladocerans are higher than those for calanoid
copepods, even at cold tem

peratures (see F
ig. 6.4e in M

organ
et al. 1980).

M
odel analysis suggests 

that P
 recycling by zooplankton

decreased 
w

ith higher alew
ife abundance; how

ever, 
because

w
eight-specific rates w

ere less variable, the trend w
as actually

a 
reflection of decreased 

zooplankton 
abundance. W

eight-
specific rates varied betw

een 1.6 and 1.9 u-g P
-m

g dry w
t~ '-d

-
1

(assum
ing 0.5 g C

-g dry w
eight- ')• T

hese values are w
ell w

ithin
the range expected for freshw

ater crustaceans (L
ehm

an 
1980;

W
etzel 1983).
T

he 
above 

sets 
of 

com
parisons 

betw
een 

m
odel 

and
experim

ental 
results 

suggest 
that 

the 
m

odel 
reasonably

represents pelagic 
ecosystem

 structure  and function 
in L

ake
M

ichigan. It reproduces observed state-variable concentrations
and process rates using m

odel equations and coefficients draw
n

from
 em

pirical studies. W
hile the m

odel does not contain the
richness of the natural environm

ent w
ith respect to potential

responses to variations in driving forces, it can be considered
a caricature of the lake. In this respect, the sim

plified version
of nature can be perturbed num

erically w
ith its responses being

indications of the directions nature m
ay take.

Top-dow
n control

T
he above com

parisons dem
onstrate that m

odel sim
ulations,

w
ith alew

ife equivalent to lake-w
ide abundance of 2500-5000

M
t, are consistent w

ith m
easured ecosystem

 com
ponents and

processes during the 1980s. T
he m

odel also reproduced plank-
ton com

position changes consistent w
ith those observed 

over

C
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ish. A
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the period 1975-84
 (F

ig. 4). T
he sim

ulated changes to the 1970s
com

position occurred for alew
ife equivalent to lake-w

ide abun-
dance of 10 000

 -1
2

 500 M
t, a three- to five-fold increase over

the estim
ates used for sim

ulation of the 1980s. W
hile the abso-

lute alew
ife abundances that w

e used are low
er than current

lake-w
ide assessm

ents 
(see 

above), 
estim

ates 
from

 
those

assessm
ents did change by about a factor of 4 during the period

1975-84
 (W

ells 1985). T
hus, the m

odel reproduces the con-
ditions of the 1980s and the observed transitions over the pre-
vious decade w

ithin the confines of observed relative changes
in alew

ife abundance. T
his result w

as accom
plished w

ith m
odel

constructs 
and coefficients 

draw
n 

from
 

em
pirical 

evidence
(T

ables 1-3). 
B

ecause changes in species m
ake-up w

as repro-
duced by varying alew

ife abundance only, w
e conclude that the

transitions 
of the 1975-84

 period w
ere likely driven m

ainly
from

 the top of the food w
eb.

T
he nature of this top-dow

n control can be dissected further
by inspecting 

other m
odel calculations. A

nalysis of D
aphnia

and D
iaptom

us grow
th rates (Fig. 6) under the conditions pre-

scribed by m
odelled ingestion, egestion, and respiration (T

able
3, 

above) 
suggests 

that L
ake 

M
ichigan 

has alw
ays been 

a
"D

aphnia lake" w
ith regard to com

petition for food; D
iapto-

m
us grow

th rates are alw
ays low

er than those for D
aphnia. T

his
suggestion places L

ake M
ichigan w

ithin the region ofD
aphnia

dom
inance suggested by R

ichm
an and D

odson (1983) in their
graphical m

odel of D
op/im

o-calanoid com
petition along food

quality/quantity gradients. W
e suggest that the transition from

the 
1970s to 

1980s represents m
ovem

ent w
ithin that region

rather than across its boundaries. T
he phytoplankton com

po-
sition of the 1970s in L

ake M
ichigan w

as not as low
 quality,

for exam
ple, as that of inner G

reen B
ay (R

ichm
an and D

odson
1983) nor of L

ake W
ashington in its eutrophic state (E

draond-
son and L

itt 1982). D
uring the 1970s, L

ake M
ichigan sum

m
er

epilim
nion chlorophyll concentrations w

ere typically 1 u-g-L
"

1

or less (Scavia et al. 1986) and blue-green and colonial green
algae com

prised 50-70%
 of total algal m

ass (Fahncnstiel and
Scavia 1987a). T

his biom
ass is equivalent to approxim

ately 20
u.g C

-L
-', calculated 

from
 

data presented 
by B

artone and
Schelske (1982). 

In contrast, sum
m

er chlorophyll concentra-
tions w

ere betw
een 4 and 24 (ig-L

~
' in L

ake W
ashington during

the period 
(1965-75; E

dm
ondson and L

ehm
an 

1981) w
hen

D
aphnia's m

ajor predator, N
eom

ysis m
ercedis, w

as absent but
D

aphnia's 
populations w

ere lim
ited by elevated blue-green

abundance (E
dm

ondson and L
itt 1982). T

otal blue-green abun-
dance during  the sum

m
ers of those years w

as likely betw
een

400 and 800 u.g C
-L

~
' (applying 1 g w

et w
eight-cm

"
3 and a

C
 : w

et w
eight ratio of 0.1 to phytoplankton data reported in

E
dm

onson and L
itt 1982). In southern G

reen B
ay, L

ake M
ich-

igan, w
here blue-green algae dom

inate during sum
m

er and
D

aphnia appear to have difficulty com
peting w

ith D
iaptom

us
(R

ichm
an and D

odson 1983), sum
m

er average chlorophyll con-
centrations range betw

een 20 and 80 jig*L
~

'(A
ueretaI. 1986).

T
hese conditions  are also m

ore extrem
e than those found even

in the 1970s in southern L
ake M

ichigan. W
hile excessive blue-

green 
filam

ent 
populations 

are apparently detrim
ental to

D
aphnia, w

e suggest that m
oderate concentrations are not as

harm
ful; it is only w

hen selective alew
ife predation increased

D
aphnia 

m
ortality com

pared 
w

ith D
iaptom

us that the latter
could succeed.

W
hy did L

ake M
ichigan blue-greens decrease at low

er ale-
w

ife abudances? It is clear from
 the em

pirical evidence input
to the m

odel and from
 the literature (T

able 2; Som
m

er 1981)
that blue-green filam

ents have low
er intrinsic grow

th rates than

phytoflagellates (Fig. 5). B
ecause both groups are subject to

m
inim

al sinking losses, it is only w
hen grazing im

parts selec-
tive losses against the flagellates that blue-greens outcom

pete
them

. D
uring periods of D

iaptom
us dom

inance, the calanoids
activity select against collecting the filam

ents and select for the
com

peting flagellates. D
uring periods ofD

aphnia 
dom

inance,
grazing losses are m

ore evenly distributed and the filam
ents

lose ground to the faster grow
ing flagellates. W

hile the w
ider

trophic niche (Infante and E
dm

ondson 1985) for D
aphnia could

be either a disadvantage (Porter and O
rcutt 1980; Infante and

A
bella 1985) or an advantage (Infante and E

dm
ondson 

1985),
it is a disadvantage for the blue-green filam

ents, unless the fil-
am

ents becom
e so abundant that they interfere seriously w

ith
D

aphnia's food gathering (G
liw

icz 1980) or increase its m
et-

abolic 
losses (Porter 

and M
cD

onough 
1984). A

s discussed
above, w

ith m
oderate filam

ent population sizes in L
ake M

ich-
igan, 

the cladoceran seem
s to effectively reduce the 

blue-
green's success by increasing the alga's m

ortality rate over that
im

posed by the diaptom
id com

m
unity.

The future: potential im
pact of new

 invertebrate predator
A

 potential epilim
netic invertebrate predator, 

B
ythotrephes

cederstroem
i, has been recently reported in L

akes O
ntario, E

rie,
H

uron, and M
ichigan (B

ur et al. 1986; L
ange and C

ap 
1986;

G
. L

. Fahnenstiel and H
. A

. V
anderploeg, G

L
E

R
L

/N
O

A
A

, per.
com

m
.). 

Invertebrate 
predation 

can 
have 

im
portant 

conse-
quences for plankton com

m
unity structure. T

o evaluate poten-
tial invertebrate im

pacts for L
ake M

ichigan, w
e added an inver-

tebrate predator to the m
odel. W

e used m
odel coefficient values

characteristic  of B
ythotrephes: a constant clearance rate (4 L

- m
g

dry w
eight-' -d

"'; H
. A

. V
anderploeg, unpubl. data) and a m

ax-
im

al respiration rate (0.2 m
g C

-m
g dry w

eight- '-d
'') based on

N
 and P

 excretion rates (0.9 u.g N
-m

g dry w
e
ig

h
f-h

'1, 0.2
H

g P-m
g dry w

eig
h

t-'-lr
1; W

. S. G
ardner, G

L
E

R
L

/N
O

A
A

,
unpubl. data) and assum

ed elem
ental m

ass ratios typical of zoo-
plankton (C

 : dry w
eight =

 0.5, C
:N

 =
 4.0, C

:P
 =

 75; Par-
sons et al. 1984). R

espiration half-saturation constant w
as set

to 0.12 m
g C

-L
"

1 and w
e assum

ed that B
ythotrephes w

ould be
a 

favored 
fish 

prey 
(W

, 
- 

1.0). 
If B

ythotrephes 
prefers

D
aphnia over D

iaptom
us, as prelim

inary data suggest (H
. A

.
V

anderploeg, unpubl. data), the m
odel predicts that increased

B
ythotrephes abundance w

ill cause L
ake M

ichigan's plankton
to return to a com

m
unity sim

ilar to that of the 1970s w
ith D

iap-
tom

us-dom
inated zooplankton and a substantial filam

entous
blue-green com

ponent in the phytoplankton.

C
onclusion

O
ur analysis suggests that, w

hile L
ake M

ichigan responded
to the approxim

ately 35%
 P-load reduction, the response 

to
altered 

zooplanktivory w
as m

uch greater. 
T

hese 
results are

im
portant to L

ake M
ichigan w

ater quality m
anagem

ent as w
ell

as to the larger context of a controversy currently em
erging

am
ong ecologists and lim

 no legists. A
s argued by M

cQ
ueen et

al. (1986), the trophic state of a lake system
 m

ay play a role in
the relative im

portance of food-w
eb interactions. T

his conclu-
sion derives  from

 analysis based on com
parative studies 

(i.e.
regression analyses of am

ong-lake variation) and is valid in that
perspective,  but it does not address questions often before the
researcher or m

anager. T
hose questions pertain to the potential

behavior of a particular lake and/or a subset of sim
ilar lakes.

A
t that scale, the properties of dom

inant species and their inter-
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actions appear to becom
e critical. In L

ake M
ichigan, the role

of large D
aphnia is the critical com

ponent. In fact, the relative
abundance of large D

aphnia 
is key to m

ost theoretical and
experim

ental food w
eb studies reported to date (see C

arpenter
et al. 1985; M

cQ
ueen et al. 1986; C

arpenter et al. 1987).
A

lthough w
e have evaluated the im

portance of nutrient load-
ing and food-w

eb interactions as a dialectic (i.e. as com
peting

hypotheses), that approach m
ay be less constructive than a hier-

archical one (A
llen and S

tarr 
1984; C

arpenter and K
itchell

1987). N
utrient loading obviously determ

ines the basic trophic
state of a system

. W
ithin the variation of annual nutrient loads,

food-w
eb 

interactions 
in 

L
ake 

M
ichigan 

regulate nutrient
cycling and the com

position of the plankton com
m

unity. S
trong

effects on com
m

unity com
position continue to cascade 

from
fisheries 

m
anagem

ent practices and the interactions am
ong

exotic species in L
ake M

ichigan. W
hile anthropogenic actions

m
ay evoke equally im

portant and unexpected effects on food
w

ebs elsew
here, it is clear that w

e have only begun to develop
the conceptual 

and analytical skills required to understand,
anticipate, and effectively m

anage the role of food w
eb inter-

actions. T
hese skills w

ill only im
prove through aggressive,

integrated experim
ental and theoretical research program

s.
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