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Abstract 

An ecological model for recruitment of herring larvae in 
coastal Maine was developed based on the following assumptions. 
Estuaries and tne Maine coastal zone shoaler than 100 m together 
comprise a retention area for larval herring spawned along the 
Maine coast. The net movement of these larvae is southwestward 
along the coast carried by longshore currents and winds. Herring 
larvae are transported into the estuaries by coastal winds and 
tidal dispersion. Net  longshore drift, colonization, and death 
from predation or starvation remove herring larvae from the 
coastal waters. Herring larvae present in the nearshore coastal 
zone are supplied by drift from the northeast or from eggs 
hatched locally. The size of the spawning stock determines the 
number of yolk sac larvae hatched. The model includes small 
(7-15 min) and large (Z1.5 mm) herring larvae within the estuarine 
and coastal plankton ecosystems. Sunlight, temperature, winds, 
tide;, and the estimated spawning biomass of herring determine 
reproductive success and larval survival in the model. Data from 
the period 1971 to 1972 was used to evaluate the model. The 
possible recruitment of Georges Bank larvae to the Maine herring 
fishery from 1965 to 1973 is examined within the context of the 
model. 

Introduction 

Long term research on the early life history stages o+ herring 
from the Maine coast has established sufficient information on 
recruitment processes to permit the development of models. 
(di-ahem (1982) proposed a conceptual model of herring larval 
recruitment in coastal Maine waters which separates inshore 
larval mortality into two phases. The first phase Is a period of 
density dependent mortality in the autumn (possibly food 
limited). 	The second 	phase 	is a density independent or 
environmentally 	related 	mortality 	associated 	with 	the 
overwintering period from winter 	to early spring. 	Larval 
survival is enhanced by late spawning wnich shortens the 
overwintering period and by greater dispersal along the coast and 
within the estuaries and embayments which opens a larger support 
area to the larvae. In this view the estuarine and nearshore 
areas of coastal Maine are a larval retention area (Iles and 
Sinclair 1982) which establishes a maximum carrying capacity for 
larval herring on the Maine coast. In a given year the number of 
larvae spawned, amount of food available to them, and the 
environmental conditions to which they are subjected will 
determine the extent to which this potential productive capacity 
is utilized. 



Graham and Snerman (MS 1985) also used a statistical model to 
relate recruitment at age two to indices of larval The 
larval survival indices for a given year were calculated by 
taking the number of larvae surviving to early winter as a 
traction of either the eggs spawned or of the 4+ spawning 
population multiplied by the rate at which the larvae died during 
the rest of the winter. n statistically significant correlation 
was demonstrated between 	these 	survival 	indices and the 
corresponding harvest of 2 year old fish. 	Departures from the 
resulting regression line (index vs. 	harvest) correlated with 
the hypothetical year class production of Georges Bank at age 2, 
an age group generally not found on the bank. This relationship 
compared with larval distributions suggested migration of larval 
herring +rom the bank to the Maine coast. Building on these 
models, this paper brings together aspects of the early life 
history and ecology of herring larvae within the environment of 
coastal Maine to develop an energy circuit model depicting the 
recruitment process. 

Background Information 

Figure 1 divides the Maine coast by setting a boundary which 
splits the Penobscot Bay into eastern and western halfs. The 
position of this boundary is based on longstanding evidence that 
the climatological and oceanographic processes which govern the 
ecosystem in eastern and western Maine are of different 
intensity. These variations in intensity probablly lead to 
qualitative differences between the ecosystems found in the two 
areas. 

Solar radiation is usually greater in the western section than 
in the east due not only the small latitudinal difference but 
also to the greater average cloudiness in the eastern sector • 
(Gran and braarud 1935). Bigelow (1927) showed greater vertical 
mixing along the eastern Maine coast than along the west. More 
recently, Yentscn and Garfield (1971) have evaluated this 
phenomena using satellite imagery. Garrett et al. (1978) 
related the extent of mixing throughout the Gulf of Maine to 
differences in tidal mixing. The average tidal height along the 
eastern Maine coast is about 257. greater than in the west. 
Differences in vertical mixing in the Gulf of Maine may in part 
be due to wind (Yentsch and Garfield 1971. Lry er and Greenberg 
1986). Saunders (1977) showed that the average wind stress along 
the eastern Maine coast is about twice that found along the 
western coast in most seasons. The character of waters along the 
eastern Maine coast may be modified by advection from the well 
mixed area at the mouth of the Bay of Fundy (Apollonio and Applin 
1972, Brooks 1985. Townsend et al. 1986). The coastal topography 
around Mt. Desert begins to force streamlines offshore leading to 
the formation of a gyre around Jordan Basin (Brooks 1985) and a 
region of complicated flow at the mouth of the Penobscot Bay 
(Graham 1970). Townsend et al. (1986) have examined the 
significance of the unique oceanographic environment in eastern-
Maine to larval herring survival. 

There is a considerable body of information describing the 
ecology and life history of herring larvae in coastal Maine. Eggs 
are deposited on the bottom in both the eastern and western 
sections of the Maine coast (see Figure 1. Boyar et al. 1973). 
Egg production is due primarily to fish age 4 and greater, 
although some herring recruit to the spawning population at age 3 
(Anthony and Waring 198')). Spawning usually begins during late 
August in eastern Maine and in late September in western Maine 
(Graham et al.. 1972), although spawning may occur as late as 
December (Graham. 1982). 

After hatching the larvae are-observed to accumulate in the 
vicinity of egg beds for a few days. These small larvae are 
subject to several oceanographic proceSses. They may be carried 
inshore immediately by tidal or wind driven dispersion or they 
may move along snore carried by the counter-clockwise circulation 



of the Gulf to be dispersed into estuaries and embayments at a 
later time (Graham 1982. Townsend et al. 1986). The transport of 
larvae shoerward may extend as -Far as the tidal current systems 
remain intact (Graham 1972). A few larvae remain in the coastal 
current and are carried southwestward toward Massachusetts Bay. 

Recently hatched larvae are subject to severe mortality as they 
concentrate on the spawning ground and attempt their first 

feeding (Graham and Chenoweth 1973). The breakup of this 
concentration and the transport of larvae southwestward improves 
their nutritional condition and survival (Townsend et al. 1986). 
Sherman (1970) showed that macrozooplankton concentrations are 
generally several times higher along the western Maine coast than 
along the eastern coast. In the estuaries and embayments the 
accumulation of larvae leads to a severe density dependent 
mortality (Graham 1962) followed by a less severe, but longer 
winter mortality. Comparison of the growth rate and mortality of 
several larval cohorts indicated that the high mortality 
sufferred by small larvae is due in part to predation as well as 
food limitation (Graham and Townsend 1985). Temperature may be a 
significant factor in determining the magnitude of density 
independent mortality in the winter months (Anthony and Fogarty 
1985, Graham and Davis 1971). Metamorphosis to the Juvenile form 
occurs in the spring and the juveniles grow through the summer 
reaching a size sufficient for canning by the sardine industry 
during autumn. However, recruitment occurs primarily in the 
subsequent summer when the juveniles are at a most appropriate 
size for canning. 

Model Development 

The model to examine herring larval recruitment is divided into 
four cells numbered 1 through 4 in Figure I. The dotted line 
drawn along the coastal headlands marks the boundary between 
estuarine and coastal waters% Physical transport processes move 
larvae along shore through cells 1 and 3, as well as shoreward 
from coastal to estuarine waters ( cell pairs 1 and 2 and ar. and 
4). The seaward boundary of the coastal waters is taken as the 
100 meter isobath. The lines drawn normal to the shore forM the 
eastern and western boundaries of the coastal water cells. The 
physical and biological basis for setting these boundaries has 
been outlined in the preceding presentatich of background 
material. 

Figures 2,3, and 4 present the energy circuit models which 
depict larval herring recruitment along the Maine coast. The 
ecosystem components are the same within each cell and consist of 
storages representing phytoplankton biomass, P. zooplankton 
biomass, Z. small herring larvae 7 mm to 15 mm in size, S, and 
large herring larvae > 15 mm in size.' Only small herring larvae 
are subject to physical transport processes. We assumed that the 
development of the caudal fin at about 15 mm (Blaxter 1962) would 
give larvae greater than this size more control over their 
movements making them less susceptable to passive physical 
transport. There is some evidence that larvae smaller than this 
size are able to adjust their height in the water column and thus 
they may have more control over their movements than in this 

model (Blaxter and Hunter 1982). Transports of phytoplankton and 
zooplankton may also be important but they are not of principal 
interest and including their transports would make the model much 
more complex. 

In the model phytoplankton production is controlled by solar 
insolation alone. This is not unreasonable for the light limited 
waters of the eastern section (Campbell and Wroblewski 1986) and 
may also be appropriate for the western section as well during 
most of the fall and winter. The zooplankton component includes 
both macro and microzooplankton which feed on the phytoplankton 
and in turn are eaten by small and large herring larvae and other 
predators. Small herring larvae are allowed to feed on the 
microzooplankton only (Sherman and Honey 1971) and large larvae 
are allowed to utilize the entire zooplankton biomass. Small 



larvae develop into large terve and both sizes of larvae are lost 
to density dependent poredation. In the Coastal waters small 
larvae are input to the model upon leaving the yolk sac stage 
inflow J in Figures 2-4. The yolk sac larvae were input to the 

vi 
model as a sinusoidal pulse centered on late September in the 
east and on mid October in the west (Figure 2). Temperature was 
considered to be an important variable controlling the growth and 
mortality of large larvae within the estuaries (Anthony and 
Fogarty 1985). Larvae that remain in the coastal waters were not 
considered to be vulnerable to negative winter temperature 
effects because it was reasoned that they could always find 
cooler temperatures by seeking deeper water. Both temperature, 

, and solar insolation, J , are input to the model as 
TEMF 	 Ii 

monthly average values from September to April. 

Figure 2 shows that advective transport through the coastal 
cells is driven by the counter-clockwise current in the Gulf of 
Maine, J , and by northeast winds J which act to augment the 

C 	 NE 
transport in the coastal current (Greenberg 1993, Day 1958). 
Water enters the eastern coastal section around Gran Manan 
carrying with it a small concentration of herring larvae S . 

C 
Larvae are transported between the eastern and western sections 
but some water and larvae move offshore at the Penobscot Bay. 
Further down the coast water and a few larvae move southwestward 
out of the western section toward Massachusetts Bay. 

Tidal dispersion acts to move small herring larvae shoreward 
under the assumption that the coastal current forms a seaward 
reflecting boundary whereas the the estuaries and embayments act 
as absorbers of herring larvae. Fletcher (1985) has demonstrated 
through a random walk analysis of fish movements along a barrier 
screen that boundary conditions similar to those given above lead 

to a greater probability of fish moving toward the absorbing 
boundary. Thus, the physical factors which control water 
movements in the coastal waters of Maine supply boundary 
conditions which result in the inshore movement of larvae from 
chance alone. Wind driven transport will also have a shoreward 
bias given these boundary conditions. Tidal transport J is 

entered as a constant for each section of the co. - at, whereas wind 
driven transport J is entered as a monthly moan from September 

W 
to December. 

Methods 

Energy circuit modeling 	(Odum 	1971, 1987) was used to 
characterize the process by which larval herring are recruited in 
coastal Maine waters. This modeling methodology consists of a 
number of steps which ultimately lead to the computer simulation 
of an ecological system. The first step in the modeling process 
is to bring several experts in a field together with the modeler 
to assemble the facts which are known about a problem. Through a 
process of iteration between the modeler and the experts a 
complex model is . created which includes all processes thought to 
be important in determining the outcome of a problem. The second 
step is to evaluate the model with the data at hand. In this 
step data gaps in the information base are identified. Also in 
this stage the model is further refined and simplified based on 
the information obtained from model evaluation and further 
Iterations between the experts and the modeler. The third step 
is to take the aggregated and simplified model and translate it 
first into a set of equations and then into a computer program. 
Finally the model is run on the computer and the real world 
process is simulated. Different techniques such as sensitivity 
analysis can now be used to investigate the problem at hand. The 
computer analysis culminates in the validation of the model with 



one or more independent data sets. In this paper we present the 

first two steps in the process of modeling herring larval 

recruitment in coastal Maine waters which lays the foundation for 

computer similation and analysis at a later date. 

Results 

Evaluation of the herring larval recruitment model (shown in 

Figures 2-4) constitutes the results for this study. The forcing 

functions, storages, and pathways in the model are defined and 

evaluated below. A description of how the function or value was 

calculated along with the necessary assumptions and references is 

given. 

Forcing Functions  

is the monthly average solar radiation received on a 

Ii 
horizontal surface from September to April. List (1984) gives the 

following formula: 

Q=0  .615  0.35)  (1) 
( 

for the calculation of the average solar radiation, 0, given the 

fraction of possible direct solar radiation, 5, and the solar 

radiation received  on cloudless days, 0 . The NOAA local 

climatological data sheets for Portland, ME were used to obtain 

an estimate.o+ S in the western coastal section. A monthly 

comparison of S for the years 1949 to 1952 between Portland and 

Eastport'Ma showed that the fraction of possible solar radiation 

received in Eastport was 0.03 less than in Portland for Sept. and 

Oct., 0.12 less than Portland from Nov. to Feb., about equal to 

Portland in March, and 0.06 less than Portland in April. Values 

of S measured in Portland were adjusted by the fractions given 

above to reflect the greater average cloudiness of weather in the 

eastern coastal section.. 0 was estimated from List (1984) using 

0 

latitude 44 degrees and 30 minutes for the eastern sector and 

latitude 43 degrees 50 minutes for the western sector along with 

the assumption that the atmospheric transmission coefficient is 

0.9 on cloudless days. Sunlight was entered into the model as a 

continuous function from September to March or April with the 

monthly mean values centered midway through the month. 

is the volume transported each day by the tide. The salt 

Ti 

balance equation was used  to  estimate  a tidal exchange 

coefficient of 0.62 for the eastern half of the Penobscot Nay 

from data in Meade (1970). The tidal embayments along the eastern 

coast of Maine were assumed to have similar exchange properties. 
The tidal prism of the eastern Maine estuarine area outlined in 

9 

Figure 1 is 3.23X10 m . The volume exchanged per tide is then 
9 3  93 -1 

2.0%10 m times 1.93 tides per day gives about 3.9X10 m d 

transported by the tide in the eastern sector. In the western 

sector the salt balance equation was used to estimate tidal 

exchange coefficients of 0.03 for the Sheepscot estuary and 1 for 

the western Penobscot Nay from information given in Garside et 

al. (1978), Meade (1970), Haefner (1967), and Apollonio and 

Applin (1972). If Casco Nay has exchange characteristics similar 

to the eastern embayments, an area weighted average along the 

western coast gives a tidal exchange coefficient of 0.7. By a 

calculation similar to that used for the eastern coast this 

9  3  -1 
exchange coefficient gives a tidal transport of 2.7X10  m  d 
for the western coastal section. 
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J is the volume transport of the current along the Maine 
C 

coast. 	The average current speeds of the counter-clockwise 
circulation from September to April along the eastern and western 
coastal sectors were taken from Burnous and Lauzier (1965). The 
cross sectional areas of the three vertical sections from shore 
to the 100 meter isobath which form the boundaries of the eastern 

6 2 
and western sections in Figure 1 are Gran Manan, 2.0%10 	m ; 

6 2 	 6 2 
Vinalhaven 5  2.0%10 m ; and Cape Porpoise 1.3%10 	m om . 	If the 
current speed from 0 to 20 meters is constant and then decays 
linearly to the bottom we have a depth averaged current speed of 

-1 	 -1 
2100 m d . for Gran Manan and Vinalhaven and 2250 m d 	for Cape 
Porpoise. The volume transport into and out of the eastern 

9 3 -1 
coastal section is about 4.2X10 m d 	and the volume transport 

9 3 -1 
out of the western sector is 2.9%10 m d . We assume that the 
difference between these two transports moves offshore at the 
boundary between sections. 

J is the volume transport by the wind. The average monthly 
W 

wind velocities were obtained from the local climatological data 
for Portland. Wind stress was calculated as in Saunders (1977). 
Saunders' data showed that the average wind stress is usually 
greater along the Maine eastern coast than along the western 
coast, but in autumn this difference is small. Therefore, 
Portland wind data are used for both the eastern and western 
sectors-in the model. An Ekman transport velocity at the surface 
was calculated using the formulas in Sverdrup et al. (1942) (pp. 

493 and 496) with an average water depth of 60 m for the Maine 
coast and latitude 44 degrees. For an eleven year average autumn 

-1 
wind speed of 3.6 m s 	the depth of frictional resistance to the 
wind is about 30 m using formula XIII. 81 in Sverdrup et al. 
(1942). The linear dimension of the two coastal sections is about 
145000 meters giving a cross sectional area for transport of 

6 2 
4.35X10 m' . 	The calculated values for Ekman transport velocity 
at the surface were depth averaged to 30 m and multiplied by the 
calculated cross sectional area to obtain transport volumes. 
These volumes were decreased by one half because roughly half of 
the autumn winds along the Maine coast result in Ekman transport 
velocities at the surface which are directed inshore (see Figure 
5) 

is the additional longshore volume transport generated by 
NE 

the interaction of northeast winds with the southwestward flowing 
circulation and the Maine coastal topography. ' All days with 

-1 
resultant wind velocities of at least 1.8 m s 	and wind 
direction from 30 to 60 degrees were recorded from the local 
climatological data for Portland. Ekman transport velocities at 
the surface were calculated as above. The effects of wind were 
checked by reference to Greenberg (1983) who used a mathematical 

model to show that a 0.5 dyne cm wind stress could develop a 
southwestward flowing circulation averaged along the Maine coast 

-1 
of about 12 cm s . 	The calculated surface Ekman transport 
velocity for a similar wind stress was about half of the velocity 
produced by Greenberg's model. The calculated transport 
velocities were doubled to reflect the interactive effect of 
northeast wind with the Gulf of Maine topography as shown in 
breenberg's model. These velocities were depth averaged and 
multiplied by the width of the shelf to the 100 m isobath times 
the depth of frictional resistance to obtain an estimate of the 
additional southwestward volume transport by the northeast wind. 
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J 	is the sea water temperature in the estuarine waters of 
TEMP 

the Maine coast. Sea water temperature at Boothbay Harbor, Maine 
was obtained from Welch and Churchill (1984). 

J 	is the influx of yolk sac larvae from eggbeds along the 
yi 

MakihO coast. Graham at al. 	(1973) supply data which were used 
to estimate the distribution of herring spawning from Cape Cod to 
Gran Manan. We used the quantity Of larvae < 10 mm found in each 
Section of the coast from September to November of 1971 and 1972 
as a fraction of the total larvae spawned in the autumn of each 
year to estimate the fraction of the Gulf of Maine herring 
population which spawned in the different coastal sections in 
each year. We found that about 50% of the Gulf of Maine herring 
population spawns in Massachusetts Bay or on Jeffrey's Ledge 
whereas the additional 50% spawn along the eastern and western 
Maine coast. We assume that 257. of the population spawns in the 
eastern section and 25% in the western section of the Maine 
coast. The number of eggs produced in each sector was obtained 
by taking the YEA estimates of 4 + stock size from Fogarty and 
Clark (1985) and multiplying by the age specific fecundity data 
of Morse and Morris (1981) then dividing by four to obtain the 
egg production in each sector of the Maine coast. Mortality in 
the egg stage is estimated at about 107. Caddy and Iles (1973) •and 
mortality of the yolk sac stage is assumed to be another 107.. 

-2 
Numbers'of yolk sac larvae were converted to mgC m 	sea surface 
assuming a 7 mm average size for the larvae and using Chenoweth 
(1970) to estimate dry weight, then multiplying by 0.55 C:dry 
weight ratio and dividing by the area of the coastal section. 

Storages  

P is the amount of phytoplankton in the water. 	Measurements 

of chlorophyl a in the coastal water were taken from Apollonio 
and Applin (1972). An average carbon to chlorophyl ratio of 45:1 
was used (Parsons and Takahashi 1973). Chlorophyl is assumed to 
be present in significant quantities to an average depth of 25 m 
in the estuarine waters and to a - depth of 50 m in coastal 
waters. An average of Apollonio and Applin's September. 1971 

2 
transects through the eastern and western areas gives 6.2 gC m 

-s 
for the western estuaries; 6.4 gC m 	for the western coastal 

-2 	 -2 
area 3.7 oC m 	for the eastern embayments; and 8.3 gC m 	for 
tne eastern coastal section. 

Z is the amount of zooplankton in the water. No zooplankton 

data were available for 1971, therefore, we chose to use the 1968 
zooplankton measurements from the data which Sherman obtained 
along the Maine coast from 1964 through 1968 (Sherman 1966, 1968, 
1970) because this year was most similar to 1971 in sunlight and 
temperature characteristics. Since Sherman used 0.366 mm mesh 
nets which did not sample the microzooplankton we adjusted his 
volumes according to the observations of Beers and Stewart (1969) 
by adding their maximum 437. of macrozooplankton volume to the 
zooplankton measured in our eastern sector. We added 257. of the 
macrozooplankton volume measured in the western sector to account 

for the microzooplankton there, because the data of Bigelow et 
- al. (1940) indicated that planktonic protozoans are more 
abundant in the eastern sector than in the western sector in 
fall. The zooplankton biomass in the western estuaries is 

-2 
estimated to be 149 mgC m 	of which 36 mg is microzooplankton; 

in the western coastal area there are 350 mgC m 	of whidh 99 mg 
are microzooplankton; in the eastern embayments there are 28 mgC 



M  of which 10 mg are microzooplankton; and in the eastern 

coastal area  there  are 42 mgC m  of which 15 mg are 
microzooplankton. Conversions from displacement volume to mgC 

were made using the formula of Wiebe et al.  (1975). 

S and L ,respectively, are the amounts of small (7-15 mm) and 

large (,15 mm) herring larvae present in the water. Data from 

Graham et al. (1972) were used to evaluate these storages. The 

2 

number of larvae per 1000 m were converted to mgC m  using 

Chenoweth (1970) assuming an embayment depth of 40m, a coastal 

depth of 6011 and a carbon to dry weight ratio of of 0.55. From 

these data there are 2.2 mgC m  of small herring larvae and 1.8 

mgC m  of large herring larvae in the eastern coastal waters in 

early September, 1971. In the western coastal sector there are 

-2 

0.024 mgC m  small herring larvae and 0.91 mgC m  of large 

herring larvae. From Graham (1982) and Graham et al.  (1972) we 

2 

estimate that larval biomass per m  of sea surface within the 

eastern embavments is anout 107. of the coastal biomass in coastal 

2 

waters in September. We estimate are 0.22 mgC m  of small 

herring larvae and 0.18 mgC m  of large herring larvae in the 

eastern embayments in early September, 1971. Similarly we assume 

that the western estuaries hold 107. of the herring larval biomass 

present in the western coastal waters. Therefore, we have 0.0024 

mgC m  small herring larvae and 0.091 mgC m  large herring 

larvae in the western estuarine waters. 

Pathway flows  

F'  is the amount of solar radiation absorbed by the 

Oi i 

ecosystem. This value is calculated by taking the difference 

between the incident solar radiation J  and the 'albedo J 

Ri 

estimated as 10% for latitude 44 degrees (Von Arx 1962). J  and 

-2 -1  13 

J  are 4120 Cal m  d  on September 1, 1971 for the western 

14  -^  1  -2 

sector and 3  and J  are 472 Cal m  d  leaving 4248 Cal m 

-1  R3  R4 

d  to be absorbed by the western ecosystem. J  and J  are 

-2 -1  12 

4570 Cal m  d  in the eastern section, j  and J  are 457 Cal 

-2 -1  -2  -1  RI  R2 

m  d  leaving 4113 Cal m  d  to be absorbed by the eastern 

ecosystems. 

k  J  is the phytoplankton gross primary production in 

li i Ri 

coastal and estuarine waters. From Garside et al.  (1978) an 

 

-1  -1 

average rate of 3 mgC mg Chl a  h  primary production from 

summer to winter was calculated for the Sheepscot estuary. 

essuming that this  rate  is typical of September primary 

production along the Maine coast and adding in  10%  for 

pnytoplankton respiration (Steeman Nielson and Hansen 1959), we 

-1 

have 4t4 mgC m  d  gross primary production in the western 

-1 

coastal waters, 450 mgC m  d  in the western estuarine waters; 

602 mgC m 	d  gross primary production in the eastern coastal 



- 9 

-2 -1 
waters and 268 mgC m 	d 	in the eastern embayments. 

k F' is the loss of phytoplankton biomass through respiration, 
i 1 

sinking, and predation by animals other than zooplankton. This 
loss is taken as the difference between gross primary production 
and zooplankton grazing. 

k 	Z is the pnytoplankton grazed by zooplankton. We assume 

that macrozooplankton graze 207. of their body weight per day and 
microzooplankton graze 60% of their weight per day Parsons and 

Takahashi 1972.).Western coastal zooplankton graze 110 mgC m 
-1 	 -2 -1 

d ; western estuarine zooplankton graze 44 mgC m 	d ; eastern 
-2 	 I 

coast zooplankton graze 15 mgC m 	d ; and eastern estuarine 
-1 

zooplankton graze 10 mgC m 	d . 

k P Z 	is 	the food assimilated by 	zooplankton. 	The 
41 i i 

zooplankton assimilation rate is assumed to be 707. (Steele 1974). 

k Z is the loss of zooplankton biomass through respiration 
51 i 

and 	predation other than by herring larvae. 	Zooplankton 
respiration is calculated from the equations of Ikeda (1970) 
using and average body size of 1 mg for large zooplankton and 0.1 

-1 
mg for small zooplankton. This gives 10 mgC m 	d 	zooplankton 

-2 -1 
respiration in the western coastal area; 4 mgC m 	d 	in the 

-1 
western estuarine area; 1.2 mgC m 	d 	in the eastern coastal ,  

-2 	-1 
area; and 0.8 mgC m 	'd 	in the eastern embaymemts. Secondary 
production by zooplankton is calculated using a yearly F:B ratio 
of 7:1 for macrozooplankton and 25:1 for microzooplankton (Cohen 
and brosslein 19861. For the zooplankton storages in the model, 

-1 
secondary production is 1.54 mgC m 	d 	in the eastern coastal 

-1 
ecosystem, 11.6 mgC m 	d 	in the western coastal ecosystem, 

-2 -1 	 -2 	-1 
' 1.02. mqC m 	d 	in the eastern embayments, and 4.6 mgC m 
in the western estuaries. The loss zooplankton biomass to 
predation other than by herring larvae' can now be calculated by 
difference. 

k 1 S is the amount of zooplankton biomass eaten by small 
6 i i i  

herring larvae. Small herring larvae (11 mm average size) search 
-1 

about 1.5 1 h 	(81 axter and Hunter 19432) and have a capture rate 
assumed to average 50% over the interval from 7 to 15 mm. 	If 
these larvae feed only on microzooplankton during daylight hours 

-I 
they can ingest a maximum of 0.07 mgC m 	d 	in the eastern 

-1 
coastal area; 0.007 mgC m 	d 	in the eastern embayments; and 

-2 -1 	 -2 
0.02 mgC m 	d 	in the western coastal area and 0.0007 mgC m 
-1 

d 	in the western estuaries. 

k Z L is the amount of zooplankton biomass eaten by large 
7i i i 

herring larvae. Large herring larvae (17 mm in the east and 22mm 
-1 

in the west) search an average of 7.5 1 h 	and have a capture 
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rate of 957. (81axter and Hunter 1982). Large larvae ingest 0.19 
-2 -1  -2 -1 

mgC m 	d  in the eastern coastal area; 0.019 mgC m  d  in the 

- 2 -1 

eastern embayments; 0.26 mgC m  d  in the western coastal area; 

And 0.011 mgC m  d  in the western estuaries. 

k Z S  is the assimilation of small larvae.  Slaxter and 

8i i i 

Hunter (1982) note that growth averages 407. of ration and 45-517. 

of the energy assimilated. Thus, assimilation is between 80 and 

907. of ingestion. We assume that assimilation is 907. for small 
-1 

larvae. Small larvae assimilate 0.068 mgC m  d  in the eastern 

coastal area; 0.0068 mgC m  d  in the eastern embayments; 0.018 

-2 -1  -2  -1 
mgC m  d  in the western coastal area; and 0.0006 mgC m  d 

in the western estuaries. 

ZLi]L is the assimilation of large herring larvae.  Using 

VI  i  -t 

an assimilation rate of 907. there are 0.175 mgC m 

assimilated by large herring in the eastern coastal area; 0.0175 

-1 

mgC m 1  d  assimilated in the eastern embayments; 0.28 mgC m 

-1  -2 -1 

d assimilated in the western coastal area and 0.01 mdC m  d 

assimilated by large larvae in the .  western estuaries. 

DNA is the respiration of small herring larvae and natural 

lki 

mortality• of small herring larvae.  The respiratory rates for 

small larvae of size 0.15 mg were estimated from De Silva and 

Tytler (1973). Respiration o+ small larvae in the eastern coastal 

-2 -1 

area was 0.14 mgC m  d ; in the eastern embayments it was 0.014 

mgC m  d ; in the western coastal waters it was 0.0015 mgC m 

-1  -2 

d and in the western. estuaries respiration was 0.00015 mgC m 

-1 

d . Natural mortality of the small larvae in the eastern 

section was prbrated by size of the larvae present. Larvae C 10 

-1 

mm in size were assigned a mortality of 297. d  (Graham and 

Chenoweth 1971) and larvae between 10 and 15 mm were assigned a 

daily mortality of 5% (Chested and Moksness 1981, Lough et al. 

1985). The loss of larval biomass through natural mortality in 

-1 

the eastern coastal section was 0.16 mgC m  d . Similarly the 

loss of larval biomass within the eastern embayments is 0.016 mgC 

-1 

m  d  The loss ofsmall larval biomass through mortality in 

-2 -1 

the western section was 0.006 mgC m  d , and in the western 

- -1 

estuaries it was 0.0006 mgC m  d 

k  Lii] is the respiration and natural mortality of the large 

11i 

larvae. Respiratory rates for large larvae of weight 1.1 mg were 

calculated from De Silva and Tytler (1978). The respiration of 

-1 

larvae in the western coastal waters was 0.08 mgC m  d , in the 

-1 

eastern embayments it was 0.008 mgC m  d , in the western 

-2 -I  -2 -1 

coastal waters it was 0.04 mgC m  d , and 0.004 mgC m  d  in 

the western estuaries. An average natural mortality for the 



-1 
large larvae was estimated at 3% d 	(Graham and Davis 1971, 
Lough et al. 	1985). The loss of biomass through natural 

mortality in the eastern section was 0.054 mgC m 	d 	the loss 

in the eastern embayments was 0.0054 mgC m 	d , this loss in 
-1 

the western coastal section was 0.027 mgC m 	d , and in the 
-1 

western estuaries it was 0.0027 mgC m 	d . 

+. 5L1J is the loss of small herring larvae through growth into 
-1 

large larvae. 	Assuming an average growth rate of 0.25 mm d 
;Graham and Aownseng 19851 it will take about 16 days +or the 

-1 
average small larvae to become a large larvae. 0.14 mgC m  d 
of small larvae become large larvae in the eastern coastal area; 

-1 
0.014 mgC m 	d 	o+ small larvae in the eastern embayments 

-1 
become large larvae; and 0.0015 mgC m 	d 	of small larvae in 
the western coastal area become large larvae. 

k 	J (8 	-5 	) is the net transport of herring larvae 
13d W 1.3 2.4 

shoreward by the wind. 	The net shoreward wind transport in 
9  -3 -1 	 -2 -1 

September, 1971 was 1.6 X10 m 	d 	which gives 0.02 mgC m 	d 
transport of small larvae into the eastern embayments. and 0.0007 

2 -1 
mgC m 	d 	as the transport of small larvae into the western .  

estuaries. 

k 	j (S 	-S 	is the net transport of herring larvae 

 

14i Ti 	1,3 	2,4 
shoreward by the tide. The tidal transport of larvae shoreward 

-1 
in the eastern sector is 0.05 mgC m 	d 	and the shoreward 

-2 -1 
transport in the west is 0.0006 mgC m 	d . 

k S (J +J ) is the influx of herring larvae from waters 
15 C C NE 

around Gran Manan. The concentration around Gran Manan is assumed 
-2 

to be about 0.44 mgC m 	from Graham et al. 	(1971). There are 
- 2 -1 

0.01 mgC m 	d 	of herring larvae entering the eastern coastal 
section around Gran Manan. 

k S (J +J ) is the loss of herring larvae from the eastern 
16 1 C NE 

sector to the western sector and is calculated from the model to 
-1 

be 0.05 mgC m 	d . 

k S 	+J ) is the amount of herring larval biomass which is 
17 1 C NE 

transported into the western sector from the eastern sector and 
-1 

is calculated to be 0.035 mgC m 	d . The remainder is carried 
seaward off the Penobscot hay. 

k S (j +j ) is the biomass of larvae transported out of the 
19 7 C NE 

western sector toward 	Massachusetts 	Bay. 	This number is 
-1 

.calculated tram the model to be 0.0045 mgC m 	d . 
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Discussion 

The energy circuit models shown in Figures 2 to 4 may aid us in 
understanding herring recruitment in a number of ways. First the 
evaluated models provide a source of information about the 
relative importance of the various environmental factors and 
ecological processes which affect herring larval recruitment. 
The proposed model structure forces us to think in holistic and 
quantitative terms about how herring recruitment really works and 
whether or not this particular formulation of ideas Is 
plausible. Finally, the modeling process helps us to identify 
aspects of the recruitment problem which are not yet entirely 
understood. Several points taken from the models will be 
discussed in order to improve our understanding of herring 
recruitment in Maine waters. We hope that some of these insights 
will be found applicable to herring recruitment in general. 

Une prominent aspect of the Maine coastal environment is the 
large difference between the physical forcing variables in 
eastern and western Maine. From the model evaluation we found 
that tidal transport is 447, greater in eastern embayments than in 
tne western estuaries. Wind stress on the water surface differs 
markedly between east and west in all seasons except autumn. 
Solar insolation is 127.. greater in the western coastal area from 
November through February than in the east. The amount of 
longshore transport is probably somewhat greater for the eastern 
seeif than for the western shelf (45% more as evaluated in this 
mood!). Ferhaps tne principal ecological difference observed as 
a consequence or differing environmental conditions in the 
eastern and western coastal waters is the paucity of cooplankton 
in the .eastern waters and the relative abundance of zooplankton 
tound in tne west (Sherman 1970, Townsend et al. 1986). In 
contrast there was reiatively little difference in the food 
available within the coastal and estuarine areas at least for 
1971, the year we evaluated. 

Table 1 shows the relative importance of various physical and 
ecological processes aftecting small herring larvae along the 
Maine coast in early September. In general biological processes 
are controlling larval concentrations except for the important 
physical transport of small larvae into the estuaries and 
embayments and the movement of larvae with the longshore current 
from the eastern to the western coastal section. Growth 
dominates mortality in the western waters which are rich in 
jooplankton. Growth in the eastern waters is much slower and 
mortality is more important in controlling the biomass of 
larvae. Tidal and wind driven transport of herring larvae are, 
In general, more important than advective longshore transport. 
However, the most important process controlling herring larval 
distributions in the western section at this time of year is the 
transport of small herring larvae from the east. In contrast the 

transport o+ larvae into the eastern sector from the Bay of Fundy 
is very small. 	This process is not well understood and its 
elucidation is one of the objectives of a current 	Joint 
Canadian-US research program. The dominant process contolling 
the biomass of small herring larvae in the east is hatching and 
the subsequent input of post yolk sac larvae to the eastern 
coastal sector. 

A similar analysis of the ecological processes controlling the 
abundance of large larvae showed that growth exceeded mortality 
in all areas (see Table 2). Growth of large larvae was greater in 
the eastern area than in the western as expected from the 
distribution of food items. Mortality was about the same in both 
areas, but input to large larvae from the development of small' 
larvae was much greater in the eastern sections than in the 
western. The large larvae in western coastal waters were growing 
somewhat faster than those in the western estuaries. 

The turnover times given in Tables 1 and 2 are based on the 
assumption that small larvae average 11 mm in size and large 
larvae average 22 mm in size. In September 1971 this was true 
for the large larvae in the west and for the small larvae in the 
east. However, small larvae in the west really averaged 8 mm in 
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size and the average large eastern larva was really only 18 mm in 
length. When feeding rates of the smaller larvae are used, we 
found that growth of small herring larvae in the western coastal 
area dust balances mortality, while in the western estuaries 
mortality of 8 mm larvae would exceed growth. The 18 mm large 
larvae in the east actually can only break even on the low 
zooplankton concentrations rather than grow as indicated by Table 
2. Thus, large larvae within an increment will be nutritionally 
better of+ and small larvae worse off than indicated in Tables 1 
and 2. if the biomass of microz000diankton is underestimated in 
the model these results on larval feeding would be modified to 
give greater growth and higher survival. This number is not well 
known and future research should be directed toward increasing 
our knowledge of zooplankton concentrations in Maine coastal 
waters. 

Calculation of advective transport along the coast indicated 
that 307, of the water that leaves the eastern sector exits the 
coastal waters of+ the Penobscot Bay. This water and the larvae 
contained in it are probably caught up in the counter -clockwise 
eddy that often occupies this area. After a variable lag time 
these larvae may then be released to the western coastal area by 
turbulent dissipative processes. Alternatively, they may be 
swept offshore and caught up in the gyre around Jordan Basin 
(Brooks 1985). There is some evidence that the former alternative 
is more likely (Graham 1970, 1982), but further work is needed to 
clarify the physical oceanographic processes that control water 
movements in this area to resolve the problem. 

Figure 2 shows that northeast winds are modeled so that they 
increase advective transport along the Maine coast (Day 1958, 
Greenberg 1983, Csanady 1974). There is considerable year to year 

variation in the frequency of northeast winds in autumn along the 
Maine coast, and they were originally thought to be an important 
factor determining the residence time of herring larvae off the 
coast. Evaluation of this effect indicated that over a 120 day 
period from September to December transport by the northeast wind 
accounts for no more than S times the daily transport by the 
coastal current. This value is uncertain and the model will be 
used to test the effects of northeast wind for different 
efficiencies of transport generation. 

temperature is modeled as a major factor determining the 
survival of large herring in the estuaries durinc winter (Graham . 

 and Davis 1971, Anthony and Fogarty 1985). Temperature is modeled 
as a push-pull interaction; that is, temperature stimulates both 
anabolic and catabolic processes (Odum 1983). This formulation of 
temperature can explain the apparently contradictory correlation 
results of Anthony and Fogarty (1985). They observed a positive 

• correlation of the Sept. to Mar. mean winter temperature with 
herring recruitment when comparing the highly productive years 
during the 1950's with later ',ears. However, in the 60's and 
70's they found a negative correlation between the mean and 
minimum temperature from Jan. to Mar. and herring recruitment. 
In the model nigher winter temperatures will stimulate both 
growth and respiration; therefore, if food supply is low 
mortality will increase at higher temperatures. In contrast if 
higher water temperatures in the fifties were associated .  with 
increased solar radiation along the Maine coast and in 
consequence greater winter -  productivity; winter growth could 
balance or exceed the mortality associated with warmer water and 
result in greater herring survival. 

The relationship between solar insolation as the basis of 
biological productivity and herring recruitment is further 
explored in Table 3. The correlation coefficient of a linear 
regression of 2 year old harvest on average autumn solar 
insolation is 0.346. Nevertheless, if we assume that there is 
some relationship between the potential biological productivity 
in a given year and herring recruitment and that the years 1976 
and 1981 represent years with little or no recruitment from 
Geoorges Bank we can speculate on the possible influence of 
Georges Bank herring on the Maine 2 year old harvest (Graham and 
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Sherman MS 1986). The years 1966 and 1970 are both much higher 

tnan can be accounted for by productivity on the Maine Coast. 

Nineteen seventy should have been a bad year based on potential 

productivity alone. Nineteen sixty six should have been a good 

year for herring but not nearly as good as as it turned out to 

be. Nineteen sixty nine is anomalously low but this was a bad 

year on Georges Bank as well (Anthony and Waring 1980). The loW 

herring production in this year may have resulted from low autumn 

productivity combined with high winter water temperatures. When 

both solar insolation and water temperature are compared for the 
years listed in Table 3, only 1969 has low insolation combined 

with high winter water temperatures. Conversely. 1976 which was 
a good year had very high autumn productivity and low winter 

water temperature. 
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Table 1. A comparison of of small herring larvae turnover times 

generated by various ecological and physical processes when all 

other factors are held constant. 

Turnover Time in Days 

Eastern Section  Western Section 

Type of Process 
 

Coast  Estuaries  Coast  Embayments 

Physical Process 

Inshore transport 
 

31 
 

3.1 
 

27 

Longsnore transport out 44 
 

53 

Longsnore transport in 
 

220 
 

0.7 

Ecological Process 

Growth 
 

35 
 

35  1.3 

Hatching 
 

0.9 

Mortality 
 

7.3 
 

7.3  3.2  3.2 

Table 2. A comparison of of large herring larvae turnover times 

generated by various ecological processes when all other 

factors are held constant. 

Turnover Time in Days 

Eastern Section  Western Section 
Ecological Process 

 
Coast  Estuaries  Coast  Embayments 

Growth 

Development 

Mortality 

10.2 

12.8 

13.8 

10.2 

12.8 

13.8 

4  9.1 

606  606 
13  13 
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Table 3. The relationship between the average autumn solar 

insolation at Portland ME, winter water temperature at Boothbay 

Harbor and the Maine harvest of 2 year old herring 2 years 

later for years with and without possible inputs from the 
Georges Bank stock. • 

Year 	 O 2 Year Olds  Insolation  temperature 

 

6  -2 -1 

 

X I()  Cal m  d c 

Geroges Bank Years 

1965  268  2890  2.1 
1966  877  2957  1.2 
1967  216  2870  1.0 
1968  183  2767  2.4 
1969  62  2643  3.0 
19/0 	3 .17.9 	2493 	1.5 
1971  155  2883  2.3 
1972  175  2720 	2.6 
1973  172  2907  3.7 

Post Georges Bank Years 

1976 (little -r any, 
 

2. 0 
1981 
 

270,5 
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Figure loA map of the maine coast snowing the tour model cells 

numbered 1 through 4. Estuarine ecosystems are separated from 

the coastal ecosystems by the dotted line along the headlands. 
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Figure 2.An evaluated energy circuit model showing the coastal 

ecosystems linked through longshore transports. 

Figure Z.An evaluated energy circuit model wnich shows the 

eastern coastal and embayment ecosystems and the physical 

processes which link them. 



WESTERN ESTUARINE ECOSYSTEM (4) 

Figure 4.An evaluated energy circuit model which shows the 

western coastal and estuarine ecosystems and the physical 

processes which link them. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20

