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ABSTRACT: We applied an individual-based population model to examine the potential compensatory 
scope of the bay anchovy Anchoa mitchilli in Chesapeake Bay. Model simulations were analyzed to 
estimate: (1) how losses of individuals in different life stages affect year-class production; (2)  the 
changes needed in individual processes and, simultaneously in multiple processes, to offset a 50% 
increase in larval-stage mortality; and (3) population responses to increasing larval-stage mortality 
under conditions of presumed high compensatory potential. We hypothesize that, in response to lower 
densities, the bay anchovy population could compensate for increased larval n~ortality through 
increased growth rates, increased allocation of energy to reproduction, or reduced predat~on mortality 
as predators target other species. Simulation results indicate that late-larval and juvenile bay anchovy 
may be able to consume a significant fraction of their zooplankton prey, suggesting that anchovy is at 
abundances that can cause density-dependent growth in the Chesapeake Bay. However, density- 
dependent effects on prey resources alone had a limited buffering effect against a 50% reduction in 
larval-stage survival. The potential effect of losses of larvae on future production of a year class 
depended upon when during the larval stage individuals are removed from the population. Modeled 
alone, large changes in spawning ~ntensity (no. of batches and eggs per batch), egg survival, or mor- 
tality of juveniles and adults were required to offset increased larval mortality. When all processes were 
varied simultaneously, much smaller changes were required. Under a high compensation scenario, 
there was a strong dome-shaped response in adult production potential to increased larval mortality, 
such that highest adult production occurred when survival rate of larvae was reduced by as much as 
60% While the information presently available to examine density-dependent population responses in 
bay anchovy is limiting, the modeled results indicate that the bay anchovy population in Chesapeake 
Ray potentially can regulate its abundance through simultaneous shifts in processes believed to be sen- 
sitive to population density. 
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INTRODUCTION key role in trophic dynamics in those habitats (Baird & 
Ulanowicz 1989, Wang & Houde 1995). The anchovy 

The zooplanktivorous bay anchovy Anchoa mitchilli contributes significantly to diets of commercially im- 
is among the most abundant fish of coastal bays and portant piscivores in Chesapeake Bay (Baird & Ulan- 
estuaries on the Atlantic coast of the USA (Hildebrand owicz 1989, Hartman & Brandt 1995), suggesting that 
& Schroeder 1928, Houde & Zastrow 1991) and plays a limits on anchovy production may limit piscivore pro- 

duction (Hartman & Brandt 1995). Moreover, it 1s pos- 
'E-mail. jcowan@jaguarl usouthal.edu sible that anchovy abundances are at  levels where 
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they can control abundance and biomass of their prey. tional relationships as such, and allowed us to deter- 
Recent modeling (Luo & Brandt 1993, Wang et al. 1997, mine how much compensation for increased larval- 
Rose et al. 1999, in this issue) and field observational stage mortalities might be expected, assuming the 
studies (Klebasko 1991, Wang & Houde 1995) indicate selected processes responded to density. 
that late-larval and juvenile bay anchovy may con- 
sume daily a significant fraction (possibly -30 to 50 %) 
of the zooplankton standing stock in Chesapeake Bay METHODS 
in late-summer to fall when anchovy biomass peaks. 
High anchovy abundance and biomass may cause con- Model description. The IBM, described in detail by 
sumption rates on zooplankton that not only control Rose et al. (1999), begins with spawning of individual 
zooplankton abundance but also result in density- bay anchovy females and simulates the growth and 
dependent growth of anchovy, possibly affecting mortality of each female's progeny as individuals 
cumulative mortality and levels of recruitment (Cush- develop through the egg,  yolk-sac larval, larval, juve- 
ing 1975, Houde 1987). nile, and adult stages. Exogenous feeding begins with 

Past models of bay anchovy population dynamics the larval stage; juveniles are from 25 to 40 mm long; 
have focused on effects of power plant entrainment adults are >40 mm. Individuals are followed on a daily 
and impingement (Polgar et al. 1988, Summers 1989, time step as they grow, spawn, and die. Surviving 
Loos & Perry 1991). Power plant entrainment of bay female adults become spawners of next year's prog- 
anchovy larvae in the Patuxent River sub-estuary of eny. Individuals can live multiple years; however, due 
Chesapeake Bay was estimated to reduce potential to high mortality, individuals rarely live past Age 3 in 
survival to the juvenile stage by 24 to 76% (Polgar et simulations. Model simulations are for 50 yr, with each 
al. 1988). The past analyses and models have generally 365 day year beginning on Calendar Day 135 (May 15), 
ignored the issue of compensatory reserve (density- the beginning of the spawning season. 
dependent processes) and how it might affect popula- For the egg and yolk-sac larval stages, each day's 
tion responses to reduced early-life-stage survival. spawn of eggs (from pooled females) is followed 

In this paper, which is a companion to Rose et al. through time; individuals are followed through larval, 
(1999), we apply an  individual-based model (IBM) to juvenile, and adult stages. The model tracks each indi- 
examine the potential compensatory scope of the bay vidual's length (L, mm), dry weight (W, mg) ,  age (d) ,  
anchovy population in the mesohaline Chesapeake Bay. life stage, day spawned, and day hatched. 
Model simulations were analyzed to estimate: (1) how Eggs and yolk-sac larvae develop at rates based 
losses of individuals in different life stages affect year- upon temperature, and die at fixed rates per day. All 
class production; (2) the magnitude of changes re- feeding individuals (larvae, juveniles, and adults) con- 
quired in individual processes, and simultaneously in sume zooplankton, and grow according to defined 
multiple processes, to offset a 50% increase in larval- bioenergetics relationships. Prey encounters, attacks 
stage mortality; and (3) population responses to in- and captures, and mortality (probability of dying) of 
creases in larval-stage mortality under presumed high feeding individuals are treated stochastically using 
compensatory potential conditions. We hypothesize Monte Carlo techniques. 
that, at  low densities, the bay anchovy population The model simulates daily dynamics in a single, 
could compensate for increased larval mortality well-mixed compartment (10 m X 20 m X 7.5 m deep).  
through increased growth rates, increased allocation Environmental conditions in the compartment are 
of energy to reproduction (Bagenal 1966, Van Winkle daily mean water temperature, fraction of the 24 h day 
et al. 1997), or reduced predation mortality if predators that is daylight, and the daily densities of zooplankton 
targeted other species (Hartman & Brandt 1995). prey. For this version of the model, environmental and 
Increased energy allocated to reproduction could biological conditions are those expected in the meso- 
result in more spawning batches, more eggs per batch, haline region of the Chesapeake Bay (Bay). 
or in higher quality eggs with higher survival potential Spawners each year include those individuals that 
(Bagenal 1973, Mann & Mills 1979, Bromage et al. had been hatched in the mesohaline model box, plus a 
1990). net immigration of individuals into the box. The actual 

Unfortunately, data presently available for bay number of spawners in the mesohaline region of the 
anchovy do not permit resolution of whether these pro- Bay varies each year somewhat independently of the 
cesses actually do change in response to anchovy den- number of survivors from the previous year because 
sity. Rather than attempt to determine functional rela- bay anchovy migrate to the southern portion of the Bay 
tionships between these rates and density, we selected (as well as to coastal waters) for the winter; some 
and imposed changes independent of simulated den- return to the mesohaline Bay to spawn the next year 
sity. This approach avoids the need to specify func- (Wang & Houde 1995). Although other alternatives 
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have been explored in both Wang et al. (1997) and 
Rose et al. (1999), immigration into the mesohaline 
model box each year is represented in these simula- 
tions as a multiplier of the number of spawners 
hatched in the model box. Multiplier immigration rep- 
resents the situation in which conditions for anchovy 
vary similarly for the entire population, including indi- 
viduals derived from outside of the mesohaline region 
of the Bay. Thus, high numbers of survivors in the 
mesohaline model box would imply good conditions 
overall, and thus a high number of immigrants the next 
year. Immigrants are added on May 15 of each year as 
55 mm, Age 1 individuals in a 1 : l  sex ratio. 

Total population abundance is the number of adults 
(>40 mm) on May 15. Recruitment is defined as the 
number of young-of-the-year (YOY, Age 0) that have 
become adults (40 mm) by May 15. Abundances and 
recruitment are expressed as numbers in the l500 m3 
model box. Production is based upon each feeding 
individual's (larva, juvenile, and adult) daily change in 
weight. Production is estimated by life stage and for 
year-classes over their lifetime. Mean values presented 
herein are based upon Years 4 to 50 of 50 yr simula- 
t ion~ .  The first 3 years of each simulation are not 
included to eliminate initial-condition effects. 

Design of simulations. Results of 3 sets of siinula- 
tions are presented in this paper. The first set consists 
of a baseline simulation and resulting estimates of life- 
stage-specific and total biomass production. This base- 
line simulation used multiplier immigration and is the 
same as that analyzed in more detail and compared to 
observational data by Rose et al. (1999). In this paper 
we also simulate the response of population production 
to losses of individuals in different life stages. A second 
set of simulations examines the magnitude of changes 
required in selected compensatory processes to offset a 
50% reduction in larval survival. Effects of changes in 
levels of individual processes, as well as effects of 
simultaneous changes in all processes, are examined. 
The third set of simulations compares the effects of a 
range of reductions in larval survival under baseline 
conditions to those with sin~ultaneous changes in all 
processes combined specifically to result in high com- 
pensatory potential. 

Baseline simulations and biomass production: Base- 
line conditions were run under conditions representa- 
tive of the mesohaline region of the Bay (see Rose et al. 
1999). Daily temperatures and zooplankton densities 
were specified based upon data from the Calvert 
Cliffs, Maryland area of the Bay. The model was con- 
figured to generate life-stage-specific densities, growth 
rates, mortality rates, and mean lengths-at-age that are 
similar to observed values. The magnitude of multi- 
plier immigration required to stabilize the population 
was determined by trial and error. 

The baseline simulation was used to estimate anchovy 
production. The change in weight of each anchovy for 
larvae, juveniles, Age 0 adults, and Age 1 to Age 3 adults 
(dW/dt, mg dw d-l) was summed over individuals for 
each day, and over days for each year. As individuals die 
during the simulation, they no longer contribute to pro- 
duction. Production of Age 1 and older adults was as- 
signed to their respective year classes (e.g. a year class 
born in Year 5 included production of Age 1 in Year 6, 
Age 2 in Year 7, and Age 3 in Year 8). Year-class pro- 
duction for Year t (P,, mg dry wt m-3) was computed as: 

P, = larval, +juvenile, + Age 0 adult, + Age l,,, 

+ Age 21+2 + Age 3 , + 3  

P, is the total production from individuals spawned in 
Year t over their lifetime. Pwas expressed as mg dry wt 
m- 3 , and per individual for each life stage. P per num- 
ber metamorphosing did not include larval production, 
and P per number maturing did not include larval and 
juvenile production. Because the weights of eggs and 
yolk-sac larvae do not change in the model, production 
per hatchling and per first feeder required no adjust- 
ment to total production. Thus, life-stage-specific pro- 
duction ratios represent future production from the life 
stage represented in the denominator, forward. 

Offsetting increased larval mortality (OLM) simula- 
t i o n ~ :  Model simulations estimated changes in levels of 
spawning intensity (number of batches and eggs per 
batch), egg survival, or mortality of juveniles and 
adults, that were required to offset an increase in lar- 
val mortality and 'restore' the bay anchovy population. 
Increasing the daily probability of larvae dying by 
13 % (multiply by 1.13) results in a mean mortality rate 
of 0.176 d-' (compared to 0.156 d-' in baseline simula- 
t i o n ~ )  and a 50% reduction in the mean number sur- 
viving to the juvenile stage. 

We define restoration as occurring when the pre- 
dicted mean total population abundance and recruit- 
ment were 290% of mean values in baseline simula- 
t i o n ~ .  To determine fecundities required to achieve 
restoration, batch fecundity was increased by multiply- 
ing the batch fecundity (eggs g-') relationship (Eq. 4 in 
Rose et al. 1999) by 1.1, 1.3, 1.5, 1.7, 1.9, and 2.1. Num- 
ber of spawning batches was increased by adding a 
constant (0.05, 0.10, 0.15, 0.20, 0.25, 0.80) in each case 
to calculate fractional progress towards spawning (S,), 
applying the following equation: 

if BT 10 .06  
18.75BT -0.875 if 0.06 < BT 5 0.1 

S, = 1.0 r if 0.1 < BT 5 0.83 
-18.75BT - 16.56 if 0.83 < BT 18.87 

10.25 if BT > 8.87 

where BT = the number of batches completed divided 
by the maximum number of batches. Adding constants 
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Table 1. Anchoa mitchilli. Simultaneous changes in an individual-based model of bay anchovy population dynamics in the num- 
ber of egg batches, fecundity, and egg, juvenile and adult mortality used to identify minimal levels of changes needed for popu- 
lation restoration following a 50% reduction in larval stage surv~val. The number in parentheses is the change necessary to each 
individual factor needed for restoration. Adding 0.20 to the fractional progress towards spawnlng as an ind~vidual change was 

assumed to be the biological upper limit 

l 
Magnitude of Multiplier of Added to fractional Added to daily Multiplier of 
simultaneous changes fecundity progress towards egg survival dally juvenile and 
relative to changes (1.90) spawning (0.20) rate (0.25) adult mortality 
in individual factors rate (0.85) 

1 /2  1.45 0.1000 0.1250 0.925 
1./4 1.22 0 0500 0.0630 0.963 
1 /8 1.11 0 0250 0.0313 0.981 

to the fractional progress towards spawning reduces 
the time (days) between batches (Rose et al. 1999). On 
the day that the cumulative sum of S,) fota female (CS,) 
exceeds 1, she spawns, her cumulative progress to- 
wards egg release is reset to 0, and the process begins 
again. These constants, when added to S,, resulted in 
the addition of 3, 6, 9, 12, 15 and 30 batches to the -60 
batches spawned by females under baseline condi- 
tions. Adding the constant of 0.80 results in spawning 
every day and is included as the absolute upper limit 
on increases in the number of batches. Egg mortality 
was reduced by adding 0.10, 0.15, 0.20, 0.25, and 0.30 
to the baseline egg survival rate of 0.20 d-l. Juvenile 
and adult mortality rates were lowered from baseline 
by multiplying assigned rates by 0.90, 0.85, 0.80 and 
0.75. For juveniles, this represented a range of 
assigned mortality rates of 0.032 d-' (baseline) to 0.024 
d-' at the 0.75 reduced mortality level. For Age 0, Age 
1 and older anchovy, the rates ranged from 0.0095 d-' 
(baseline) to 0.0071 d-' at the 0.75 reduced mortality 
level for Age 0 adults, and from 0.005 d-' to 0.0038 d-' 
for Age 1 and older adults. 

We also varied numbers of egg batches, fecundity, 
and egg, juvenile and adult mortality rates sirnultane- 
ously to identify minimal levels of combined changes 
needed to restore the population (Table 1).  We began 
by simulating changes in each variable that individu- 
ally resulted in restoration, and then continued to 
reduce these changes by about 50% until further 
reductions resulted in total population abundances 
and recruitment less than 90% of baseline values. 
We started by adding -12 egg batches because spawn- 
ing every day did not result in restoration of the pop- 
ulation; the addition of 12 batches (20% increase) 
was assumed to be a realistic biological upper bound 
based upon anchovy spawning frequency data from 
the lower Chesapeake Bay (Luo & Muscik 1991). 
Average total population abundances and recruit- 
ment are shown for all simulations; time series plots 
of annual values are shown for selected levels of 
changes. 

High compensatory potential (HCP) sim ulations: 
The model was used to assess population-level conse- 
quences of increased larval-stage mortality. Model 
simulations under baseline and high compensatory 
potential conditions were performed. HCP was arbi- 
trarily imposed by (1) increasing the number of spawn- 
ing batches of each female by 3 (from 60 to 63), (2) by 
increasing fecundity by multiplying by 1.10, (3) adding 
0.10 to daily egg survival, and, (4) decreasing juvenile 
and adult mortality by multiplying their daily probabil- 
ity of dying by 0.90. The potential magnitude of 
changes in these processes had been determined by 
examination of their variability in published and 
unpublished data for the mesohaline Bay (see Tables 1 
& 3 in Rose et al. (1999) for data sources). All of the 
changes that were imposed in the HCP simulation 
were generally much less than the values in the range 
of observed variations. 

A total of 27 50-year simulations was performed. For 
each combination of baseline or HCP, baseline larval- 
stage survival rate was decreased by 10, 20, 30, 40, 50, 
60, and 75 % to represent increased stress on the larval 
stage. The same number of immigrants was added to 
the population each year, as under baseline conditions. 
The assumption was that larval losses in the mesoha- 
line region would not affect subsequent immigration of 
adults lnto this reglon of the Bay. 

RESULTS 

Baseline 

Adding immigrant spawners in the baseline simula- 
tion as a multiplier of 0.70 times the number of survivors 
each year (420 to 906, i? = <622) resulted in stable total 
population abundances and recruitment over time (see 
Fig. 8 in Rose et al. 1999). Mean total population abun- 
dance was 1046, and mean recruitment was 780 in the 
baseline simulation. Model.-generated densities, mor- 
tality rates, growth rates, and diets were comparable to 
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L ~ f e  stage Baseline s~mulation 
( " < #  of total production) 

P P A - L 

Larvae 386 5 (24 5 ('L) 
Juven~ les  692 9 (44.0 "o) 

Age 0 adults 268 8 (17 l",,) 
Age 1 adults 193.4 (12.3'0) 
Age 2 adults 29 8 (1 9 "C,) 
Age 3 adults 4 8 (0 3 "6) 
All stages 1576 2 (100"0) 

Table 2.  Anchoa rnitchilli. Modeled mean production (mg dry Table 3 Anchoa mitchilli. Mean values of production per 
wt m-3) of bay anchovy by life stage, and for the year class in number of bay anchovy entering each life stage (mg dry wt 
the baseline simulation. The value for all stages is the cumu- ind.- ' )  in the baseline simulation. Ratios expressed as P (mg 
latlve mean production for each of the life stages over its dry wt m-3) per spawned egg ,  per hatchling (yolk-sac larva), 

year class per first feeding larva, per number n~etamorphosing (Meta),  
and per number maturing (Matur) 

Life stage Baseline simulation 

Egg 0.042 
Hatch 0.167 
First feed 0.783 
Meta 86.6 
Matur 103.3 

field estimates (see Rose et al. 1999). On average, 
spawners hatched in the mesohaline model box com- 
prised about 55X0 of the total spawners each year. 

Our estimates of anchovy production are similar to 
those reported for the Chesapeake Bay. We used 
model-generated values that included immigrant con- 
tribution to production. Luo & Brandt (1993) combined 
use of a bioenergetics model with acoustic estimates 
of biomass to generate an annual Age 0 anchovy pro- 
duction of 30770 kg km-2 yr-'. Our comparable pro- 
duction estimate (Age 0 minus larval production) was 
36064 kg km-2 yr-'. However, these 2 estimates of 
anchovy production are not independent, as Luo & 
Brandt (1993) used, with permission, an unpublished 
version of our anchovy bioenergetics model for their 
analysis. Wang & Houde (1995) reported Age 0 pro- 
duction of 105.1 to 856.7 g yr-' in the Bay. The 
model-predicted mean value for Age 0 production 
was 674.1 g 100 m-3 yr.'. 

Mean values of production by life stage, and the 
combined-stages production of the year class, are pre- 
sented in Table 2. Egg and yolk-sac larval production 
was zero. Mean lifetime production of a year class was 
1576.2 mg dry wt m-3. Age 0 life stages accounted for 
86% of total year-class production, with juveniles 
accounting for about one-half of total Age 0 produc- 
tion. The result is similar to the findings of Wang & 
Houde (1995), who reported that -88% of annual pro- 
duction in Chesapeake Bay occurred during the first 
3 m.o of life. High production in the juvenile lifestage is 
attributable to relatively rapid growth compared to 
adults, and relatively low mortality compared to larvae. 

Values of P meta-' and P matur-' are 4 orders of 
magnitude greater than P egg-' values and -100-fold 
greater than P hatch-' and P f f - '  values (Table 3). Eggs 
and yolk-sac larvae do not grow in the model; thus, the 
increase from production per egg to per hatchling to 
per first feeder is due to mortality. Losses of individual 
eggs and yolk-sac larvae reduce future production 

potential much less than losses of individual juveniles 
and adults. The potential effect of losses of larvae on 
future production depends upon when during the lar- 
val stage individuals are removed from the population. 
Losses of early-stage larvae, just after first-feeding 
would have minimal effects on future production 
(losses would be computed using the very small P ff-'  
ratio), whereas losses of late larvae nearing metamor- 
phosis would significantly reduce population produc- 
tion (losses would be computed using the much larger 
P meta-' ratio). 

Offsetting increased larval mortality 

Density-dependent increases in anchovy growth 
based solely upon feedbacks from prey abundance 
(see Rose et al. 1999 for more details) did little to com- 
pensate for a 50 % reduction in larval-stage survival. A 
50% reduction in larval survival resulted in a mean 
total population abundance 58 % of baseline (604 ver- 
sus 1046; Fig, l a )  and a mean recruitment 52% of 
baseline (407 vs 780). A smaller effect was predicted 
for total population abundance compared to recruit- 
ment because total population abundance includes 
immigrants each year, which were unaffected by in- 
creased larval-stage mortality. Density-dependent in- 
creases in juvenile growth resulted in Age 1, 2, and 3 
adults that were -4 mm longer than in baseline simu- 
la t ion~,  which increased egg production. Mean num- 
ber of eggs per female increased from 68 189 in base- 
line to 78294 in OLM simulations. Juvenile growth and 
survival increased from means of 0.54 mm d-' and 35 % 
to 0.67 mm d-l and 45 O/O in OLM simulations. However, 
these changes did not compensate for the 50% reduc- 
tion in larval survival. 

Restoration was achieved for compensatory increases 
in fecundity and survival (Fig. l a ,  c , d ) ,  but not for 
increased spawning batches (Fig. l b ) .  Model simula- 
tions behaved consistently, in the sense that mean total 
population abundance and recruitment increased with 
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Fig. 1. Anchoa mitchillj. Annual total 
baseline population abundance (solid 
line) of bay anchovy, population 
abundance after a 50% reduction in 
larval survival (dashed line), and 
population abundance for a subset of 
the changes in selected processes 
necessary to restore the population 
following a 50% reduction in larval 
survival: (a) 1.9 times fecundity, 
(b) 0.25 and 0.80 added to the interval 
between spawning batches, (C)  0.15 
and 0.25 added to the daily egg sur- 
vival rate, (d) 0.9 and 0.85 times the 
daily juvenile and adult mortality 
rate, and (e)  all of these processes 
simultaneously at 1/4 to 1/2 the rnag- 
nitude of changes in individual fac- 

tors needed for restoration 

increasing compensatory potential. Spawning every 
day (adding as many as 30 additional egg batches) was 
not sufficient to restore the population to baseline lev- 
els (Fig. lb) .  The smallest changes needed in the other 
processes for restoration were: increasing fecundity by 
a factor of 1.9 (Fig. l a ) ,  increasing egg survival rate by 
0 25 d-' (Fig. lc) ,  and multiplying juvenile and adult 
mortality by 0.85 (Fig. ld).  

Substantially smaller changes in compensatory pro- 
cesses were required for restoration when processes 
were varied simultaneously (-1/4 the magnitude of 
individual changes; Table 1, Fig. le) .  Changes re- 
quired for restoration with simultaneous, versus indi- 
vidual, changes were 1.22 vs 1.9 for fecundity, 0.063 
d-' vs 0.25 d-' for egg survival, and 0.963 vs 0.85 for 
juvenile and adult mortality rate. Simultaneous 
changes also included the addition of -3 spawning 
batches. 

High compensatory potential 

Under baseline conditions (no reduction in larval 
survival), HCP conditions resulted in significantly 
higher total population abundances and recruitment. 
Mean total population abundance was -25% higher 
compared to baseline (1315 vs 1046). Mean recruit- 
ment increased by >1.4-fold (1187 vs 780). 

HCP conditions enabled the simulated anchovy pop- 
ulation to withstand up to a 60% reduction in larval- 
Stage survival (Fig. 2a, b). Under baseline conditions, 
which relied only on density-dependent effects on 
prey abundance for compensation, total population 
abundances and recruitment of bay anchovy de- 
creased with increased larval mortality. Under HCP 
conditions, total population abundances and recruit- 
ment remained above baseline means for 160 % reduc- 
tions in larval-stage survival. 
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Fig. 3. Anchoa mitckilli. Predicted relationship 
between bay anchovy cohort biomass and time G<Z I Time (d) 
(d), compared to a conceptualized manne larval G=Z 
fish cohort (insert) redrawn from Houde (1997) lamae 8-10 mm 
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DISCUSSION 
- 

"~2001- In Chesapeake Bay, bay anchovy is an  'opportunis- 
-------------------  

r\ tic' life history strategist (Winerniller & Rose 1992) that 

- 0 baseiine I 
exhibits, among other life-history traits, a large intrin- 

- -m- m" C O ~ P  sic rate of population increase due to rapid larval 
- growth (Houde & Zastrow 1993) and rapid population 

200 I I I I I I 

' 
turnover rates (Wang & Houde 1995). This life-history 

, strategy is geared toward cohort persistente and is 
illustrated by the relationship between cohort biomass 
and time (d) shown in Fig. 3, which compares the 
anchovy relationship with that for a conceptualized 
manne larval fish cohort (Fig. 3 insert) descnbed by 

I 
Houde (1997). Cohort success in manne fishes may be 

200 - dependent upon a 'transisiton size' in early life where 

8 600 
.- - 
V 

increase. Because successful cohorts eventually must 
gain biomass and cohort-specific mortality rates usu- 
ally are highest in the first few days after hatching, 
Houde (1997) hypothesized that larval cohorts must 
reach their transition size quickly if they are to persist. 
Cohort biomass will increase most rapidily at the size 
(or time) where G/Z is maximum. Our IBM results, 

lo 20 30 40 60 75 based upon the mean of 50 yr in the baseline simula- 

Percent Reductlon in Larval Stage Survivai tion of a daily cohort spawned on July 11, indicate that 
bay anchovy cohorts may indeed reach the iransition 

Fig 2. Anchoa mitchilli. Model predictions of mean (a) total quicWy (i.e. larvae are 8 to 10 mm TL), ~h~ 
population abundance, (b) recruitment, (C)  year-class adult 

production in relation to larval survival ratio G/Z, and the rate of biomass increase, is maxi- 
mum in the late-larval to juvenile stage. 35 to 55 d post 
hatch. 

Year-class adult production (mg dry wt 
n r 3 )  peaked when percent larval-stage sur- 
vival was reduced by 20 to 40% in baseline 
and 60% in HPC simulations (Fig. 2c). Den- Cohort Biomass 
sity-dependent effects on growth and sur- 
vival solely due to anchovy effects on prey 
abundance (i.e. baseline conditions) resulted 
in a relatively flat, although dome-shaped, 
relationship between production and reduc- 

V 
tions in larval survival. HPC conditions 
resulted in consistent increases in adult pro- 
duction with decreasing larval stage sur- 
vival, until a sharp peak was reached at 
about 60% reduced larval-stage survival. B 
Low production when larval-stage survival is 
high indicated that strong density-depen- 
dent controls on juvenile growth rates had 
major effects on biomass production. 

2.2 14 35 55 

I I I I I 

Ic) 

weight-specific growth (G) first exceeds instantaneous 
mortality (Z) and a cohort's biomass then begins to 
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Because bay anchovy apparently is able both to min- 
imize the transition size and attain maximum C/Z at 
young age, it undoubtedly is well suited to repopulate 
the mesohaline Chesapeake Bay each spring, even in 
the face of continuous high predation mortality on 
adults (Hartman & Brandt 1995). The opportunistic 
life-history strategy permits efficient recolonization of 
habitats (Winemiller & Rose 1992). However, rapid 
population increases may result in dense populations, 
leading to a high potential for density-dependent reg- 
ulation. This point was exarnined by Houde (1989), 
who suggested that a species' potential for density- 
dependent regulation is related to its ratio of G„„ 
(maximurn G)  to Z, and by its weight at metarnorphosis 
(LV,,,) to weight at hatching (Wo) Bay anchovy, with 
quite low G„,/Z and high W,,/Wo has a relat~vely 
strong potential for density-dependent response to 
change in growth rate (Houde 1989). 

Compensatory reserve develops in response to high 
population levels acting via population effects on some 
limiting resource (here zooplankton prey). In our base- 
line simulation, years of high egg production resulted 
in lowest first-year survival. For example, for the 5 
years of highest egg production the ratio of First year 
survivors to number of eggs produced was 1.2 to 1.3 X 

10-5, compared to 1.5 to 1.7 X 10-5 in the 5 years of low- 
est egg production (See Rose et al. 1999, Fig. 13). This 
result Supports the findings of Houde (1989), who 
showed that simulated density-dependent declines in 
larval anchovy growth rate as egg (or larval) density 
increased could stabilize recruitment levels. 

Whether process rates, including the simple growth- 
rate related changes described above, in bay anchovy 
actually respond to density requires empirical confir- 
mation. Evidence of su.ch responses has been observed 
uncommonly in marine Systems (Koslow et al. 1995, 
Trippel 1995), or is contradictory. For exarnple, 
changes in fecundity could provide a compensatory 
mechanism serving to stabilize fish populations under 
anthropogenic sources of mortality (Nikolsky 1969, 
Nikolsky et al. 1973, Rothschild et al. 1989). However, 
doubt about whether density-dependent changes in 
adult growth and fecundity can be large enough to sta- 
bilize recruitment (Shepherd & Cushing 1980). the lack 
of a clear relationship between egg production and 
subsequent recruitment (Koslow 1992), and the lack of 
data on hotv fecundity vanes in relation to physical and 
biological conditions, have not confirmed a compen- 
satory role for fecundity (Koslow et al. 1995, Tnppel 
1995). Interannual changes in fecundity of northern 
anchovy Engraulis mordax (Lasker 1985) and Atlantic 
herring Clupea harengus (Alrnatar & ßailey 1989) 
were unrelated to changes in adult abundance; how- 
ever, vanation in fecundity consistent with density 
dependence has been reported for other species 

(Nikolsky 1969, Bagenal 1973, Nikolsky et al. 1973, 
Rothschild 1986, Rothschild & Fogarty 1989). 

Additionally, Tnppel (1995) reviewed data from 
northwest Atlantic groundfish populations and 
reported that age and size a t  maturity decreased by 15 
to 55%, and by as much as 30%, respectively, in ex- 
ploited cod Gadus morhua and haddock Melano- 
grammus aeglefinus from Canadian waters between 
1959 and 1992. He presumed the observed shift to an 
earlier age and size at maturity to be a compensatory 
response of stressed populations (populations that 
have undergone substantial reductions in size) to 
maintain or achieve maximal reproductive output. 
However, he further suggested that stocks compnsed 
of a broad range of ages and sizes are able to spawn 
more eggs of a large range in size (as discussed below), 
and that these eggs are spawn.ed over a longer period 
of time than eggs prodiic~ri  hy stocks compnsed of 
young fish (Trippel 1995). 

Two exarnples that Support changes in fecundity act- 
ing as a significant compensatory response have been 
reported for Japanese anchovy and orange roughy. In 
response to long-term declines (1970 to 1984) in stock 
levels and numbers of large adults, Japanese anchovy 
underwent a change in 'mode of life' whereby the 
spawning potential of small (7 to 12 Cm) anchovy in- 
creased dramatically (Funakoshi 1992). Nutritional 
condition and the proportion of small females that ma- 
tured and spawned increased. Spawning frequency 
changed from once every 4 to 5 d for large (12 to 16 Cm) 
fernales to every 2 to 3 d for small anchovy. Batch fe- 
cundity increased by 1.2 to 2.2-fold, although egg size 
decreased. In combination, these changes in reproduc- 
tive potential of smaller fish resulted in almost constant 
egg production over the period of decline (Funakoshi 
1992). Recently, Koslow et al. (1995) showed that indi- 
vidual fecundity of orange roughy increased by 20%) 
after the stock was fished down to around 50% of vir- 
gin biornass. The authors suggested that the compen- 
satory increase in individual fecundity, combined with 
a n  apparent 17 % increase in the proportion of females 
spatvning, limited the expected decline in population 
egg production during 1987-1992 to -15 %, despite the 
50 % reduction in spawning biomass. 

We believe that the modeled changes required in 
individual compensatory processes of bay anchovy 
necessary to acheive population restoration under a 
50'Xj increase in larval-stage rnortality may be unreal- 
istically large. For example, an -2-fold increase in 
fecundity was required to offset the increased larval 
mortality. Batch fecundity in bay anchovy is positively 
related to fernale weight (Zastrow et al. 1991). Poten- 
tially, if more food is available to female spawners, 
increased. growth rate resulting in larger size will 
increase individual fecundity. This response is built 
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weight (e.g. Blaxter & Hempel 1963, Theilacker 1981, 
Knutsen & Tilseth 1985, Rana 1985, Monteleone & 
Houde 1990, Baynes & Howell 1996). Survival of a 
cohort tends to be positively related to growth rates 
during early larval Stages (Anderson 1988, Cotvan et 
al. 1996) and also may be positively related to body 
size at  hatching (Rosenberg & Hauyen 1982, Miller et 
al. 1988, Buckley et al. 1991a, Blom et al. 1994). In con- 
trast, the hypothesis that large eggs produce large lar- 
vae that persist longer on endogenous energy 
reserves, or expenence significant increases in sur- 
vival rate, has not been supported by some studies 
(e .g .  Chambers et al. 1989, Secor 1990, Pepin & Myers 
1991, Rijnsdorp & Vingerhoed 1994, Blom et al. 1995; 
also See review by Klorsvik et al. 1990). 

Egg cannibalism, which has been shown to be a sig- 
nificant cause of density-dependent mortality in other 
anchovies, apparently is not important for bay 
anchovy. Close relationships between daily egg mor- 
tality rates (in O/o d-I) and spawning biomass concen- 
trations (in g m-2) have been demonstrated for several 
other anchovies (Smith et al. 1989). For example, 
simultaneous samples of eggs and adults for estimates 
of daily egg production indicate that cannibalism 
amounts to 20 to 30% of total daily egg mortality in 
northern anchovy Engraulis mordax and Peruvian 
anchoveta E. ringens (MacCall 1981, Alheit 1987, 
1993). Cannibalism rates for bay anchovy have not 
been estimated in the field, but Cowan & Houde (1993) 
showed that anchovy consumed very few of their own 
eggs when alternative zooplankton prey was present 
with eggs in mesocosm enclosures. Field studies of bay 
anchovy gut contents in Chesapeake Bay and else- 
where produced little or no evidence of cannibalism 
(Vazquez 1989, Klebasko 1991, Peebles et al. 1996). 

A thirci potential mechanism for density-dependent 
egg or larval mortality, i.e. density-dependent re- 
sponses by predators, also is not supported by empiri- 
cal data for bay anchovy. Gelatinous zooplankton may 
consume large numbers of bay anchovy eggs and lar- 
vae in Chesapeake Bay (Cowan et al. 1992, Cowan & 
Houde 1993, Purcell et al. 1994). However, eggs and 
larvae constitute a relatively small proportion of the 
diet of the jellyfish predators (Purcell 1992); thus, it 
seems unlikely that these predators will exhibit strong 
responses to changes in bay anchovv density. 

The 15% reduction in juvenile dnd adult mortality 
required for population restoration is possible if mor- 
tality rate is size-dependent, or if predators respond 
in a density-dependent manner. But, evidence for 
such responses is weak. The likelihood of significant 
growth-rate related, density-dependent changes in 
juvenile and adult bay anchovy mortality rates is diffi- 
cult to assess. In our simulations, luvenile and adult 
bay anchovy died at fixed rates independent of size 

because of the lack of empirical information suggest- 
ing otherwise. Thus, changes in growth rates due to 
density-dependent feedbacks on prey resources act 
only to change the duration of the relatively short juve- 
nile stage (25 to 40 mm TL) where daily mortality rates 
are estimated to be -30 % higher than for adults. How- 
ever, because bay anchovy biomass peaks during the 
late-larval to juvenile stage in fall, and juvenile prey 
consumption rates are high, it is juvenile density that 
induces the density-dependent relationship between 
egg production and survival to Age 1 in our IBM (see 
Fig. 13 in Rose et  al. 1999). Additional reductions in 
juvenile mortality of 25 to 30 % in relation to decreased 
density are not possible because we constrained the 
upper limit of juvenile (and adult) growth rate based 
upon empirical observations (Rose et al. 1999). HOW- 
ever, if either juvenile or adult mortality rate were size- 
dependent, we may be underestimating the magni- 
tude of this density-dependent feedback. 

Reductions in juvenile and adult mortality rates due 
to density-dependent responses of their predators are 
possible if predators target other forage species due to 
reduced profitability when anchovy densities are low 
(Werner & Hall 1974, Townsend & Hughes 1981, 
Werner & Mittlebach 1981, Hartman & Brandt 1995). 
Reductions in mortality of 15 % cannot be dismissed as 
unrealistic. But, if the relationship between predation 
mortality and bay anchovy density is strong, it is more 
likely to be associated with high anchovy density and 
follow a non-linear 'S-shaped' curve (Type 111 func- 
tional response) as descnbed for predation by smaii 
mammals on insects (Holling 1959). Such a response 
has been demonstrated for predation on juvenile fishes 
(Murdoch 1969, Peterman & Gatto 1978, Lockwood 
1980, van der Veer 1986) and indicates either a numer- 
ical response whereby the nu~nber  of predators in- 
creases, or a functional response whereby each indi- 
vidual predator attacks more prey, or a combination of 
the two (Hasse11 1978, also See Bailey 1994 for review). 

When all factors were varied simultaneously, our 
IBM simulations shotved that much smaller changes in 
the number of spawning batches, fecundity, and egg,  
juvenile and adult mortality rates were required to off- 
set the increased larval mortality rate. Changes 
required for population restoration were about 1/4 the 
levels required in individual factors. Thus, further 
examination of these processes and how they act in 
combination is warranted. A density-dependent com- 
ponent for spawning (batches, fecundity, etc.) and for 
mortality rates can easily be implemented in the 
anchovy model. Further field and laboratory study of 
anchovy spawning and mortality rates, especially in 
relationship to anchovy densities, would help to cali- 
brate the IBM, improve its predictive capability, and 
add to our understanding of compensatory potential. 
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The changes required for population restoration 
when processes were varied simultaneously are consis- 
tent with, and similar to, changes assumed under HPC 
conditions. The 1/4-level versus HPC changes were: 
1.22 vs 1.10 multiplier of fecundity; 3 more spawning 
batches for both simultaneous and HPC; 0.063 vs 
0.10 d-I added to daily egg survival rate; and, 0.963 vs 
0.90 multiplier of daily juvenile and adult mortality. Fe- 
cundity was the only required change that was larger 
under the l/4-level, compared to HPC changes. 

The particular Set of changes that we imposed in this 
IBM example is not unique. A different algorithm or 
different initial values would produce a different Set of 
simultaneous changes necessary for restoration, and 
many alternative combinations of changes can restore 
the population. However, it is likely that many such 
combinations include compensatory changes of which 
the bay anchovy is capable, based upon what 1s known 
about bay anchovy growth rate potential and variabil- 
ity in fecundity, as well as upon information from other 
fish species, including other anchovies. Thus, we 
believe that density-dependent responses required to 
offset a 50% increase in larval mortality when pro- 
cesses vary simultaneously are realistic. 

Indeed, our IBM simulations represent a broad range 
of compensatory potential, and the population level con- 
sequences of this range can be Seen in Fig. 2. Significant 
reductions in larval-stage survival generally result in 
lower total population numbers and recruitment under 
all Scenarios. When density-dependence is weakest 
(i.e. baseline), population production initially increases 
only slightly, then declines after a 40% reduction in 
larval-stage survival (Fig. 2). Under the HPC Scenario, 
there is a strong dome-shaped response to increased 
larval mortality such that highest adult production occurs 
when as many as 60 % of the larvae are killed. 

In all cases, zooplankton prey is the limiting re- 
source. Increased potential to produce a strong year 
class by increasing egg production and stage-specific 
survival results in high population levels, stronger den- 
sity-dependent feedbacks on prey, and stronger 
abridgeinent of production in the population. Based on 
our results, it is possible to envision how increased pre- 
dation or other anthropogenic removals could affect 
the bay anchovy population, given knowledge of phys- 
iological responses to changes in anchovy density, and 
how this knowledge could be used in individual-based 
models. In a recent study, Wang et al. (1997) provided 
evidence that in some years the Chesapeake Bay pop- 
ulation of bay anchovy may produce multiple peaks in 
egg output, or may delay spawning to more closely 
match prey production. Although a relationship 
between such changes and bay anchovy density is 
speculative at present, strong potential for density- 
dependent regulation is indicated. 
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