











856

Jun 1998
Length > 30 mm

Jun 1999
Length > 30 mm

Jun 2000
Length > 30 mm

Beletsky et al.

Jul 1998
Length > 30 mm

Mean = 31.9 mm
Min =30.1 mm
Max =33.7 mm

Obren,

30 35 40 45 50 55

Jul 1999
Length > 30 mm

Mean = 30.6 mm
Min =30.0 mm
Max =32.7 mm

i 40
20
0

30 35 40 45 50 55

Jul 2000
Length > 30 mm

Mean = 30.2 mm
Min =30.0 mm
Max =30.5 mm

Oto
30 35 40 45 50 55

Aug 1998
Length > 30 mm

Mean = 44.1 mm
Min =30.1 mm
Max =53.8 mm

[ P
30 35 40 45 50 55

i 40
20
0

Aug 1999
Length > 30 mm

Mean = 32.3 mm
Min =30.0 mm
Max =45.4 mm

30 35 40 45 50 55

7 40
20
0

Aug 2000
Length > 30 mm

Mean = 32.9 mm
Min =30.0 mm
Max =42.6 mm

30 35 40 45 50 55

FIG. 6. Larval settlement in 1998-2003. Total number of larvae settled is also

shown. The histogram shows distribution of larvae with length.



Biophysical Model of Larval Yellow Perch in Lake Michigan

Jun 2001

Length > 30 mm

Jun 2002
Length > 30 mm|

Jun 2003

Length > 30 mm

Jul 2001
Length > 30 mm

Jul 2002
Length > 30 mm

Mean = 31.1 mm
Min =30.0 mm
Max =34.1 mm

60

7 40
20

0

30 35 40 45 50 55

Jul 2003
Length > 30 mm

Aug 2001
Length > 30 mm

Mean = 35.2 mm
Min =30.1 mm
Max =46.7 mm

o
0

30 35 40 45 50 55

Aug 2002
Length > 30 mm

Mean = 34.6 mm
Min =30.0 mm
Max =49.1 mm

30 35 40 45 50 55

Aug 2003
Length > 30 mm

Mean = 31.0 mm
Min =30.0 mm
Max =41.1 mm

30 35 40 45 50 55

857



858 Beletsky et al.
1998 1999 2000
80 T 80 T 80 T
o o o L
£ £ £
[ [ [
o o o
£ < £ L
[} ] ]
S 60f S 60 g S 60 g
£ £ £
X 3 4
[=] [=] o
= = S
@ @ )
o o o
o 40+ o 40 - o 40 -
© © ©
g g 2
] K] k)
k-] k-] °
2 2 Q2
5 g 5
9 20 2 20 B 9 20 B
o 5} 5]
@ @ b}
o -1 -]
£ £ E
> 66 64 75 86 > 67 61 61 > r 61 65 7 75
0 | | | | 0 | | | | | 0 | | | | |
. wi IL MC SH GH . wi IL MC SH GH . wi IL MC SH GH
Sector Sector Sector
2001 2002 2003
80 T 80 T 80 T
[ ] Q L
£ £ £
[ [ [
o o )
= K= K=
[} [} ]
S 60+ S 60 B S 60 B
£ £ £
< 3 X
o [=] o
= S S
) @ )
o o e o
o 40+ o 40 B o 40 B
© © ©
2 2 2
] L] K]
T T o
2 2 Q2
5 & 5
9 20 2 20 B 9 20 B
o o 5]
@ @ b}
2 ) Q2
£ [3 £
3 67| 67 T 72 72 3 71 60 65 66 69 3 68| 68 69 73
0 o — | | | 0 | | | | | 0 [ — | | |
. wi IL MC SH GH . wi IL MC SH GH . wi IL MC SH GH
Sector Sector Sector

FIG. 7. Number of settled larvae in August 1998—2003 by sector (defined in Fig. 1). Numbers above sec-
tor names indicate average days to settlement.

During the years of the model exercise (1998-2003),
age-0 yellow perch abundance was generally low, but
the 1998 and 2002 year classes stand out. Unlike ob-
servations at the Illinois site where both 1998 and 2002
peaks were pronounced (with 2002 peak being three
times larger), observations at Michigan sites showed
just a single peak (although in different years and with
the magnitude of the northern site 2002 peak being
six times smaller than the southern site peak in 1998).

The model matched observations best at the Illi-
nois site where the correlation coefficient was 0.89 in
the base model run (although based on only six data

points or five data points for Grand Haven). The model
reproduced the 2002 peak but missed the 1998 peak.
The correlation was negative (—0.31) at South Haven,
where the model reproduced only a small 2002 peak
and missed a strong 1998 peak, and slightly posi-
tive (0.11) at Grand Haven, where the model exhib-
ited a small peak in 1998, contrary to observations.
The comparison improved dramatically (especially at
Michigan sites) when 1998 data were removed from
consideration (1998 was an unusual year for the lower
food web in Lake Michigan as will be shown below).

For experiments with higher consumption rate (p
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FIG. 8. Modeled average larval yellow perch growth for different foraging sce-
narios. Thick curve represents base model run, p = 0.5. The curve to the right
represents model run with p = 0.4, curves to the left represent model runs with
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FIG. 10. Model-data comparison for 1998-2003 for IL,SH, and GH sectors. Observed data are from
summer and fall bottom trawls off Waukegan, Illinois, and from late summer bottom trawls off South
Haven, Michigan and Grand Haven, Michigan (note that Illinois and Michigan units are different).
Correlation coefficient (number of settled yellow perch versus survey catch-per-unit effort) is shown
in the upper right corner of each of the nine bottom panels (without 1998 data shown in parenthesis).
Comparison for GH sector is done without 2003 data due to a lack of observations.
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= 1), number of settled larvae increased in some
sectors (SH) and overall (consistent with results
shown in Fig. 9) but decreased in others (IL and
GH). Decreases at IL and GH happened because
larvae grew faster and settled in other sectors (pri-
marily MC and SH) due to variable circulation pat-
terns. In both IL and GH sectors, abundance peaks
in 2002 and 1998, respectively were retained with
increased consumption rates, while the 2002 peak
in SH sector shifted to 1999-2000. Correlation of
model predictions with observed abundances deteri-
orated for all sectors when p-value was changed
from 0.5 to 1.0. As in the base model run, removal
of 1998 data improved model-data correlation.

In the case of increased settlement size (50 mm),
the respective 2002 and 1998 peaks were retained
in IL. and GH sectors. The 2002 peak in IL sector
was five times smaller than in the base model run
case while the 1998 peak decreased only slightly in
the GH sector, and settlement numbers dropped to
zero in most other years. The SH results changed
most dramatically with settlement numbers drop-
ping to zero in most years except 1998 and 2002,
and these two new distinct peaks matched observa-
tions quite well. Correlation coefficients at both IL
and SH sectors increased to 0.90 and 0.85, respec-
tively, but deteriorated at GH sector (-0.19). Corre-
lation with observations improved again when 1998
data were removed.

Based on comparison with a limited number of
observations, we conclude that the base model run
and especially the simulation with extended pelagic
stage matched observations best. Still, missing
strong IL and SH sector peaks in 1998 in the base
model run results need to be explained. We believe
that one reason the model failed to predict 1998
peaks was the exclusion of larval mortality from the
bioenergetics model component. In 1998, produc-
tivity of lower trophic levels was stimulated by
strong winds and a large resuspension event in
southern Lake Michigan (Lesht et al. 2002), that
occurred a few days prior to larval yellow perch
emergence in IL. Lesht ez al. (2002) estimated that
this single event increased annual pelagic primary
production by 20%. We demonstrated (Fig. 9) that
increased consumption had little effect on settle-
ment in 1998, but the related decrease in mortality
may have been important (Houde 1987), and could
have produced missing peaks in the base model run
in 1998. In particular, the 1998 settlement numbers
should have been reduced less by mortality than
settlement numbers in other years when mortality
was higher because less food was available. Other

potential reasons for model/observation discrepan-
cies are inaccuracy in modeled advection fields or
lack of swimming ability causing errors in larval
transport or contribution from sources of larvae
other than Illinois, not included in the model. All
these factors, as well as potential undersampling
problem at Michigan sites (which only sampled
monthly versus weekly sampling at Illinois) can
also be responsible for mismatch of 1998 and 2002
modeled and observed peaks in GH sector.

DISCUSSION

This is the first 3D physical-biological model of
larval fish developed for the Great Lakes. The
model shows strong interannual variability in larval
transport during 6 years of study with implications
for larval yellow perch growth and settlement. The
tendency for warmer years to exhibit anticyclonic
currents versus colder years to exhibit cyclonic cur-
rents confounds the growth model in that, if warmer
years correlate with improved recruitment, the
mechanism may be currents rather than tempera-
ture. Currently, we have not included mortality and
zooplankton fields (larval fish food) in our model.
Future efforts will focus on these areas. Yet another
issue to resolve is the assumption that fish larvae
are passive particles. Swimming ability of fish lar-
vae increases with size (Houde 1969, Miller et al.
1988), and swimming competence along with other
behavioral patterns can influence their horizontal
and vertical distributions, but are not captured in
our model. For example, observed growth rates may
be greater than model results if yellow perch larvae
will increase their ability to locate zooplankton
patches as their swimming ability increases. De-
spite these apparent shortcomings, our model re-
sults are consistent with many recent observations
in Lake Michigan. In particular, model results indi-
cate that the hydrodynamic dispersal of young yel-
low perch provides a mechanism for the genetic
homogeneity of the Lake Michigan yellow perch
population. Miller (2003) reported that collections
from southern basin collection sites in Michigan,
Wisconsin, and Indiana were homogenous and not
much different from those from Lake Michigan’s
northern basin.

If we assume that self-recruitment is important
for maintenance of the southern basin yellow perch
population, it appears that the hydrodynamic condi-
tions may produce a “source and sink” recruitment
dynamic. The rocky habitat, preferred for spawning
(Dorr 1982, Robillard and Marsden 2001) and pre-





