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Abstract.—Growth, natural mortality, latitude, elevation, average air temperature, and degree-
days exceeding 10°C were summarized for 698 populations of largemouth bass Micropterus sal-
moides and 409 populations of smallmouth bass M. dolomieu in North America and used in
simulations to determine the effects of fishing on populations of varying productivity. Length at
age and von Bertalanffy growth equation parameters varied greatly among populations and resulted
in ages at quality length (300 mm for largemouth bass and 280 mm for smallmouth bass) ranging
from 1 to 10 years for largemouth bass and from 2 to 9 years for smallmouth bass. Natural mortality
also varied widely, but the conditional annual rate averaged 35% for both species. Age at quality
length was used as an index of growth rate and was positively correlated (P < 0.05) with latitude
and elevation for largemouth bass and with latitude for smallmouth bass. Age at quality length
was negatively correlated (P < 0.05) with mean air temperature and degree-days exceeding 10°C
for largemouth bass and smallmouth bass. Natural mortality was significantly correlated with
latitude, mean air temperature, and degree-days exceeding 10°C for largemouth bass; natural
mortality of smallmouth bass was not correlated with these variables. Simulations suggested that
the effects of exploitation and minimum length limits on yield, harvest, catch rate of stock-length
fish (^200 mm for largemouth bass and ̂  180 mm for smallmouth bass), proportional stock density,
and biomass vary substantially with population productivity and that management options increase
with population productivity.

Fishery managers must frequently evaluate
management alternatives with little or no specific
biological information. Information can seldom be
collected for every stock, yet even failure to act
represents a choice that must often be based solely
on experience and intuition. In Oregon, for in-
stance, managers evaluate many proposals for a
variety of waters as part of a public regulation-
setting process. An increasing number of these
proposals address largemouth bass Micropterus
salmoides and smallmouth bass Micropterus do-
lomieu. However, intensive management of warm-
water game fish does not have a long history in
the Pacific Northwest and stock-specific infor-
mation is sparse.

In an ideal case, feasible management alterna-
tives and effective harvest strategies would be
identified by using quantitative models with stock-
specific data on limiting factors and population
parameters (Jester et al. 1977; Gulland 1983; Dent
1986; Megrey 1989; Shuter 1990; Van Den Avyle
1993). Potential productivity and the effects of
harvest regulations on population and fishery char-
acteristics depend on growth and natural mortality
rates (Ricker 1945; Saila 1958; Anderson 1973,
1975; Fajen 1975; Latta 1975; Paragamian 1984;
Zagar and Orth 1986; Rieman 1987), which may

also be related to each other (Stroud 1948; Pauly
1980; Moreau 1987).

More commonly, only index data are available,
including catch per unit effort, proportional stock
density (PSD), relative weight (Wr\ or catch at
age (Gunderson 1993; Ney 1993). Index data can
be compared with examples from other popula-
tions as a basis for management decisions (An-
derson 1975; Van Den Avyle 1993). Carlander
(1977) summarized many of these data for black
bass Micropterus spp., but this reference is now
out of print and contains little information from
some regions of the species' range.

When no biological data are available, manage-
ment alternatives might be inferred from relation-
ships of population parameters to simple environ-
mental features. Growth and mortality are closely
related to temperature (Bennett 1937; Coble 1967;
Forney 1972; Horning and Pearson 1973; Carlan-
der 1977; Pauly 1980; Schlesinger and Regier
1983; McCauley and Kilgour 1990) because of
direct physiological effects and indirect effects on
productivity of the environment (Weatherley 1972;
Coutant 1975; Loeng 1989; Wootton 1990).
Growth and mortality rates may also be correlated
with geographic or topographic variables such as
latitude and elevation that are also related to cli-
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mate (Bennett 1937; Anderson 1975; Latta 1975;
McCauley and Kilgour 1990). Numerous regres-
sion models have been evaluated in an attempt to
relate fish standing stock or yield to simple en-
vironmental variables (Carline 1986; Miranda and
Durocher 1986; Ney 1993).

In this paper, we develop the information needed
to identify feasible management alternatives and
to weigh alternative harvest strategies for large-
mouth bass and smallmouth bass based on the
range of data that might be available for a specific
population. We survey the literature to define
benchmarks for comparisons of growth and mor-
tality rates. We explore correlations of growth,
mortality, and environmental variables. Finally,
we detail the effects of growth and mortality on
the predicted response to fishing of populations of
varying productivity.

Methods
We surveyed the literature on largemouth bass

and smallmouth bass in North America for re-
ported estimates of mean length at age and natural
mortality rate (North 1993). Information was com-
piled for 698 largemouth bass and 409 smallmouth
bass populations (Appendix Tables A.I , A.2).
Back-calculated lengths were used unless only ob-
served lengths were reported. Authors occasion-
ally reported means based on pooled data from
several populations, rather than population-spe-
cific information; these means were included only
if they were based on similar water bodies in the
same geographic region. Data from different years
were included separately unless only averages
were reported. Natural mortality rates were con-
verted to instantaneous rates (M) based on for-
mulae summarized by Ricker (1975).

Parameters in von Bertalanffy equations (ty, k,
L*) were estimated by means of mean length at
age for 229 largemouth bass and 116 smallmouth
bass populations when enough ages were included
to provide a fit with nonlinear regression (SAS
1990). To simplify interpretation of the asymptotic
length L^ and growth coefficient k (Moreau 1987),
we standardized fy (time when length is zero) at
-0.024 year for largemouth bass and at -0.004
year for smallmouth bass. Standard TQ values rep-
resented the mean /Q for all populations. Nonlinear
regressions were repeated with /Q fixed for all val-
ues of Lx and k reported in this paper.

Age at quality length (Aq) was used as an index
of relative growth rate of fish for each population.
Quality length (<?) was 300 mm for largemouth
bass and 280 mm for smallmouth bass (Anderson

1980; Gabelhouse 1984). Age at quality length was
estimated by rearranging the von Bertalanffy equa-
tion and solving for age, or by solution of a simple
linear regression of length on age when too few
age-specific lengths precluded von Bertalanffy fits.

Central tendency and variation in length at age,
von Bertalanffy parameters Lw and k, age at quality
length, and natural mortality rate were expressed
by median, mean, minimum, maximum, SD, 25th-
percentile, and 75th-percentile values.

Latitude was obtained for each population from
an atlas (Anonymous 1993). Mean annual air tem-
perature, annual number of degree-days exceeding
10°C, and elevation were estimated for each pop-
ulation from Wernstedt (1972). Temperatures and
latitudes were averaged for surrounding stations
when no nearby station was reported. State or
county averages were used when localities could
not be identified more specifically from the ref-
erence. Degree-days were estimated as the product
of monthly mean air temperatures in excess of
10°C and the number of days in each month
(McCauley and Kilgour 1990). Statewide or prov-
incewide average degree-days were used for each
population. Latitude, elevation, and temperature
were recorded to the nearest 0.1°N, 1 m, and 0.1 °C,
respectively. Bivariate plots and correlation co-
efficients were used to explore the relationships
between population parameters and potential driv-
ing variables (SAS 1990). Simple linear regres-
sions were used to calculate regression coefficients
when significant correlations were identified. Step-
wise multiple regressions were used to explore
multivariate models of correlates with growth
(SAS 1990).

The effects of fishing on black bass populations
were estimated with a Beverton-Holt yield-per-
recruit model (Ricker 1975; Gulland 1983). Sim-
ulations were conducted with the population mod-
eling software MOCPOP (Reiman and Beames-
derfer 1990a, 1990b; Beamesderfer 1991). Yield,
harvest, abundance of stock-length fish, PSD, and
biomass were estimated for a range of exploitation
rates and minimum length restrictions correspond-
ing to stock, quality, and preferred lengths (200,
300, and 380 mm for largemouth bass and 180,
280, and 350 mm for smallmouth bass). Yield is
the total weight of fish harvested from a population
during the average year. Harvest is the total num-
ber of fish caught and removed from the population
in 1 year at a given rate of exploitation. Abundance
of stock-length fish is an index of catch rate by
anglers. Proportional stock density, the percentage
of stock-length and larger fish that are quality
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TABLE 1.—Parameters used in simulations of the effects of exploitation and minimum length limits on largemouth
and smallmouth bass populations of varying productivity. Productivity levels were defined with 25th-, 50th-, and 75th-
percentile values for mortality, growth, and relative weight. Numbers in parenthesess are index values corresponding to
model inputs.

Largemouth bass productivity Smallmouth bass productivity

Parameter1

Ni
M
'0
k
L*
A*
^max
a
h
wr

Low

10,000
0.63

-0.024
0.15
529
(5.6)

15
2.55 E-6

3.273
(86)

Average

10,000
0.42

-0.024
0.20
580
(3.7)

15
2.75 E-6

3.273
(93)

High

10,000
0.24

-0.024
0.26
643
(2.5)

15
2.96 E-6

3.273
(100)

Low

10,000
0.59

-0.004
0.12
502
(6.8)

15
4.03 E-6

3.200
(86)

Average

10,000
0.39

-0.004
0.16
585
(4.1)

15
4.36 E-6

3.200
(93)

High

10.000
0.20

-0.004
0.21
669
(2.6)

15
4.69 E-6

3.200
(100)

a Symbols: N\ = number of recruits at age 1; M = instantaneous natural mortality rate; /Q, k. Lv - von Bertalanffy equation intercept,
slope, and asymptote; Ay = age at quality length; Amax = maximum age; a, h = exponential weight-length equation intercept and slope;
Wr = mean relative weight.

length or larger, is an index of size composition
of the catch (Anderson 1980; Willis et al. 1993).
Biomass is the weight of the standing stock and
could be an indicator of the potential for compen-
sation in growth or mortality to changes in pop-
ulation size.

Yield, harvest, abundance, and biomass were
expressed per recruit. Maximum age was fixed at
15 years in all simulations based on maximum ages
when length was typically reported. With the ob-
served mortality rates, very few fish survived be-
yond this maximum age in any of our simulations.

We simulated populations of low, average, and
high productivity using constant recruitment. We
defined population productivity in terms of poten-
tial yield to a fishery, which is based on growth
and mortality for any given cohort. Average pro-
ductivity was represented with median natural
mortality rates and von Bertalanffy growth equa-
tion coefficients identified in the literature survey
(Table 1). Low productivity was represented with
25th-percentile values for growth (slow growth)
and 75th-percentile values for mortality (high mor-
tality). High productivity was represented with
75th-percentile values for growth (fast growth) and
25th-percentile values for mortality (low mortal-
ity).

Weight-length relationships used to estimate
yield and biomass were based on standard weight
equations devised by Murphy et al. (1991) for
largemouth bass and by Kolander et al. (1993) for
smallmouth bass. Standard weight equations cor-
respond to 75th-percentile values and were used
in simulations of productive populations. Parallel
weight-length equations were calculated for av-

erage and unproductive populations by solving for
an intercept parameter (a) that provided mean rel-
ative weights corresponding to 25th- and 50th-per-
centile values for largemouth bass (Murphy et al.
1990). Similar mean relative weights for 25th- and
50th-percentile values were used for smallmouth
bass, in the absence of more specific information.

The joint likelihood of 25th- or 75th-percentile
values for L^, k, a, and M occurring in any pop-
ulation would be 2(0.25)4 or 0.8%. Thus, simu-
lations of unproductive and productive populations
based on 25th- or 75th-percentile values represent
lower and upper extremes bounding 100% - 0.8%
= 99% of largemouth bass and smallmouth bass
populations in North America.

Effects of variable recruitment on model pre-
dictions were investigated with simulations of an
average largemouth bass population exploited at
30% over a 100-year period. We examined the case
in which recruitment was constant and the case in
which recruitment was a random normal variable
with mean equal to the constant value and standard
deviation equal to 50% of the mean. Mean values
for population and fishery characteristics were
based on years 15-100 because simulations started
with an initial population of zero and 15 years were
required to represent all age-classes.

Results
Median length at age ranged from 102 mm at

age 1 to 514 mm at age 15 for largemouth bass
and from 90 to 457 mm for smallmouth bass (Table
2). Mean length at age varied substantially among
largemouth bass and smallmouth bass populations.
Coefficients of variation (SD/mean) in mean
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TABLE 2.—Central tendency, range, and dispersion in length at age (Lage in mm), von Bertalanffy parameters11 (k and
£r), age at quality length*5 (A(f), and instantaneous natural mortality rate (M) for 698 largemouth bass and 409 smallmouth
bass populations in Norlh America. All statistics are based on total lengths in millimeters; N is number of populations.
Means are not weighted by sample size.

Percent! le

Variable

L\
L-2
L*
L*
L*.
^
LI
L*
l^
LIQ
L\\
L\2
L\*
L\4
L\5

k
L.
*<,
M

N

651
648
629
578
493
411
320
235
176
120
89
66
41
18
9

231
227
654
40

Median

102
201
273
330
374
412
437
458
470
488
502
514
516
511
514

0.20
580
3.54
0.42

Mean

112
210
280
332
373
411
438
458
469
487
501
511
515
523
522
0.21

599
3.60
0.46

Minimum

Largemouth
33
66
99
122
150
185
221
259
290
351
378
410
418
473
488

0.01
379

1.13
0.02

Maximum

bass
271

• 375
459
508
555
565
614
635
621
638
686
632
642
654
554

0.48
1,289

9.69
1.22

SD

40
52
57
57
58
60
58
56
51
45
44
39
37
42
22
0.08

119
1.02
0.27

25

82
173
239
292
333
370
401
426
441
463
480
485
495
499
508

0.15
529
2.88
0.24

75

134
246
321
371
411
448
470
485
500
514
525
533
534
545
544
0.26

643
4.22
0.63

Smallmouth bass
L\
^
3̂
L*
I*
1*
LI
L*
J-Q
L]0
Ln
L\2
L\*
LH
L}5

k
t^
*<>
M

339
352
359
342
274
239
186
147
96
69
47
30
17
7
3

116
115
391
29

90
167
233
282
321
359
387
405
420
434
446
445
460
462
457
0.16

585
3.90
0.39

92
172
238
288
328
362
387
403
415
432
440
443
461
455
472

0.16
611
4.02
0.43

40
90
118
165
199
219
238
226
284
330
348
361
381
396
439
0.04

269
1.84
0.01

188
326
450
518
485
538
612
671
558
532
533
508
548
513
521

0.32
1.616

8.99
1.04

26
39
49
53
56
59
61
57
49
38
37
37
48
42
43
0.06

186
1.08
0.28

74
144
203
247
284
318
348
368
383
411
422
429
422
414
439

0.12
502
3.30
0.20

102
191
267
320
363
394
416
430
440
452
463
470
497
483
521
0.21

669
4.71
0.59

a The parameter /Q was fixed at -0.024 for largemouth bass and -0.004 for smallmouth bass.
b Quality lengths are 300 mm for largemouth bass and 280 mm for smallmouth bass.

length at age ranged from 10 to 40% and decreased
with increasing length and age. Natural mortality
rates were similar for largemouth bass and small-
mouth bass. Averages corresponded to conditional
annual rates of about 35%, and ranges correspond-
ed to conditional annual rates of about 1 to 70%
(Table 2).

Age at quality length varied between I.I and
9,7 years for largemouth bass and between 1.8 and
9.0 years for smallmouth bass (Table 2). Age at
quality length was significantly correlated with lat-

itude, elevation, mean air temperature, and degree-
days for largemouth bass and with latitude, mean
air temperature, and degree-days for smallmouth
bass (Table 3; Figure 1). Latitude, mean air tem-
perature, and degree-days were closely correlated
with each other, and each accounted for 21-26%
of the variability in age at quality length for large-
mouth bass and 10-17% of the variability in age
at quality length for smallmouth bass (Table 3).
Elevation accounted for only 7% of the variability
in age at quality length of largemouth bass. Mul-
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TABLE 3.—Correlations among age at quality length (Af/), instantaneous natural mortality rate (M), and environmental
variables for 698 largemouth bass and 409 smallmouth bass populations in North America. For each comparison, values
are listed in the following order: correlation coefficient, significance level, and sample size.

Variable M Latitude Elevation
Mean air

temperature
Degree-days
(above 10°C)

0
654

M

Latitude

Elevation

Mean air temperature

Degree-days above IO°C

-0.321
0.145
22

1.000
0
40

Largemouth bass
0.510
0.001
654

-0.337
0.034
40

1.000
0
698

0.262
0.001
653
0.287
0.072
40

0.336
0.001
697
1.000
0
697

Smallmouth bass

-0.490
0.001
654
0.349
0.027

40
-0.926

0.001
698

-0.309
0.001
698
1.000
0
698

-0.463
0.001
654

-0.463
0.003
40

-0.898
0.001
698

-0.388
0.001
697
0.868
0.001
698
1.000
0
698

A

M

Latitude

Elevation

Mean air temperature

Degree-days above 1 ()°C

1.000 0.260 0.320
0.0 0.220 0.001
391 24 391

1 .000 0.238
0 0.214
29 29

1.000
0
409

0.043
0.392
390
0.237
0.216
29

-0.009
0.864
408
1.000
0
408

-0.362
0.001
391

-0.076
0.696

29
-0.898

0.001
409

-0.119
0.016
408
1.000
()
409

-0.417
0.001
390

-0.129
0.504
29

-0.866
0.001
409

-0.012
0.802
408
0.877
0.001
409
1.000
0
409

tivariate models did not substantially improve pre-
dictability over single-parameter models relating
age at quality length to potential correlates.

Natural mortality was significantly correlated
with latitude, air temperature, and degree-days for
largemouth bass (Table 3; Figure 2). Mortality de-
creased with increasing latitude and increased with
increasing temperature and degree-days. Correla-
tion of mortality and age at quality length with
latitude suggests that growth and natural mortality
may be correlated, but this relationship was not
significant. Natural mortality of smallmouth bass
was not correlated with any of the variables in-
vestigated (Table 3).

Differences in productivity produced maximum

sustainable yields (MSY) ranging from 20 to 600
g/recruit for largemouth bass (Figure 3) and from
12 to 500 g/recruit for smallmouth bass (Figure
4). Yield was less where slow growth delayed age
of recruitment to fisheries and high natural mor-
tality reduced survival to a large size. In the un-
productive populations, yield continued to in-
crease with increasing exploitation or decreasing
minimum length limits as more fish were harvested
before dying of natural causes. In the average pop-
ulation, yield was relatively constant at exploita-
tion rates exceeding 30% and unaffected by
changes in minimum length limits because a small-
er harvest was balanced by a greater average fish
size. Yield declined for the productive population
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Flaunt 1.—Relationships of age at quali ty length to latitude, elevation, and mean air temperature for 698
lurgemoulh bass and 409 smallmouth bass populations.

at exploitation rates exceeding 20-40% or low
minimum length l imits; seemingly, low natural
mortality and high growth allowed fish to survive
to large si/cs, dictating postponement of harvest
for maximum benefits.

Harvests ranging from 0.1 to 0.6 fish/recruit can
be obtained from largemouth bass and smallmouth
bass populations exploited at annual rates of 40-
60% at m i n i m u m length l imits equivalent to stock
length (Figures 3, 4). Increased min imum length
l imi ts reduced the number harvested in all popu-
lations. Substantial numbers could still be removed
from productive populations even with high min-
imum length l imits , but harvest rapidly ap-
proached y.ero in less productive stocks as the
length l imi t was raised.

Abundance of stock-length fish varied among
unexploited populations of low and high produc-
t iv i ty from 0.3 to 3.6 fish/recruit for largemouth

bass (Figure 3) and from 0.4 to 4.3 fish/recruit for
smallmouth bass (Figure 4). Numbers and corre-
sponding angler catch per unit effort declined with
increasing exploitation rate and decreasing mini-
mum length l imit . The productive population was
the most sensitive to changes in exploitation rate
and minimum length limit.

Values of PSD varied from 28 to 78 in unex-
ploited populations of largemouth bass (Figure 3),
and from 17 to 81 for smallmouth bass (Figure 4).
Increasing exploitation rapidly reduced PSD for
all populations unless stock-length fish were pro-
tected with a high minimum length restriction.

Biomass varied from 0.1 to 5.8 kg/recruit in
unexploited populations of largemouth bass (Fig-
ure 3), and from 0.1 to 6.0 kg/recruit in unex-
ploited populations of smallmouth bass (Figure 4).
Increasing exploitation and reducing minimum
length l imi t reduced the population biornass, but
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FIGURE 2.—Relationships of natural mortality rate to
latitude, mean air temperature, and degree-days exceed-
ing 10°C for 40 largemouth bass populations.

large effects were seen only for productive pop-
ulations. Responses did not exceed 50% for pop-
ulations of low to average productivity.

Random, normally distributed recruitment re-
sulted in a substantial annual variation in yield,
harvest, abundance, PSD, and biomass, but in all
cases, mean values for simulation years 15-100
were similar to values obtained for constant re-
cruitment (Figure 5). Small differences resulted
from mean recruitment in random simulations that
by chance was slightly greater than the constant
value.

Discussion
We confirm that growth and natural mortality of

black bass are variable, that this variability is cor-
related with geographic, topographic, and climatic
features, and that population productivity and al-
ternatives for management are related to these fea-
tures. Growth and natural mortality were related

to climatic air temperature, which produced lati-
tudinal and elevational trends. McCauley and Kil-
gour (1990) reported that degree-days provided
better correlations with mean length at age of
largemouth bass than did mean annual air tem-
perature. We observed that mean annual air tem-
perature and degree-days exceeding 10°C were
closely correlated and provided similar correla-
tions to age at quality length for largemouth bass
and smallmouth bass.

Growth and natural mortality rates of large-
mouth bass and smallmouth bass were lower in
northern waters. Effects of reduced growth rate on
population productivity were partially offset by the
lower mortality rates, but northern largemouth
bass and smallmouth bass populations remained
much less productive than those in more southerly
latitudes. We used slow growth and high mortality
to define the simulated unproductive population,
despite indications that both statistics decreased in
northern waters, because the relationship between
growth and mortality was not significant and many
examples of slow growth-high mortality popula-
tions were observed. No length limit regulation
provided large proportions of quality-sized or lon-
ger fish in unproductive populations and average
PSD did not exceed 30 even when exploitation was
zero. Unrestricted harvest rapidly depleted num-
bers of large fish even at low exploitation rates.
Harvest from unproductive populations had little
effect on abundance or angler catch rates of stock-
length fish, but restrictions substantially reduced
harvest and yield because fish that would have
been taken by anglers succumbed to high natural
mortalities.

Model predictions were generally consistent
with observations of the effects of harvest on un-
productive populations. Bennett et al. (1991) noted
that restrictive regulations are necessary to main-
tain large fish in populations of slow-growing
largemouth bass at northern latitudes. Changes in
minimum length limits were associated with large
changes in harvest in several populations of small-
mouth bass where growth was average but mor-
tality was high (Sanderson 1958; Kauffman 1985;
Austen and Orth 1988). No corresponding change
in angler catch rate or PSD was observed in one
case (Austen and Orth 1988), but Kauffman (1985)
documented an increase in angler catch rates.

In the average largemouth bass or smallmouth
bass population, harvest restrictions substantially
affected the number of fish harvested, the abun-
dance of stock-length fish, and the proportion of
quality-length fish in the population. Responses
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EXPLOITATION RATE

FIGURE 3.—Predicted population and fishery responses (per recruit) to exploitation at minimum length limits
corresponding to stock (200 mm), quality (300 mm), and preferred (380 mm) lengths for largemouth bass populations
of varying productivity. Abundance refers to stock-length fish.

were similar for decreases in exploitation rate and
increases in minimum length limits. Yield and bio-
mass were relatively insensitive to exploitation or
to minimum length limits for largemouth bass and
smallmouth bass populations of average produc-
tivity. Similar results have been reported for large-
mouth bass and smallmouth bass populations with
average growth and mortality rates. Catch rate in-
creased but yield was unchanged for largemouth
bass (Aq = 4.3) in Pony Express Lake, Missouri,
before and after a 305-mm minimum length reg-
ulation (Ming and McDannold 1975). Harvest,
catch rate, and PSD of largemouth bass declined
rapidly following 53% exploitation with no size

l imit in two Wisconsin lakes recently opened to
fishing (Goedde and Coble 1981). Clady et al.
(1975) saw a rapid depletion of trophy smallmouth
bass (Aq = 3.4-4.7) when several unexploited
Michigan lakes were opened to fishing, even with
a 457-mm minimum length limit. Standing crop
of largemouth bass (Aq = 4.2) in an Ozark stream
doubled following no-kill regulations (Funk
1975).

Productive populations provided the greatest
flexibility for management. All population and
fishery characteristics were sensitive to exploita-
tion rate and length limit. High harvest or high
yield can be obtained from productive fisheries,
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FIGURE 4.—Predicted population and fishery responses (per recruit) to exploitation at min imum length l i m i t s
corresponding to stock (180 mm), quality (280 mm), and preferred (350 mm) lengths for smallmoulh bass populations
of varying productivity. Abundance refers to stock-length fish.

even without restrictions. High catch rates and
many large fish can be obtained from productive
fisheries by using restrictive regulations.

Failure to consider population productivity in
selecting harvest regulations can result in failures
to produce desired effects (Saila 1958; Fajen 1975;
Fox 1975), or even produce effects opposite those
intended. High minimum length limits improved
yield for productive populations, but reduced yield
for unproductive populations. Restrictive regula-
tions increased PSD in all populations, but may
increase competition, reduce growth, and com-
pound stunting problems in a productive popula-
tion. Restrictive regulations improved catch rates

in average or productive populations, but curtailed
harvest and yield in unproductive populations and
produced l i t t le improvement in catch rates. We
conclude that regionwide regulations may not be
appropriate in many northern and western areas
where variable climate and topography result in
extreme variability in largcmouth bass and small-
mouth bass productivity. Further, management
models developed for populations of high or av-
erage productivity may not apply to unproductive
populations.

The assumption of constant recruitment by the
yield-per-recruit model does not l imi t the appli-
cability of our conclusions. Simulations based on
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constant recruitment accurately estimate the av-
erage response of a population or fishery to ex-
ploitation and length limits over an extended pe-
riod of time. Although population and fishery char-
acteristics fluctuate from year to year as large year-
classes move through the population, the
constant-recruitment model predicts the effects of
fishing on each cohort regardless of its size. Re-
sults apply unless regulations are changed from
year to year according to year-class strength or
unless extreme variability in recruitment over-
shadows the effects of fishing.

Changes in harvest restrictions appear most

likely to produce a compensatory response in pro-
ductive populations where biomass is greatly af-
fected by harvest. Compensation in growth or mor-
tality is unlikely to result from harvest manage-
ment in populations of low productivity. Ney
(1993) confirmed that density dependence is most
likely to occur in small, central-latitude impound-
ments. For instance, Guy and Willis (1990) ob-
served an inverse correlation between density and
PSD of largemouth bass in South Dakota ponds.
In contrast, Latta (1975) observed that changes in
growth and natural mortality with increasing abun-
dance are minor in large natural lakes.
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TABLE 4.—Summary of environmental correlates, population characteristics, and model predictions associated with
largemouth bass and smallmouth bass populations of varying productivity.

Largemouih bass productivily

Characteristic

Latitude (°N)
Elevation (m)
Air temperature (°C)

Low

>45
> 1,000

<9

Average High

Environmental features
35-45 <35

300-1.000 <3(X)
9-17 >17

Smallmouth bass productivity

Low

>45

<7

Average

37-45

7-13

High

<37

Age at quality length (A(l) >4.2
Natural mortality (M) >0.6
Average PSDa <40
Number per recruit <0.8
Biomass per recruit (kg) <0.5

Yield Low
Harvest Low
Abundance Low
PSDa Medium
Biomass Low

Characteristics of unexploited population
2.9^.2 <2.9 >4.5 3.3-4.5 <3.3
0.2-0.6 <0.2 >0.6 0.2-0.6 <0.2
40-70 >70 <30 30-70 >70
0.8-2.0 >2.0 <0.9 0.9-2.5 >2.5
0.5-3.0 >3.0 <0.4 0.4-3.0 >3.0

Predicted sensitivity to exploitation
Medium High Low Medium High
Medium High Low Medium High
Medium High Low Medium High

High High Medium High High
Low High Low Low High

Predicted sensitivity to length limits
Yield
Harvest
Abundance
PSDa

Biomass

Low
Medium

Low
Medium

Low

Low
High

Medium
High
Low

High
High

Medium
High

Medium

Low
Medium

Low
Medium

Low

Low
High

Medium
High
Low

High
High

Medium
High

Medium
a Proportional stock density.

We did not explicitly model the effects of pro-
tected slot limits because the yield-per-recruit
model assumed a constant, density-independent
growth rate. Hence, this model would underesti-
mate the benefits of the slot limit in food-limited
populations. Slot limits presume that increased ex-
ploitation of fish stockpiled at small sizes will re-
duce competition for limited food, stimulate
growth rate, and increase the number of large fish.
Slot limits have improved PSD of largemouth bass
populations in several small, midwestern im-
poundments (Anderson 1976; Eder 1984; Red-
mond 1986; Gabelhouse 1987; Summers 1989;
Novinger 1990; Neumann et al. 1994), where den-
sity dependence is likely. Our results suggest that
slot limits will be most effective in productive pop-
ulations where biomass is sensitive to harvest and
will have little benefit in populations of low pro-
ductivity. Low PSD would characterize unproduc-
tive and compensation-limited populations, so it
would be inappropriate to assume that slot limits
could be effective wherever large fish are scarce.

Estimates of natural mortality were scarce in the
literature, which highlights the difficulty of esti-
mating natural mortality for exploited fish popu-
lations when total and fishing mortalities must be
measured. Pauly (1980) correlated natural mortal-

ity with growth rate and air temperature among
species of fish. We were unable to discern a sig-
nificant relationship between natural mortality and
growth rate but did observe a positive correlation
between natural mortality and temperature among
populations of largemouth bass and smallmouth
bass. Average conditional natural mortality rates
derived with Pauly's regression (0.27 for large-
mouth bass and 0.23 for smallmouth bass) were
23-35% below the averages in our review. We
suggest that Pauly's regression is not appropriate
for point estimates of mortality of largemouth bass
or smallmouth bass.

The simulations included in this paper incor-
porate only some of the factors that could be af-
fecting largemouth bass and smallmouth bass pop-
ulations or fisheries. Our simulations did not weigh
the effects of stock-recruitment relationships (which
are poorly understood for largemouth bass and
smallmouth bass: Latta 1975), size-related or ex-
ploitation-related changes in catchabilities that
could dampen or magnify the effects of fishing
(Anderson 1975), or interactions with prey or com-
petitors (Ming and McDannold 1975; Anderson
and Weithman 1978; Goddard and Redmond
1986).

Latitude, elevation, and air temperature ac-
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counted for only part of the observed variability
in growth and mortality rates. Other work suggests
that the unexplained variability may also be related
to productivity of the water body, water quality,
habitat availability, prey abundance, community
composition, or adaptation by local stocks (Forney
1972; Coutant 1975; Fajen 1975; Miranda and Du-
rocher 1986; Conover 1990). Schlesinger and Re-
gier (1983) also noted that most subarctic and tem-
perate zone lakes have a variety of thermal habitats
that fish can use to maximize productivity and po-
tential yield at different ambient temperatures. Nu-
merous exceptions can therefore be found to the
general characterization that growth and mortality
rates can be predicted with a few simple environ-
mental variables.

In weighing alternatives for the management of
largemouth bass and smallmouth bass, there re-
mains no substitute for detailed assessments of the
subject population. However, fishery managers
must often make decisions for populations on
which information is lacking. The summaries in
Table 4 provide a basis for evaluating management
alternatives by using a variety of information that
may be available for a population. Where stock-
specific assessment data are available, population
productivity can be identified by using the reported
benchmarks for parameters such as growth and
mortality. Where population data are lacking, ex-
pectations of population productivity may be
based on simple environmental features.

Feasible management goals and corresponding
harvest strategies for populations of varying pro-
ductivity can be inferred from the sensitivity of
population and fishery characteristics to simulated
changes in exploitation and length limits (Table
4). For instance, simulations suggest that fishing
regulations can shape yield, harvest, numbers, size
structure, or biomass in a productive population
but can only affect size structure of an unproduc-
tive population. Thus, harvest restrictions that sub-
stantially improve angling for a productive pop-
ulation should not be expected to provide similar
benefits for an unproductive stock.
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Appendix: Characteristics of North American Populations of Largemouth Bass and Smallmouth Bass
TABU-: A.I.—Unweighted mean values of length at age for698 largemouth bass and 409 smallmoulh bass populations3

from the United Slates and Canada. All growth statistics are based on total length in millimeters; N is number of
populations.

Location

Length at age (mm)

10 12

Largcmouth bass
Alabama
Arkansas
British Columbia
California
Colorado
Connecticut
Delaware
Florida
Georgia
Idaho
Illinois
Indian;!
Iowa
Kansas
Kentucky

5
13

1
26

1
85
4
14
5
40
24
6
15

1
1 1

158
145
142
145
178
98
130
175
138
87
120
105
115
193
136

258
243
152
256
272
202
253
276
260
170
234
219
204
292
250

336
315
237
344
361
279
320
335
341
233
303
251
281

331

392
370
268
403

334
368
384
408
286
356
371
332

382

438
413
292
458

374
405
424
460
331
414

388

424

495
441
384
508

405
429
471
499
370
454

424

439

524
433
430
517

433
465
502
524
409
469

459

470

555
474
470

456
491
546
494
438
490

514

503

573
455
431

477

562

451
500

487

503

564
484
475

494

566

479
522

526

508

480

508

577

497
523

507

520

616

499
523
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TABLE A. 1.—Continued.

Length at age (mm)

Location

Louisiana
Maine
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri
Montana
Nevada
New Mexico
New York
North Carolina
Ohio
Oklahoma
Ontario
Oregon
Pennsylvnia
Rhode Island
South Dakota
Tennessee
Texas
Utah
Virginia
Washington
West Virginia
Wisconsin

N

18
3
5
9
10
4
9
45
5
1
1

13
40
42
48
4
9
5
48
31
22
9
1
3

1 1
2
49

1

175
82
147
86
98

131
109
49
262
77
102
148
93
143
94
87
63
84
93
152
127
76
135
86
107
84

2

279
188
252
174
177

210
199
123
320
139
190
240
185
247
189
183
155
195
189
262
225
142
264
150
213
172

3

346
266
320
240
237
206
265
265
174
340
200
258
312
254
324
249
261
227
273
261
327
277
193
346
208
259
240

4

377
326
363
278
294
310
315
316
200
371
269
311
368
310
384
299
314
284
324
313
370
336
264
402
262
275
289

5

405
370
406
317
331
356
370
352
251
386
322
348
418
364
431
331
342
321
360
353
413
387
340
441
306

330
Sniallmouth

Alabama
Arkansas
California
Connecticut
Georgia
Idaho
Illinois
Indiana
Iowa
Kentucky
Maine
Maryland
Massachusetts
Michigan
Missouri
Nebraska
New Brunswick
New Jersey
New York
North Carolina
Ohio
Oklahoma
Ontario
Oregon
Pennsylvnia
Quebec
Rhode Island
South Dakota
Tennessee
Virginia
Washington
West Virginia
Wisconsin
Wyoming

3
12
9
38
3
6
13

1
20
2
20
I I
3
13
25

1
1

10
43
6
8

21
27
2
2
1
5
16
20
17
9
8

31
2

115
95
144
86
106
84
106
102
98
172
68
92
85
126
92
74
40
73
84
116
101
96
85
86
125

90
105
110
70
81
91
70
77

210
187
253
167
223
149
197
183
159
237
132
184
162
178
178
169
129
166
148
199
176
184
153
179
213

175
195
214
150
150
176
146
125

293
264
358
237
310
208
252
239
224
288
190
259
237
231
240
263
206
241
211
263 .
244
243
217
264
271
155
242
257
295
226
234
236
219
174

385
336
395
290
364
254
298
371
272
339
245
318
304
265
286
327
254
302
263
340
295
297
246
321
307
224
293
292
344
289
279
300
285
218

448
418
422
334
398
287
350

335
417
291
375
326
316
328
318
288
381
302
375
346
310
283
364
332
267
316
305
368
375
323
359
341
255

6

454
388
428
343
360
378
426
401
293
417
364
377
463
411
479
353
356
339
396
402
456
461
394
478
347

366

bass
499
468
462
371

313
340

371

329
436
362
345
362
385
314
419
338

370
347
313
384
360

345
296
383
434
369
431
381
288

7

473
418
463
376
388
389
452
419
330
511
407
404
495
441
515
382
435
378
428
435
479
499
429
541
384

399

533
542
479
409

341
356

385

356

399
379
395

338
497
362

386
360
345
405

457
338
394
503
398
462
416
311

8

490
440
485
397
399
411
427
434
354

446
426
516
477
523
417
464
419
446
468
513

472
554
399

421

547
597
474
440

363

422

375

434
396
417

357

389

415

369
449

226
465
415
548
432
338

9

467

407
425
455
448
459
381

489
441
535
502
574
433
533
290
472
461
501

407

439

499
451

378

460

392

439
414
456

398

447

393

443

459
355

10

477

394
433

488
411
351

477
638
483

446
538

503
483
514

438

469

505
465

447

511

436

445
433
446

411

465

413

460

457
363

11

499

429
456

419

478
686

468

520
475
536

457

484

469

455

447
463

424

461

424

475

472
377

12

533

445

507

491

593

565

475

488

488

463
445

435

440

478

361
11 Some variables are missing for some populations.
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TABLE A.2.—Unweighted mean values of von Bertalanffy parameters (k = Lx), age at quality length (/4^), instanta-
neous natural mortality rate (M), latitude, elevation, mean annual air temperature, and degree-days exceeding 10°C for
698 largemouth bass and 409 smallmouth bass populations3 from the United States and Canada. All growth statistics
are based on total length in millimeters; N is number of populations.

Location

Alabama
Arkansas
British Columbia
California
Colorado
Connecticut
Delaware
Florida
Georgia
Idaho
Illinois
Indiana
Iowa
Kansas
Kentucky
Louisiana
Maine
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri
Montana
Nevada
New Mexico
New York
North Carolina
Ohio
Oklahoma
Ontario
Oregon
Pennsylvnia
Rhode Island
South Dakota
Tennessee
Texas
Utah
Virginia
Washington
West Virginia
Wisconsin

Alabama
Arkansas
California
Connecticut
Georgia
Idaho
Illinois
Indiana
Iowa
Kentucky

N

5
13

1
26

1
85
4

14
5

40
24
6

15
1

11
18
3
5
9

10
4
9

45
5
1
1

13
40
42
48
4
9
5

48
31
22
9
1
3

11
2

49

3
12
9

38
3
6

13
1

20
2

k

0.28
0.29
0.16

0.22
0.29
0.26
0.23
0.16
0.30

0.19

0.22
0.36
0.22
0.34
0.18
0.20

0.16
0.21
0.07

0.08
0.22
0.24
0.14
0.31
0.19
0.17
0.11
0.22
0.1 1
0.21

0.06
0.26
0.15

0.19

0.28
0.04
0.17
0.15

0.22

0.15

L

625
543
592

565
542
619
563
638
573

661

604
510
538
516
605
554

593
569
892

911
529
640
698
566
560
651
695
579
716
666

1,264
635
626

550

625
1,616

636
661

457

608

A,

Largemouth
2.7
3.2
4.3
2.7
2.3
3.6
2.9
2.6
2.7
4.4
3.2
3.3
3.5
2.1
2.8
2.5
3.8
3.0
4.6
4.5
4.3
3.7
3.9
5.6
1.9
4.7
4.1
3.0
3.8
2.9
4.5
3.9
5.1
3.8
3.8
2.8
3.2
4.5
2.7
5.0
3.6
4.4

Smallmouth
2.9
3.2
2.5
3.8
2.9
5.1
3.6
3.2
4.3
2.8

M

bass

0.08

0.70

0.59
0.18
0.14
0.57

0.49
0.42

0.35

0.60

0.58

0.61

0.64

0.21

bass
0.1 1

0.60

0.64

0.39

Latitude

33
36
53
37
41
42
39
29
32
45
40
40
42
38
37
^1
45
39
42
43
45
31
38
46
36
33
42
35
40
36
45
44
41
42
44
36
31
39
37
48
38
45

35
36
39
42
35
45
41
40
43
38

Elevation
(m)

154
213

287
2,042

118
25
22

139
838
195
228
313
350
213

25
1 1 1
42

144
303
282
30

241
1,107

691
1,396

236
257
305
259
238
378
290
52

577
269
339

1,750
375
434
462
341

146
282
366
116
256
589
230
225
286
199

Aii-
temp-

erature

17.9
16.8
5.9

16.9
8.4
9.3

13.0
21.7
18.9
8.5

12.1
11.2
9.5

13.8
14.3
19.7
6.3

13.2
9.2
7.6
6.9

19.4
13.2
7.1

19.4
15.7
8.6

15.6
10.2
16.2
5.2

10.4
8.5
9.7
8.1

14.7
19.0
9.3

13.0
8.8

11.9
6.3

16.3
15.7
16.0
9.3

13.5
9.6

10.8
11.4
8.6

13.8

Degree-
days

(1,000s)

2.9
2.8
0.9
2.6
0.6

.5
2.0
4.6
3.2
0.5
1.9
1.8
1.6
2.3
2.1
3.6
.0
.0
.3
.3
.2

2.9
2.1
0.7

.0
1.4
1.2
2.5
1.8
2.6
0.9
0.8
1.7
1.4
1.6
2.4
3.1

.6
2.1
1.8
1.3
.2

2.9
2.8
2.6
1.5
3.2
0.5
1.9
1.8
1.6
2.1
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TABLE A.2.—Continued.

BEAMESDERFER AND NORTH

Location

Maine
Maryland
Massachusetts
Michigan
Missouri
Nebraska
New Brunswick
New Jersey
New York
North Carolina
Ohio
Oklahoma
Ontario
Oregon
Pennsylvnia
Quebec
Rhode Island
South Dakota
Tennessee
Virginia
Washington
West Virginia
Wisconsin
Wyoming

N

20
I I
3

13
25

1
1

10
43
6
8

21
27
2
2
1
5

16
20
17
9
8

31
2

k

0.14

0.25
0.23
0.15

0.16

0.16

0.21

0.17
0.21

0.27
0.10
0.13
0.09
0.14
0.14

L.

564

505
493
622

499

608

527

532
545

269
847
603

1,091
743
518

\
5.1
3.7
3.8
3.6
3.8
3.9
5.0
3.5
4.6
3.4
3.8
3.9
4.8
3.7
4.0
5.2
4.2
3.5
3.5
4.1
4.0
3.9
4.2
5.8

Latitude
M (°N)

45
39
42

0.47 46
0.17 38

41
45
41

0.29 43
35
41
36

0.40 45
0.57 44

40
46
42
44

0.85 36
37
47

0.12 39
0.56 45

41

Elevation
(m)

93
108
145
378
264
991

20
93

200
685
240
219
270
721

84

52
603
250
566
138
398
421

1,841

Air
temp-

erature
ro
6.1

12.2
8.9
5.0

13.8
10.1
6.4

10.4
8.4

13.8
10.7
15.8
5.5
9.2

11.4
5.6
9.7
8.0

14.5
12.1
11.2
11.7
5.5
6.4

Degree -
days

( 1 ,()()( )s)

1.0
1.9
1.3
1.3
2.1
1.6
0.9
1.7
1.2
2.5
1.8
2.6
0.9
0.8
1.7
0.9
1.4
1.6
2.4
2.1
1.8
1.3
1.2
1.0

Jl Some variables are missing for some populations.


