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(ABSTRACT)

Negative binomial distributions were fitted for ten sets of
complete trip creel survey data from the New and Shenandoah Rivers
in Virginia and West Virginia. The fits for eight of ten data
sets were not significantly different from the observed
distributions (P< 0.05). The negative binomial provids a good
alternative when complete trip data are unavailable or unreliable;
however it was still more accurate to use the observed frequency
distributions.

An age-structured, non-linear population model employing
instantaneous mortality rates was developed to compare the merit
of various regulation schemes. Model outputs included parameters
commonly measured in recreational fisheries management, including
structural indices, catch, harvest, and yield. Eight creel limits
(1-8 fish/angler-day) and ten length limits (six minimum limits,
three slot limits, and no length limit) were simulated in all
possible combinations. A catch;and-release scenario was also
simulated, increasing the total number of simulations to 81. As a

case study, data were used from the smallmouth bass fishery in a



pool of the New River in West Virginia. Principal components
analysis revealed that 91% of the total variation in the output
variables among the 81 simulations was represented by the first
three components. A set of seven variables maximized the
differences among simulations: harvest (numbers), size harvested,
catch (numbers), size caught, proportional stock density, relative
stock density of trophy fish, and yield (weight). Model results
for these individual variables revealed that, while harvest and
yield were maximized by liberal scenarios, all other variables
were improved by the more restrictive regulations. The results
also indicate that minimum length limits have a much greater

impact than creel limit reductions.
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General Introduction

Many of the world‘’s most valuable commercial and recreational
fish stocks have been overexploited. With the increasing number
and sophistication of anglers, it is becoming necessary to control
harvest in order to maintain the quality of fisheries. As a step
in this direction, management agencies are becoming increasingly
receptive to novel regulation schemes. The setting of such
regulations requires consideration of many facets of the biology
of the fish stock in question. Attention must also be given to
human impacts on the stock through angling and other activities.

Unlike commercial fisheries, the harvest or effort can’t be
directly controlled in recreational fisheries. Recreational
fisheries can’t be closed once a certain harvest is attained, nor
can a limit usually be placed on the number of anglers or the
amount of time that they fish. The most commonly used controls on
harvest in recreational fisheries are season closures, length
limits, and creel limits.

Historically, the pendulum of fisheries management philosophy
has swung between restriction and liberalization (Redmond 1986).
Future trends in harvest regulation will likely include novel
approaches to harvest regulation. North Carolina has implemented
regulations with variable creel limits based on size. Arkansas is
considering using a slot length limit with differing creel limits

above and below the slot on trophy largemouth bass lakes (Mike



Armstrong, personal communication). Bennett Springs, a put-and-
take trout fishing area in southern Missouri, operates March
through October with a daily creel limit of five trout per angler.
Since 1980 catch and release fishing for trout has been allowed on
weekends during December through February (Hicks et al. 1983).
The problem that arises is that with increasingly complex
regulation schemes it becomes impossible to infer appropriate
regulation schemes from empirical evidence.

The construction of models can help us to understand and
predict the response of a complex fishery to alternative
regulation schemes. One definition of a model is " a tentative
ideational structure used as a testing device" (Morris 1980).
This definition fits well the use of models in fishefies. Models
provide us a structure, the fishery, represented theoretically,
that can be used as a device to test novel management approaches
without jeopardizing the fishgry. They also allow for screening
of natural variability that would make the results more difficult
to interpret through field studies. If a simulation model of the
fishery can be created that mimics the natural situation
acceptably, different sets of regulations can be applied while
other factors are held constant. Thus the fishery manager can
compare the possible impact of various regulation schemes on the
fish population prior to field implementation.

Models have been applied toward several diverse goals in



fisheries. They have helped to increase our knowledge about basic
biology of unusual species (Hughes 1983), assess the impacts of
instream flow variation (Williams 1984), predict recruitment
(DeAngelis and Coutant 1979, Gutreuter and Anderson 1985),
investigate multi-species interactions (Zuboy and Lackey 1975),
analyze trophic relationships (Ploskey and Jenkins 1982), predict
the impacts of commercial harvest (Hampton and Majkowski 1986),
and simulate recreational éxploitation.

The construction of models, in addition to increasing our
understanding of population and ecosystem dynamics, can help
management agencies to make better decisions. Generally, this has
not been done. The limited use of models in fisheries decision
making can be attributed to lack of communication between modelers
and managers and difficulties in interpreting model results. A
notable exception involves the salmon fisheries of British
Columbia (Hilborn et al. 1984). This is an instance in which
modelling has been applied to formal policy analysis. The model,
which incorporates both commercial and recreational harvest, is
described by Argue et al. (1983). Hilborn et al. (1984) note that
it is important to spend a large portion of model development time
making the ultimate user of the model comfortable with the
results. This instills confidence in the results and makes it
more likely that the model will be used. They found that such a

quantitative model was highly beneficial because it provided



clarity of assumptions, speed of analysis, a common ground for
discussion, a repository for a biologist‘s knowledge and
understanding (making it easier for a new biologist to take over),

and easier evaluation of new policies.

A few models have been developed to compare different length
limit regulations. Clark et al. (1980) developed such a model for
a trout stream fishery and later (Clark 1983) used it to project
the potential effects of catch-and-release regulations on the
fishery. Taylor (1981) developed an age-structured model
addressing length limits and season closures which has been
subsequently applied to largemouth bass populations in reservoirs
(Zagar and Orth 1986). A further adaptation of Taylor‘s approach
was demonstrated by Rieman and Beamesderfer (1990). These models
allow for variable length limit regimes, but do not address the
question of creel limit regulations.

In general, most models ignore creel limits, assuming that
they have little effect on harvest, but simply serve to
redistribute the harvest and make it more equitable. This seems
like an unrealistic assumption, since clearly in the extreme (ie.
catch-and-release) a creel limit will have a severe impact on
harvest. No existing model allows for the consideration of
changes in creel limit regulations with the exception of catch-

and-release. In addition, most available models measure the



success of a management scheme by the total yield from the
fishery. While this may be appropriate in a commercial fishery,
it is usually not in recreational fisheries. There are other
factors that affect the overall quality associated with the
recreational fishing experience, such as aesthetics, sporting
challenge, and the species and size of fish caught (Lackey 1978).
A very important factor in the perceived quality of a fishery is
the production of trophy fish. This is discussed in relation to
size limits by Jensen (1981) in a model based on the Beverton and
Holt (1957) yield equations.

While this study can not hope to create a model capable of
predicting the impacts of all the different possible size and
season dependant creel limit regulations, it does propose some
basic methodologies that may be employed in future studies toward
this end. Chapter 1 explores the use of the negative binomial
distribution as a theoretical model of angler daily harvest. 1In
Chapter 2 a general model is developed to simulate the effect of
combined length and creel limit regqulations. The smallmouth bass
fishery in a pool of the New River, West Virginia is used a case
study. The results of this case study are thoroughly analyzed and

compared to field studies.



CHAPTER 1
The Negative Binomial Distribution to Characterize
Angler Harvest in Smallmouth Bass Fisheries
Introduction
The smallmouth bass has become an increasingly popular
sport fish due to its reputation as a strong fighter and
increased interest in stream fishing. The number of streams
available is limited, and many are being adversely impacted by
human activity, which results in limited availability and a
potential for overexploitation.

In order to prevent overexploitation and realize all the
benefits from these fisheries, it is often necessary to control
harvest with regulations such as length limits, season closures,
gear restrictions, catch-and-release, or creel limits.

Creel limits can be used to reallocate harvest more equitably
and generate an overall reduction in harvest. Catch-and-release
regulations have become more popular, especially in wild trout
fisheries (Barnhart and Roelofs 1977). Similar results could be
achieved through restrictive creel limits that would still allow
limited harvest. Advantages of creel limits include possible
angler preference over other forms of regulation and ease of
enforcement (Chipman and Helfrich 1988). However, creel limits
have proved unacceptable to anglers in some fisheries (e.g. Renyard

and Hilborn 1986).



To predict the result of reducing the creel limit on
a fishery, it is necessary to estimate the distribution of harvest
per angler. Creel surveys are a common means of collecting
harvest information in recreational fisheries (e.g. Funk and
Fleener 1974, Austen and Orth 1984, Paragamian 1984a). The
frequency distribution of the number of fish harvested per
angler-day can be estimated from complete trip creel survey data.
This frequency distribution can be used to predict the effect of a
change in the creel limit by censoring the distribution of number
of fish harvested per angler-day (Figure 1). Censoring is
achieved by transferring all anglers that, if unregulated, would
have harvested beyond the limit into the group that harvested
exactly the limit. The censoring approach was evaluated in
detailed simulations by Porch (1988), who found it to consistently
underestimate catch. However, the bias was less than 15% in all
cases except when the variance was unrealistically large compared
to the mean. This approach assumes that there is no illegal
harvest, the limit does not act as a goal that competitive anglers
strive to achieve, and angling effort and effectiveness is
unaffected by the change. None of these assumptions can be
addressed quantitatively at this time.

Highly successful fishing trips are a rare event. Rare

events often follow a Poisson distribution, but this distribution

assumes a uniform probability of success. This is likely not the



case since there is great variation in the skill level of anglers.
The negative binomial distribution (Figure 2) is a generalized
form of the Poisson (Williamson and Bretherton 1963, Pielou 13877).
The negative binomial allows the mean to take on values less than
the variance, whereas the Poisson assumes that the mean is equal
to the variance of the distribution. Elliott (1977) referred to
the negative binomial as the most useful model for phenomena that
exhibit contagious distributions. The negative binomial
distribution has been used frequently in fisheries, including for
the evaluation of creel limits as detailed by Porch (1988).

The use of a generalized form of harvest distribution would
allow for a great reduction in the number of parameter estimates
needed, and for approximation of distributions in fisheries.where
harvest data were unavailable. Through this study we hoped to
evaluate the utility of the negative binomial distribution as a
generalized distribution for daily angler harvest. Additionally,
a theoretical approach was used to predict the reduction in
harvest and proportion of anglers affected by creel limit

reductions.



Methods
Data sets from complete trip creel surveys on the New and
Shenandoah Rivers in Virginia and West Virginia were obtained from
the Virginia Department of Game and Inland Fisheries and the West
Virginia Department of Natural Resources (Table 1, Appendix A).
Survey methods were described in Pierce et al. (1981), Lewis
(1985), and Kauffman and Smith (1987). All stream sections were
governed by an eight-fish-per-day creel limit, which was felt to
have no significant impact on total harvest. Fishing was
otherwise unregulated, with the exception of harvest in sections
B and C of the Shenandoah River, Virginia (Kauffman and Smith
1987), which was restricted by a 280 to 330 mm slot length limit.
Frequency distributions of harvest were calculated for each of the
10 data sets obtained. Harvest means were compared between the
two river systems using Welch’s approximate t-test for comparing
means with unequal variances.
The probability density function for the negative binomial
is (Williamson and Bretherton 1963):
-k X
u (k+x—-1)! u
P(x) = |1+-| —=—e————- —-— (1)
k x!(k-1)! |u+k
where:
x represents a given number of fish harvested
per angler-day,
P(x) is the probability of x daily harvest,
u is the mean daily harvest per angler, and

k 1is a parameter inversely related to the
degree ofdispersion.
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This equation can not be evaluated for non-integer values of k,
which are likely to occur. This problem can be overcome using the

following properties of Gamma functions (Walpole and Myers 1989):

]

Gamma (n) (n-1)! for any integer, n, and (2)

~ Gamma (x) (x-1)Gamma (x-1). ‘ (3)
Equation 1 can be modified by reversing the property given in
equation 2, since factorials are only defined for integers, giving

the new equation:

-k X
u Gamma (k+x) u
P(x) = [1+=| =—=————————- —— (4)
k x!Gamma(k) |u+k

The property in equation 3 can then be applied, giving:
-k x
u (k+x-1)Gamma (k+x-1) u
P(x) = [1+~| —==—m——mm——mmm—————m -— (5)
k x!Gamma (k) u+k

This property can be applied repeatedly until the term

‘(k)Gamma(k)‘ is attained:

-k x
u (k+x-1)...(k)Gamma (k) u

P(x) = |1+- ——— - ——— |- (6)
k x!Gamma (k) u+k

And the Gamma(k) terms cancel giving:

P(x) = [1#=| =mcmmmcmeeeee -— (7)

Since (k+x-1) could become negative when x=0, this equation was

evaluated for values of x from 1 to 8. the results were then
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summed and subtracted from 1 to give a frequency for the 0 group.

In order to fit a negative binomial distribution to the data,
u, the arithmetic mean of the data, and k were estimated
iteratively (Elliott 1977). A listing of the computer program
used is provided as Appendix B and sample input and output as
Appendix C.

Because a limit of eight-fish-per-day limit was in effect
for all fisheries surveyed, there were no reliable data for
greater harvests. Therefore, because observations were missing
from the high end of the distribution, the arithmetic mean was an
underestimate of the mean of the complete distribution. To
correct for this underestimation, the estimated mean was
increased by an increment of 0.01 and the distribution refit until
an improved fit to the observed distribution was achieved based on
the chi-square goodness of fit test (Snedecor and Cochran 1967).

The hypothesized negative binomial distribution was used to
calculate the expected frequency of anglers harvesting the
various numbers of fish per day. When the expected value in any
group was less than five, adjoining groups were combined until
expected values were greater than five in all groups to meet chi-

square testing requirements.



Results

Angler success was quite variable among the ten data sets
analyzed (Table 2). Mean harvest ranged from 0.2 to 2.5 fish per
angler-day. Harvest rates were not significantly different
between the two rivers (Welch’s Test, P > 0.05).

Empirical frequency distributions were similar in form. The
zero-fish-per-day group (i.e. unsuccessful anglers) was the most
frequent group (Table 1). After the peak, the distribution declined
rapidly until frequencies became quite low and the decline became
progressively slower, similar to the negative binomial
distribution (Figure 2).

Estimates of the dispersion parameter, k, were also quite
variable (Table 2), ranging from 0.06 to 0.35. These values were
low considering this parameter can theoretically take on any
value less than the mean. This indicates a high degree of
dispersion in all cases. BAs with harvest, there was no
significant difference between estimates of k for the two rivers
(Welch’s Test, P > 0.05). There was a strong relationship between
the estimated k and the harvest ( k = 0.0762 + 0.1113u, r = 0.93,
P < 0.005) (Figure 3).

In eight of the ten cases, there was no significant
difference ( P < 0.05) between the estimated and empirical
distributions (Appendix D). The two that were significantly

different were among the three data sets exhibiting the highest

- 12 -
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mean harvests. In both cases the observed distribution had a much
lower frequency in group-0 than the negative binomial predicted.
Using the empirical distribution, decreasing the creel limit
from 8 to 3 fish resulted in an average harvest reduction of 22%
(SD = 4.26)} the average reduction was 16% (SD = 3.04) using the
negative binomial. Decreasing from 8 to 1 yielded an average
reduction of 60% (SD = 4.63) and 46% (SD = 5.91) using the
empirical data and the negative binomial, respectively. In all
but one case, use of the estimated negative binomial distribution
yielded a lower reduction than the empirical frequency
distribution (Table 3), resulting the bias being greatest for the

larger reductions in creel limit.



Discussion

Success rates were highly variable within each study stream,
but similar to the wide range of those found in smallmouth bass
fisheries (e.g. Fajen 1981, Austen and Orth 1984, Serns 1984).

The empirical data presented showed a strong similarity
to the negative binomial distribution, fitting the obsérved
distribution well in eight of the ten cases. Estimates of the
dispersion parameter, k, were confined to a narrow range, and
were strongly correlated with the mean harvest. This would allow
for rough estimation of a negative binomial distribution if an
estimate of mean harvest was available. Such an approach would be
useful when complete-trip creel survey data were unavailable.

The two cases where there was a significant difference
between the empirical data and the negative binomial distribution
were among the three with the highest mean daily harvest. 1In
these cases it is likely that the best fitting negative binomial
distribution might extend well beyond eight with noticable
frequencies. Since the predicted frequency in the zero group was
calculated by subtracting the total of the other frequencies from
one, failure to deduct for significant frequencies beyond eight
could lead lead to an inflated prediction for the zero group. All
of the data sets used presented harvest based on parties rather
than individual anglers, and individual data points in some cases

had to be partitioned from total party harvest. This may well

- 14 -
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result in empirical distributions where the zero group frequencies
are artificially depressed and the lower (but non-zero) harvest
groups exhibit increased frequencies. It is clear that the
failure of the negative binomial to fit well in two cases could be
explained as a combination of these two factors that would lead to
divergence of the zero frequency group.

The mean of the distribution can easily be seen to represent
the success rate in a fishery - the mean harvest per angler-day.
The meaning of the dispersion parameter, k, is less evident. When
k is low, dispersion is hiéh and success varies more widely on an
individual basis. Thus, k may be related to the homogeneity of
the angling population or other condition affecting angling
success. When k is high, the population is more uniform, being
composed of anglers with similar levels of success.
Correspondingly, when k is low there is much variation within the
angling population. BAnother possibility is that k is related to
dispersion of the fish population. When k is high, fish
populations are likely to be randomly dispersed and success is
more homogenous, while at low values of k, the fish are more
clustered and success rates more variable.

The homogeneity of the angling population can be used as a
basis for speculation to explain the apparent relationship between
k and the mean. It is likely that there is always a component of

anglers of low specialization present in these unrestricted
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fisheries. These would be mostly unselective anglers seeking to
catch fish to eat. The occurrence of more highly specialized
anglers, who fish primarily for sport and enjoyment, would
decrease both the mean harvest and the homogeneity of the angling
population.

The distributions of daily angler harvest were used to
predict the effect of reducing the creel limit. Due to low
numbers of anglers harvesting large numbers of fish, the reduction
in creel limit would need to be severe to have a significant
impact on harvest and thus on fishing mortality. However, the
reduction would impact a relatively small portion of the anglers
in a fishery. 1In the empirical example illustrated in Figure 1,
reduction of the creel limit from 8 to 1 fish per angler-day would
reduce harvest by nearly 60%, yet the regulation would affect only
10% of the angler-days in the fishery. Therefore, creel limits
may be a restriction that can have a positive effect on fishing
success and yet have a minimal impact on the angling population.

Obviously, there are additional biological, sociological,
economic, and political concerns to address before creel limits
are changed. 1Is the prey base available to support acceptable
growth if the density of fish is increased? Would some form of
natural mortality compensate for the reduced fishing mortality?
Would hooking and handling mortality of released fish render the

reduction less effective? Would the new limit be acceptable to














































































































































































































































































































































































