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MATHEMATICS AND MALLARD MANAGEMENT

LEWIS M. COWARDIN, Northern Prairie Wildlife Research Center, Jamestown, ND 58401
DOUGLAS H. JOHNSON, Northern Prairie Wildlife Research Center, Jamestown, ND 58401

Abstract: Waterfowl managers can effectively use simple population models to aid in making manage-
ment decisions. We present a basic model of the change in population size as related to survival and
recruitment. A management technique designed to increase survival of mallards (Anas platyrhynchos) by
limiting harvest on the Chippewa National Forest, Minnesota, is used to illustrate the application of
models in decision making. The analysis suggests that the management technique would be of limited
effectiveness. In a 2nd example, the change in mallard population in central North Dakota is related
to implementing programs to create dense nesting cover with or without supplementary predator control.
The analysis suggests that large tracts of land would be required to achieve a hypothetical management
objective of increasing harvest by 50% while maintaining a stable population. Less land would be required
if predator reduction were used in combination with cover management, but questions about effectiveness
and ecological implications of large scale predator reduction remain unresolved. The use of models as a

guide to planning research responsive to the needs of management is illustrated.

J. WILDL. MANAGE. 43(1):18-35

Management of a wildlife population
is a complicated task that often requires
decisions based on limited data. To make
logical decisions we need (1) a manage-
ment policy or objective defined in terms
of some goal, (2) a relationship between
that goal and parameters of the popula-
tion to be managed, and (3) estimates of
these parameters. Such a relationship is
often termed a ‘“model,” and can be
either quite rudimentary and qualitative
or complicated and quantitative. Inade-
quate information often forces us to use
models that grossly oversimplify the be-
havior of the real population and to em-
ploy estimates that are frequently little
better than informed guesses. The man-
ager cannot postpone a decision until the
dynamics of the population are fully
understood and precise estimates of all
parameters are available. Inaction is in
fact a decision by default.

The development of simple models,
imperfect though they may be, and the
graphic representation of these models
can facilitate logical and orderly devel-
opment of management strategy. Because
of the large quantity of pertinent banding
and survey data available, the mallard
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has been the subject of several published
models (Walters et al. 1974, Anderson
1975a,b, Brown et al. 1976). These
models use estimates of production
based on survey data for the continental
population. In contrast, our model relates
recruitment to various components that
are frequently measured in local studies
and that are subject to manipulation by
the waterfowl manager. The exercise of
presenting a model has a number of ben-
efits: (1) inspection of the model may fo-
cus attention on critical parameters; (2)
the model provides a frame of reference
for evaluating policy and assessing the
feasibility of objectives; (3) insight into
possible alternatives for reaching an ob-
jective is gained; and (4) we are forced to
face the reality of the management prob-
lem and to answer important questions
such as cost effectiveness and political
feasibility. The purpose of this paper is
to demonstrate a simple model that can
facilitate decisions concerning manage-
ment of mallards in the north central
United States.

We gratefully acknowledge the assis-
tance of I. J. Ball, H. F. Duebbert, D. S.
Gilmer, K. F. Higgins, L. M. Kirsch, A.
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D. Kruse, C. H. Schroeder, and D. L.
Trauger, who permitted us to use unpub-
lished data from their files. D. A. Dav-
enport assisted with computer program-
ming and preparation of graphics. We
also benefited from review of the manu-
script by D. R. Anderson, H. F. Dueb-
bert, K. F. Higgins, G. S. Hochbaum, L.
M. Kirsch, H. W. Miller, and A. B. Sar-
geant, and the editorial assistance of F.
B. Lee.

THE BASIC MODEL OF SURVIVAL
AND RECRUITMENT

One purpose of management is to
change the size of the population or to
maintain the size while manipulating
other factors such as hunting kill. The an-
nual change in population size is a func-
tion of recruitment and survival. Because
recruitment does not seem to be limited
by a shortage of male mallards, we con-
sider only the female segment of the pop-
ulation. For some geographically defined
population, let

N, = number of females in the spring
of year t,

S = annual survival rate of adult fe-
males,

S* = survival rate of immature females
(from fall to spring),

R = number of young females in the
fall population produced per
adult female in the previous
spring population.

The number of females the next spring is
the number of adult females that survive
plus the surviving young females; i.e.,

Nt+1 = NtS +NtRS*,

and the proportional change in popula-

tion, C, is

C = N.,,/N,=(N,S; +N,RS*)/N,= S + RS*.
(1)
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To maintain a constant population we
need C = 1, which implies RS* =1 - S.
This well-known result simply states that
the surviving recruits (RS*) must balance
the loss in the adult population (1 — S).

To describe the population dynamics
of female mallards in terms of significant
events occurring during the year, we split
the year into periods (Fig. 1). In the fol-
lowing, we will take S, and S,’ to rep-
resent survival from hunting. Natural
mortality occurring during the hunting
season will be included with winter mor-
tality. The survival rates applicable to
each period are defined in Table 1. We
assume that returning young (as year-
lings) have the same recruitment rates
and summer mortality rates as do adults.
The assumption may be open to ques-
tion, but at present there are insufficient
data to warrant use of different recruit-
ment rates for young and adults.

The survival rate, as estimated from an
analysis of band recoveries, pertains to
the period from the time of banding one
year to the time of banding the next.
Thus, for banding done just before the
hunting season,

S = S,,Swa (2)

and
S'=8,'S,'S,.

In the model for population change
(equation 1), we need the survival of im-
matures from the fall to the next spring,
which is S* =S,'S,’. This quantity can
be obtained by dividing the annual sur-
vival rate S’ by the summer survival rate
Sy’ (= S, by the assumption that yearlings
and adults have identical summer surviv-
al rates). Hence equation 1 becomes

C =S +RS*=S +RS'/S,. (3)

For a constant population (C = 1), equa-
tion 3 is a special case of equation 9 pre-



20
BIRDS ARE BIRDS ARE
CENSUSED BANDED

' f

[ NESTING AND SUMMER | wonting WINTER
SURVIVAL S s, s,
RATE

Fig. 1. Schematic drawing of a 1-year cycle showing time
birds are censused, time of banding, and survival rates
corresponding to each period.

sented by Henny et al. (1970). The main
difference is that those authors define re-
cruitment in terms of a single anniversary
date, whereas we define recruitment as
young fledged to the fall population from
adults present in the spring, a definition
more consistent with data gathered by
waterfowl workers. Recruitment (m) as
defined by Henny et al. (1970) is equiv-
alent to our R/S,.

The ratio of survival of young to that of
adults, differential survival

D=S'/S

is a useful statistic (Johnson 1974) that al-
lows further simplification of equation 3:

C =S + RDS/S, = S(1 + DR/S,). (4)

Example: Maintaining a Constant
Population

For a stable population we can illus-
trate the relationship between adult sur-
vival (S) and recruitment rate corrected
for summer survival (R/S;) by graphing
the function obtained by setting C = 1 in
Equation 4,

S = 1/(1 + DRJ/S,),

for various values of D (Fig. 2).

The general form of the curves has 2
important management implications.
First, the importance of a high rate of sur-
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Table 1. Definitions of survival rates for various periods
of the year.
Notation
Parameter Adult Young

Annual survival rate S S’
Survival during the breeding season

(approximately time of census to

hunting season) S, Sy’
Survival during hunting season S %
Survival during winter (end of hunt-

ing season to spring census) Sw Sw’

vival in the young relative to that in the
adults (D near 1) is readily apparent. For
example, at a fixed rate of recruitment ad-
justed for summer mortality, say at 1
young hen produced per adult hen in the
breeding population, a species like the
mallard with differential survival of
around D = 0.85 (Anderson 1975¢) would
require only about 54% adult survival to
maintain a stable population, whereas a
species like the canvasback (Aythya va-
lisineria) with differential survival re-
ported at about D = 0.4 (Geis 1959)
would require 70% annual survival.

Second, the form of the curves shows
that when recruitment is low (less than
1 young female produced per adult fe-
male), a small change in recruitment can
compensate for a relatively large change
in adult survival, i.e., it will maintain a
nearly constant population in the face of
marked changes in survival rate. Manage-
ment designed to change recruitment
rate, therefore, can be expected to be an
effective strategy when recruitment is
modest.

Example: Varying the
Population Size

The waterfowl manager is often inter-
ested in changing the population size.
We can examine the relationship be-
tween recruitment and survival for var-
ious rates of population change by se-

J. Wildl. Manage. 43(1):1979
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Fig. 2. Graph showing how a constant population can be
maintained (C = 1) by various combinations of adult fe-
male survival rate, differential survival, and recruitment
adjusted for summer survival.

lecting a fixed rate of differential survival.
For the following illustration we chose
D = 0.85 (Anderson 1975a). To illustrate
the relationship between recruitment
and survival, we graphed (Fig. 3) the
function

S = C/(1 + DR/S,)

for D = 0.85 and for various rates of pop-
ulation change (C). Figure 3 will be em-
ployed in the next section to estimate the
annual change in populations for which
estimates of S, R, and S, are available.

MEASUREMENT OF SURVIVAL AND
RECRUITMENT

The manager whose objective is to ma-
nipulate the size of a wildlife population,
whether he uses quantitative models or
more informal methods, is aided by
knowledge of survival and recruitment.
Both quantities, unfortunately, are ex-
tremely difficult to determine in wild
waterfow] populations. Estimation of sur-
vival is the subject of a study by Ander-
son (1975a), who presents survival rates

J. Wildl. Manage. 43(1):1979
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Fig. 3. Anticipated changes in population resulting from
D = 0.85 and various values of adult female survival rate
and recruitment adjusted for summer survival. Plotted also
are estimated values for certain study areas defined in Ta-
ble 3.

for mallards banded in various areas of
North America. Estimation of recruit-
ment has not received equal attention
and the few available estimates have
been derived by various methods that
often are not comparable. In this section
we examine the components of recruit-
ment, present estimated survival and re-
cruitment rates for various mallard pop-
ulations, and examine the conclusions
reached by incorporating these estimates
in our basic model.

Recruitment can be estimated either
by (1) direct measurement of breeding
population, number of broods produced,
and brood size, or by (2) nest success in-
formation in conjunction with knowledge
of renesting effort and brood survival
(Dzubin and Gollop 1972). The first
method is the most straightforward, but
it is difficult to determine the number of
broods fledged, particularly for the secre-
tive mallard, and estimates of recruit-
ment can be badly biased (Stoudt 1971).
The 2nd method has not often been



22

Table 2. Definitions of components of recruitment and
their notation.

Parameter Notation

Nest success rate, the probability that an
individual nest will hatch P

Hen success rate, the probability that an
individual hen will hatch a nest in 1
of her attempts

Average brood size at fledging?

Survival of broods from hatch to time of
brood census®

™ T

number of broods
censused
number of hens
censused

Index to recruitment =

2 Size at fledging is approximately equal size at age class III
(Gollop and Marshall 1954).
b Assume brood size is measured at census at early age class IL.

attempted, although a number of studies
(e.g., Townsend 1966, Miller 1971,
Duebbert and Kantrud 1974, Reed 1975,
Duebbert and Lokemoen 1976) have
used nesting success as an index to re-
cruitment. Most nesting studies yield
data on the proportion of nests that hatch
out of the total nests found. These esti-
mates are usually biased because the
search techniques are more likely to miss
a destroyed nest than a successful nest
(Miller and Johnson 1978). Mayfield
(1961) recognized this bias and described
a method for calculating a more realistic
estimate of the probability that an indi-
vidual nest will hatch. We have used
Mayfield’s technique as modified for wa-
terfow] by Miller and Johnson whenever
the original data were available.

The recruitment parameters are de-
fined in Table 2; the chronology of
brood development is shown in Fig. 4.
Recruitment, the number of young fe-
males fledged per hen in the breeding
population, is calculated by the direct
method:

R =1B/2,

where the divisor 2 accounts for an even
sex ratio in the broods. I is the ratio of

MATHEMATICS AND MALLARD MANAGEMENT * Cowardin and Johnson
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Fig. 4. Schematic drawing of stages of development of
broods and the brood survival rates during each stage.

number of fledged broods to the number
of pairs counted in the same area.

B, the average size of fledged broods,
is usually assumed equal to the size of
class III (approximately 51 days old—
Gollop and Marshall 1954) broods, which
appears to be an easy parameter to mea-
sure. M. C. Hammond (unpublished re-
port on file at Northern Prairie Wildlife
Research Center) showed that class III
brood sizes are subject to rather serious
bias in operational surveys. Brood sur-
veys are usually conducted in July, when
any class III mallard broods encountered
would be from nests hatched early in the
season. Hammond and later Batt (1976)
showed that early clutches are larger than
late clutches and Hammond also found
higher hatchability for early clutches.
Published class III brood sizes, there-
fore, are frequently too high, and may be
further inflated because of combined
broods that are tallied as 1 brood. In
fact, class III sizes are sometimes larger
than class II sizes (e.g., Dzubin and Gol-
lop 1972:126, Ball et al. 1975:778). Ham-
mond constructed duckling survival
curves from data gathered throughout the
season at J. Clark Salyer National Wild-
life Refuge in North Dakota. We calcu-
lated from his mallard data the following
survival rates: hatch to class I, 0.74; class
I to class II, 0.92; class II to class III,
0.89. In general, estimates of class I

J. Wildl. Manage. 43(1):1979
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brood sizes are the least biased. We
therefore applied the calculated survival
rates to published class I brood sizes to
estimate class III brood sizes. These cal-
culated sizes were used unless they ex-
ceeded the published sizes, in which
case the latter were used.

Recruitment can alternatively be cal-
culated from the hen success rate (H) by

R = HZB/2, (5)

although hen success is rarely measured
unless marked birds are available. In ad-
dition, this method requires estimates of
survival of broods from hatch to census
(Z), not to be confused with the attrition
of broods by duckling loss, which is in-
corporated in the average brood size.
Two recent papers (Ball et al. 1975, Reed
1975) discuss brood survival and include
survival curves for broods from hatching
to fledging. Inspection of the curves re-
veals that complete loss of broods from
about 2 weeks of age to fledging is neg-
ligible. We ignored this loss and, there-
fore, obtained equation 5.

Little information on the survival of
broods has been published. For data from
the Chippewa National Forest we used
the value Z = 0.77 derived from Ball et
al. (1975). For other areas we used Z =
0.70, because Dzubin and Gollop (1972)
and Reed (1975) presented data suggest-
ing that the value obtained on the Chip-
pewa Forest is too high for a general es-
timate. The work of Dzubin and Gollop
also suggested that brood survival may
vary greatly among years and areas.

The probability of a nest hatching (P),
calculated according to Miller and John-
son (1978), is a parameter relatively
easy to measure in grassland habitats by
means of a cable chain drag (Higgins et
al. 1969). The probability that an individ-
ual hen will succeed in hatching a clutch
of eggs (H) is a function of P and the

J. Wildl. Manage. 43(1):1979

HEN SUCCESS (H) IN PERCENT

0 10 20 30 40
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Fig. 5. Hypothesized relationship between the probability
of eventual hen success and the probability that an indi-
vidual nest will hatch.

number of times she will renest fol-
lowing destruction of her nest. Unfortu-
nately, there are few published data on
renesting rates in wild populations, data
which are necessary to estimate H from
P. In Appendix 1 we argue that the re-
lationship between H and P on a long-
term average can be approximately de-
scribed by the function:

H = Pet—P? (6)
which is plotted in Fig. 5. The only study
(Gilmer et al. 1974) that determined both
P and H involved radiotelemetry data
gathered on the Chippewa National For-
est, Minnesota. Unpublished data ob-
tained during this study allowed us to
estimate P = 0.14 and H = 0.28 for a
sample of 33 radio-marked mallard hens.
From the estimated P and our hypothe-
sized relationship we predict H to be
0.29, which is in close agreement with
the observed value. For this data set, at
least, our hypothesis is reasonable. The
relationship is thought to be appropriate
for long-term averages; in any given year
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Table 3. Parameters for adult female mallard populations calculated for various data sets from the central portion of

the breeding range.?

Area and treatment® Years P H B 1 R S S’ Sy Se Cc

1 Redvers, Sask.

(wet years) 52-58 0.28 047 540 0.33 0.89 0.515° 0.406¢ 0.757¢ 0.99
2 Redvers, Sask.

(dry years) 59-63 0.27 046 487 032 078 0.515 0406 0.754 0.94
3 Lousana, Alta. 5365 025 044 510 031 0.79 0.623 0482 0.748 1.13
4 Kindersley, Sask. 56-59 0.14 030 491 021 052 0.623 0482 0.719 0.96
5 Roseneath, Man. 52-55 0.39 057 5.17 040 1.03 0.515 0406 0.786 1.04
6 ChippewaForest,Minn. 68-72 0.14 0.28 540 022 0.59 0.559 0475 0.750 0.919 0.93
7 N. Dak. (unmanaged) 69-75 0.14 029 490 020 050 0.587 0.555 0.719 0.918 0.98
8 N.and S. Dak. (DNC) 71-73 0.21 039 4.90 027 0.67 0.601 0.568 0.738 0918 1.12
9 Hosmer, S. Dak. (DNC

and predator control) 71 087 088 644 075 241 0.751 0.710 0914 0.918 2.63

2 Data for parameters for which real data were available are italicized. Other p ters were developed from the ptions and

equations discussed in the text. All estimates are subject to large sampling errors and are intended only to illustrate the models.

b Source data were taken from the following publications: 1 and 2 (Stoudt 1971), 3 (Smith 1971), 4 and 5 (Dzubin and Gollop 1972).
Sources of previously unpublished data for areas 6-9 are cited in the appendix.

¢ Survival estimates except for Minnesota are taken from Anderson (1975a). The reference area with large samples of banded birds
nearest the study ares was used. Estimates for Minnesota were derived from banding data for the entire state.

4 Survival estimates derived from equation A5.

renesting effort may be near zero because
of climatic conditions and the equation
could yield highly misleading results.
We may now use the estimates of re-
cruitment from various studies to deter-
mine the status of the populations stud-
ied, and later to examine management
strategies. If we combine the formula for
change in population (equation 4) with
those for recruitment and hen success
(equations 5 and 6), we can write a single
equation relating the parameters dis-
cussed thus far:
C = S(1 + Y%.DPe“P*ZB/S,). (7)
As a further check on our assumptions,
we examined results from a number of
studies in which different parameters
were measured, and then calculated the
additional parameters needed to deter-
mine recruitment. We also derived esti-
mates for the various components of
survival. The estimates were used in
equation 7 to predict the average C for
each study (Table 3, Fig. 3). Note that
changes in population (C) estimated from

the graph differ slightly from the values
in Table 3 because a common value D =
0.85 was used in constructing the curves,
whereas values specific to the areas were
used in Table 3. Estimates of C for most
study areas tend to fall either slightly
above or slightly below the line repre-
senting no change. The most striking de-
parture is for Hosmer, South Dakota,
where a dramatic increase in population
was observed during the years of high re-
cruitment. The results are sufficiently
reasonable to allow use of our model in
preliminary examination of management
strategies presented next.

A STRATEGY TO INCREASE
SURVIVAL—CHIPPEWA
NATIONAL FOREST, MINNESOTA

Data from the Chippewa National For-
est furnish an example of how a simple
model may facilitate critical examination
of a proposed management strategy. We
have shown (Table 3, area 6) that if our
estimated rates of recruitment (R/S, =
0.59/0.75 = 0.79) and survival (S = 0.559)
are reasonably accurate, the mallard pop-

J. Wildl. Manage. 43(1):1979
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Table 4. Population parameters for female mallards banded on the Chippewa National Forest, Minnesota.

Parameter Notation Value Source
% of nests hatched 0.14 Unpublished data
% of hens hatching a nest 0.28 Gilmer et al. (1977)

Brood survival to census

P
H
Average class III brood size B
VA
Recruitment = young hens R

fledged/adult hen
Adult survival rate S
Young survival rate S’
Adult summer survival S,
Adult survival from hunting NS
Young survival from hunting Sy’
Adult winter survival Sw
Young winter survival S,
Proportion of harvested adults taken on )
Chippewa Forest
Proportion of harvested young taken on ¢’

Chippewa Forest

54 (Unpublished data) 1. J. Ball

0.77 Calculated from Ball et al. (1975)

0.59 Calculated (0.28 x 0.77 x 5.4)/2

0.559  Banding data state of Minnesota

0.475 Banding data state of Minnesota

0.75 Gilmer et al. (1974)

0.811 Anderson (1975a); crippling loss from
Johnson and Sargeant (1977)

0.689  Anderson (1975a); crippling loss from
Johnson and Sargeant (1977)

0.919 Calculated (0.559/0.811 x 0.75)

0.838  Winter mortality assumed twice adult
rate

0.548 Banding data Chippewa Forest

0.424  Banding data Chippewa Forest

ulation on the Forest is either declining
or being maintained by pioneering birds.
Jessen (1970) reached a similar conclu-
sion for mallards throughout Minnesota.

Reference to Fig. 3 suggests the pos-
sible management strategies to achieve
a stable population without immigration.
We must raise adult survival rate to about
60%, or raise recruitment (adjusted for
summer mortality) above 0.9, or achieve
some combination of these. If hunting
and natural mortality are additive (cf. An-
derson and Burnham 1976), we should be
able to increase survival by decreasing
hunting mortality. The fact that, of all di-
rect recoveries of adults banded on the
Chippewa National Forest, 55% were re-
covered on the Forest suggests that re-
strictive regulations on the Forest might
be used to increase the adult survival
rate. In fact, closure of selected areas on
the Forest to duck hunting was examined
as a potential management technique by
the Minnesota Department of Natural
Resources in 1972, but was never imple-
mented.

J. Wildl. Manage. 43(1):1979

We examined the strategy of partial
closure of the Forest to duck hunting by
adapting our basic model to determine
the percentage change in the population
as a function of the percentage of the har-
vest taken on the Forest, for various rates
of recruitment. Details of the model spe-
cific to this example are found in Appen-
dix 2. If we assume that harvest rates
elsewhere than the Forest would be un-
changed by local closure and apply the
current data from the Forest (Table 4) to
the graph (Fig. 6), we predict about a 7%
annual decline in population, as we did
in Table 3. The percentage of kill taken
on the Chippewa National Forest would
have to be reduced from about 55 to 30%
in order to obtain a stable population
without immigration. With complete clo-
sure of the Forest we would attain a mod-
est rate of increase, about 4% per year.
From the form of the curves (Fig. 6) it is
apparent that there is little change in
population when the percentage kill on
the Forest varies in the range of 0 to 60.
The reason for this is that birds not suc-



26 MATHEMATICS AND MALLARD MANAGEMENT * Cowardin and Johnson

RECRUITMENT
—2.0

100
80
60
40
20

-20
-40
-60

CHANGE IN POPULATION (C) IN PERCENT

-100
0 10 20 30 40 50 60 70 80 90 100

PERCENT OF KILL TAKEN ON CHIPPEWA FOREST (§)

Fig. 6. Relationship between percentage of the total har-
vest taken on the Chippewa National Forest Minnesota (¢)
and change in population (C) for various levels of recruit-
ment (R). a denotes observed value of ¢. b denotes allow-
able values of ¢ for stable population.

cumbing on the Forest still suffer rather
heavy hunting mortality elsewhere.

A STRATEGY TO INCREASE
RECRUITMENT—EASTERN
NORTH DAKOTA

Many studies (e.g., Benson 1964, Gates
1965, Balser et al. 1968, Miller 1971,
Duebbert and Kantrud 1974, Duebbert
and Lokemoen 1976) have demonstrated
that waterfowl hatching success varies
according to height and density of nest-
ing cover and/or the reduction of preda-
tors. These studies suggest that creation
of dense nesting cover, possibly com-
bined with predator control, might be an
effective technique for increasing re-
cruitment among dabbling ducks in the
glaciated prairie of the United States. H.
K. Nelson (unpublished paper presented
to the Migratory Bird Commission, Wash-
ington, D.C., 22 January 1974) reviewed
the findings to date and outlined a pro-
gram for establishing 320 to 400 ha of
high quality nesting cover per township
in prime waterfowl habitat of the Dako-

tas. A study to assess the results of a pilot
program is underway.

Although the latter study will not be
completed for some time, we illustrate
how modeling might aid a decision on
cover management. A number of the es-
timates that we use in the models are pre-
liminary and will be improved in the fu-
ture, but this situation is typical of that
faced each day by managers, who must
make decisions even when data are lack-
ing or inadequate. The problem furnish-
es a good example of the advantages of
models.

We adapted our basic model (equation
7) to predict the population change that
would result if a certain percentage of the
mallard hens in North Dakota nested in
managed cover. The 2 treatments con-
sidered were dense nesting cover (DNC)
and DNC with predator control. For es-
timates of recruitment in unmanaged
North Dakota cover we used to the data
of Higgins (1977), combined with data
gathered by A. D. Kruse on representa-
tive tracts of untreated land in eastern
North Dakota, and data obtained by L. M.
Kirsch from unmanaged pastures near
Woodworth, North Dakota. The nests in
these data sets were located primarily in
uplands. Mixed upland and overwater
nesting was also considered by incorpo-
rating into the data set above some un-
published information gathered by G. L.
Krapu on overwater nests. Recruitment
on lands with DNC was estimated from
the original data used by Duebbert and
Lokemoen (1976) and data gathered by
L. M. Kirsch near Woodworth, North Da-
kota, on fields that he felt were of opti-
mum cover quality. For recruitment on
an area with both DNC and predator con-
trol we used data from the best single
year (1971) at Hosmer, South Dakota
(Duebbert and Kantrud 1974). Our esti-
mates of P for these 3 situations are in-
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Fig. 7. Relationship between annual change in popu-
lation and proportion of hens nesting in dense nesting
cover.

cluded in Table 3 (areas 7, 8, and 9). De-
tails of the model specific to the 2
treatments are provided in Appendix 3.

The analysis suggests that mallard pop-
ulations nesting in unmanaged uplands
in North Dakota should be decreasing
slightly, at an average annual rate of
about 2% (Table 3, area 7). If we include
data from overwater nests, the hatch rate
becomes P =.0.21, the same as in DNC
(Table 3, area 8). If mallards were nesting
in upland and overwater situations in the
same proportion as in our sample of
nests, the population would be increas-
ing about 12% annually. Such an increase
seems unlikely, and we do not yet know
the frequency of overwater nesting, so
we consider the upland nests to be rep-
resentative of the unmanaged situation in
North Dakota. If further research indi-
cates that a substantial percentage of
mallards do nest overwater, and that the
hatch rate is appreciably different from
upland nests, then our conclusions about
the unmanaged situation would be void-
ed.

Graphs illustrating the change result-
ing from the 2 treatments are given in
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Fig. 8. Relationship between annual change in popula-
tion and proportion of hens nesting in dense nesting cover
with predator control.

Figs. 7 and 8. Each shows the population
change anticipated at a fixed rate of sur-
vival from hunting. The relationship for
DNC alone (Fig. 7) indicates that the
population change C is nearly linear in
0, the proportion of hens nesting in treat-
ed cover. The slope of the curve is slight,
because the increase in P due to the
treatment is rather modest (Table 3). In
contrast, the anticipated population
change varies markedly with the per-
centage of birds nesting in DNC plus
predator control (Fig. 8).

We may now examine some manage-
ment alternatives: planting DNC, plant-
ing DNC and controlling predators, and
leaving the land unmanaged. Suppose
we wish to maintain a stable population
while increasing the kill rate to 15%, S, =
0.85. This change may appear minor but
actually represents nearly a 50% increase
in the harvest. To achieve this objective,
our model suggests that we would need
to place about 50% of the hens in dense
nesting cover (Fig. 7) or 4% in the cover
with supplementary predator control
(Fig. 8). ,

It is possible to carry these arguments
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Table 5. Area required under 2 management techniques to achieve an objective of 15% kill rate and stable population

for mallards in eastern North Dakota.

Hens required in Area needed
Treatment treated area Nests/hen? Hens/km? (km?2)®
Dense nesting cover 89,100 1.79 80 1,114
Dense nesting cover and predator control 7,128 1.02 141 51

* Equals H/P in Table 3.
b Based on nest density of 144 nests/km?.

1 step further and estimate the amount
of land necessary to accomplish the man-
agement objective. For this estimate, we
need the number of nests supported per
unit of habitat. Because the maximum at-
tainable density of nesting mallards is not
known, we used the high density 132
nests’km? (= 299 nests’km? X 44% mal-
lards) observed by Duebbert and Kan-
trud (1974). Observed nest density is
biased low (Miller and Johnson 1978)
but can be adjusted by Mayfield’s (1961)
method, which yields an estimate of 144
nests/km?,

Pospahala et al. (1974) gave an average
spring population estimate of 387,400
mallards for eastern North Dakota. This
population would include 178,200 hens
if we use a spring sex ratio of 118:100
(Johnson and Sargeant 1977). From these
data we can estimate the area required
to reach the management objective (Ta-
ble 5).

H. K. Nelson suggested a target figure
of 320400 ha of high quality nesting cov-
er per township. Eastern North Dakota
(reference area 131 as defined by Pospa-
hala et al. 1974) is approximately 128,300
km? in size so Nelson’s target is equiva-
lent to 4,500-5,600 km?2. Our analysis sug-
gests (Table 5) that this figure would be
more than adequate to achieve our hy-
pothetical management objective.

RESEARCH IMPLICATIONS

Even such a rudimentary model as that
presented in equation 7 has certain merit

in planning research because it permits
a logical and integrated rather than hap-
hazard approach to a problem. We as-
sessed the relative importance of the pa-
rameters in equation 7 by determining
how sensitive the model was to changes
in each of them. The analysis suggested
that survival (S), nest success (P), and the
number of renests attempted by a hen (H/
P—incorporated in the assumptions of
equation 6) are the most crucial parame-
ters.

One needs only to review the standard
errors of survival estimates for individual
years to realize that additional effort is
needed to develop more precise esti-
mates and to avoid possible biases asso-
ciated with unbanded populations (An-
derson 1975a). Anderson and Burnham
(1976) suggested that natural mortality
compensates for hunting mortality up to
some unknown threshold, where they be-
come additive. If management is to
change survival through regulation of
harvest, a hypothesis that we are not yet
willing to abandon, the theory suggested
by Anderson and Burnham must be fully
understood, particularly the mechanisms
by which natural mortality compensates
for hunting mortality and the threshold
level of hunting mortality below which
this occurs.

Although considerable research effort
has been devoted to estimation of the
probability that a nest hatches (P), little
is known about renesting and the envi-
ronmental factors that affect it. These fac-
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tors must be better understood if reason-
able recruitment rates are to be derived
from nest success data. By use of radio-
telemetry or visual markers, direct mea-
surement of hen success (H) is some-
times possible. Unfortunately there are
few published studies where this attempt
has been made. Although not as crucial
as survival of adults, nest success, and
hen success, the measurement of brood
survival (Z) is essential for calculating re-
cruitment (R) from nesting data. This pa-
rameter is not only poorly known, but
also its relationship to habitat condition
has received little attention. Class III
brood size (B), necessary to calculate re-
cruitment, is usually biased by late
broods being underrepresented in the
sample.

To be responsive to the needs of man-
agement, research must concentrate on
those parameters of the model that are
not only important, but can reasonably be
measured in operational surveys. If an
important parameter is difficult to mea-
sure, it may be possible to find a relation-
ship between that parameter and one that
is easy to measure, and thus to estimate
1 parameter from the other. For ex-
ample, the renesting rate, which is diffi-
cult to measure, may well be correlated
with availability of wetland habitat dur-
ing the nesting season. It could, there-
fore, be possible to determine renesting
from measurements of habitat. A similar
approach may be possible for estimating
brood survival (Z), which is probably a
function of the distance from nest to
water and among water areas used by a
brood.

A balanced waterfowl research effort,
therefore, requires long-term accurate
surveys to gather information in a system-
atic fashion, and long-term basic ecolog-
ical studies. When these latter studies are
viewed in the light of a population mod-
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el, their application readily becomes ap-
parent. As results become available, they
may be incorporated into the model,
which should evolve toward a better rep-
resentation of the true behavior of the
population.

LIMITATIONS IN THE USE
OF MODELS

All models that describe complex bio-
logical processes such as population
dynamics are oversimplifications based
on specific sets of assumptions. To use
models in making decisions, the manager
must be aware of the implications of un-
derlying assumptions and the validity of
parameter estimates used in the model.
Models need not be highly complex to be
useful; on the contrary, the simplest
models are frequently the most useful.

Some assumptions of our model may
be open to question, but we contend that
its use will not lead to erroneous conclu-
sions. In both of our examples of the ap-
plications of the model to specific man-
agement problems, we have assumed
that hunting and natural mortality are ad-
ditive. Should that not be true, the effect
would be to make the conclusions
reached in our examples conservative.
We concluded that closure on the Chip-
pewa Forest would not be a particularly
effective management technique to in-
crease the local breeding population. If
hunting and natural mortality are even
partly compensatory, the closure would
be even less effective. In the 2nd ex-
ample the number of hens required in
the managed area would be fewer than
under the assumption of additivity, if in-
creased harvest was at least partially off-
set by lower natural mortality.

When we modified our model to de-
scribe the effect of closure in part of the
Chippewa National Forest, we assumed
that survival from hunting elsewhere is
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not affected by survival from hunting on
the Chippewa. This assumption is rea-
sonable because even if all birds survive
hunting on the Chippewa Forest, the
number added to more southern harvest
areas would have little effect on the total
number of birds available to hunters. If
closure were contemplated for a much
larger area, such as a group of states and
provinces on the breeding ground, the
additional birds available to the southern
harvest areas might influence harvest
rates there. Our model would then be in-
adequate.

The parameter estimates that we used
are subject to a number of biases dis-
cussed earlier. They also represent av-
erage conditions and are subject to large
variation in both time and space. In ad-
dition, our recruitment estimates for land
with DNC and for unmanaged areas in
North Dakota were not obtained from a
random sample of these lands and could
be in error because nest success is highly
variable from area to area. We presented
data from fields where good quality cover
was achieved by the land treatment. This
success has not occurred on all lands
where the cover was planted. Our re-
cruitment estimate for the Chippewa Na-
tional Forest is based on a small sample
of birds obtained in 1 area of the Forest.
Our current understanding of the varia-
tion associated with parameters of re-
cruitment is insufficient to attempt to ac-
count for it in the model. By viewing a
family of curves (Figs. 3, 6, 7, and 8), it
is possible to assess the results of various
ranges of parameter values. The fact that
the results are reasonable (Fig. 3) lends
some credence to the validity of the mod-
el. Despite the problem of uncertainty
about assumptions and estimates, tech-
niques presented here represent a logical
way of reaching a decision based on lim-
ited information.

MATHEMATICS AND MALLARD MANAGEMENT - Cowardin and Johnson

The manager also requires manage-
ment policy and here the model cannot
help. We chose real examples of prob-
lems in waterfowl management to il-
lustrate this report. The examples dem-
onstrate that policy and practical
considerations temper the results ob-
tained from the model.

In the 1st example our model suggests
that an attempt to increase survival on the
Chippewa National Forest through par-
tial or complete closure of the Forest to
hunting is of limited biological effective-
ness. In our opinion, area closure on the
breeding ground imposes restrictions on
1 hunter without affecting another.
The individual who has invested in a
hunting area and finds it closed while his
neighbor’s area remains open will ask,
“Why me?” Such regulations also tend to
penalize hunters on production areas,
thus undermining local support for pro-
grams of habitat preservation.

Our 2nd example poses both prac-
tical and policy questions. If cover ma-
nipulation is used alone, large amounts
of land would be required to achieve the
management objective. While a thorough
cost/benefit analysis is beyond the scope
of this paper, it must be recognized that
land most suitable for treatment is retired
cropland, exclusive of native grassland
and wetland areas. Excellent nesting cov-
er may be provided on a temporary basis
by various agricultural land retirement
programs, at little or no cost to wildlife
agencies. Without such programs, or if
permanent cover is sought, wildlife agen-
cies must purchase or rent private land,
a costly alternative.

Our analysis indicates that predator
control combined with cover manage-
ment is more effective for increasing re-
cruitment than cover management alone.
Again, the cost effectiveness of such a
program is unknown. Furthermore, pre-
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dicting results of a broad-scale predator
reduction program is risky and involves
many variables for which we have little
data. Our results should be viewed with
extreme caution because of many factors
that may inhibit the effectiveness of
predator control. More importantly, we
believe that there are questions as to the
ecological advisability of direct control
of predators in order to benefit game
species. Our analysis suggests that con-
trol of predators would be effective, but
the manager also requires a clearly stated
policy based on the legal, economic, po-
litical, and ecological implications of
such a program. Methods of predator ex-
clusion other than direct control, should
be sought because they could achieve in-
creased waterfowl recruitment without
adverse side effects.

The manager must bear certain natural
phenomena in mind when evaluating
techniques such as those discussed in our
2nd example. The techniques primar-
ily alter only 1 part (P) of a complex
relationship. Climate will continue to
have an overriding influence on recruit-
ment by altering nesting effort and brood
size. We cannot control climate, which
will continue to fluctuate in the northern
prairies. Therefore, waterfowl popula-
tions will continue to fluctuate regardless
of management. The manager can man-
age the land under his control, but this
land represents only a fraction of the total
area used by waterfowl. Fluctuation in
population size is closely tied to avail-
able wetland habitat. If this base is lost,
waterfow] will face permanent drought
conditions and waterfowl hunters will
face permanent drought-level popula-
tions.
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APPENDIX 1. A RELATIONSHIP
BETWEEN HEN SUCCESS
AND NEST SUCCESS

Assume the nesting effort of a hen fol-
lows the flow chart shown in Fig. 9. At
the beginning of the nesting season, the
hen can either attempt a nest (with prob-

Non- nesting
Status

Hatched Nest

Non- nesting
Status

Hatched Nest

Fig. 9. Flow diagram representing nesting attempts and
success of hypothetical mallard hen. Probabilities of
events are shown in parentheses.

ability r,) or not (with probability 1 — r)).
The nest will either hatch (with proba-
bility P) or not (with probability 1 — P).
Should the first nest fail, the hen can at-
tempt a 2nd nest (with probability r,)
or not do so (with probability 1 — r,).
That nest will either hatch (with proba-
bility P) or fail (with probability 1 — P).
And so forth. We assume that this process
continues indefinitely, although the
number of nesting attempts is certainly
limited. We show later that this assump-
tion, which simplifies the mathematics,
is otherwise inconsequential.
Letting

r; = Prob {hen attempts i'" nest|
given that previous nest fail}

and
P = Prob {i" nest hatches},

we find that H, the probability that a hen
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will hatch a nest in 1 of her attempts, is
the sum of the probabilities of outcomes
on the right of Fig. 9, viz.

H=rP+r(l—P)r,P
+ r(1 = P)ry(1 — P)rgP
+ o+ P(L=Py'rygyory + 0

Pig [(1 - P)i‘lj]jn-]. (A1)

The parameter P is estimable from nest-
ing studies. Little definitive knowledge
is available about the rates of nesting,
ry, Ty, but a certain structure to the
rates is apparent. First, because nesting
effort generally decreases as the breed-
ing season progresses, it is reasonable to
assume that r; decreases with increasing
i; that is, a hen is more likely to attempt
an i nest than an (i + 1)st nest. And
lim r; = 0; the probability of a large num-

ber of nesting attempts is arbitrarily
small.

Further, r; varies inversely with the
nest success rate P. If P is high, for ex-
ample, a nest is likely to be destroyed
later in laying or during incubation, and
the hen is less likely to renest. Converse-
ly, if P is low, destruction is more likely
to occur earlier during laying, and re-
nesting is more likely.

A system that meets the criteria de-
scribed above is given by

=«
and

rn=all=-P)i-1) i>1.
Here a (0 <a<1) is an index to the
overall nesting intensity. In years of nor-
mal habitat conditions, @ will be nearly
1; in very dry years a will be lower.

Incorporating this system into equation
Al, we find that

J. Wildl. Manage. 43(1):1979

Table 6. Contributions to the series in equation A1 pro-
vided by successive terms.

i i term Sum of first i terms
1 0.140 0.140
2 0.104 0.244
3 0.038 0.282
4 0.009 0.291
5 0.002 0.293
e 0 0.293

H=P 3 (1 - Pyai(l — Py - 1)!

aP 3 a1 — P2F1/(i — 1)!

i=1

Il

The summation may be recognized as the

power series expansion for expla(l —
P)?]. Therefore

H = aPe*1~P7, (A2)
We use this relationship with a =1 for
determining H from P. It is plotted in
Fig. 5.

Although we allowed in equation Al
for an infinite number of nesting at-
tempts, this is precluded by the nature of
the rates (r;). Table 6 shows for the Chip-
pewa National Forest example where P =
0.14 that, to 3 significant digits, the first
5 terms of the series determine H. That
is, we would get the same answer allow-
ing only 5 nesting attempts as allowing
an infinite number.

APPENDIX 2. PARAMETERS
SPECIFIC TO THE
CHIPPEWA NATIONAL
FOREST EXAMPLE

It was necessary to subdivide survival
from hunting into temporal components
corresponding to the areas where hunt-
ing occurred

Sh = S(-Se
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where

S, = survival from hunting, as before,
S. = survival from hunting on the
Chippewa National Forest,

S. = survival from hunting elsewhere.

The corresponding equation for young is
S’ =8.'S..

We assume that S, and S, are indepen-
dent; that is, the rate of kill elsewhere
will not vary just because the kill rate on
the Forest changes, although both rates
are affected by federally prescribed hunt-
ing regulations.

From banding data (Table 4) the hunt-
ing survival ratesare S, = 0.811and S, =
0.689; the fraction of hunter-shot birds
that are taken on the Forest is 54.8%
among adults and 42.4% among juve-
niles. The proportion of the fall popula-
tion shot on the Forestis 1 — S.. The pro-
portion shot elsewhere is (1 — S,)S.,
because those birds must first survive
hunting on the Forest. Thus, the per-
centage of kill on the Forest can be ex-
pressed as

- 1- Sc
¢‘1—sc+(1-se)sc
=(1- S.)/(1—S,.S,) =0.548 (A3)
and

¢’ =(1-S.)(1-S.S.) = 0.424.

It is now possible to solve for S, S., S.’,
and S’ to obtain the following:

S, = 0.896
S, = 0.905
S,/ = 0.897
S,’ = 0.843.

Notice the harvest rates on the Forest are
essentially identical for adults and young.
From equation A3, we have

S.=(1- ¢)/(l - ¢Se)

which we can use in equation 3 to write
the population change C as a function of
the proportion of birds taken on the For-
est:

C = (S,S.S, + RS.'S,’)
‘(1= @)1 — #S.).

This function is plotted for various values
of R in Fig. 6.

APPENDIX 3. PARAMETERS
SPECIFIC TO THE EASTERN
NORTH DAKOTA EXAMPLE

We modeled the annual change in the
mallard population as a function of the
proportion of breeding hens nesting in
treated cover. We examined this relation-
ship for various levels of survival from
hunting harvest, a parameter of great in-
terest to the manager.

Let 6 equal the proportion of hens nest-
ing in dense nesting cover. Then, from
Table 3, the hatch rate (P) will vary ac-
cording to 8; viz.

P(9) = (1 — 6)(0.14) + 6(0.21)
=0.14 + 0.076. (A4)

In order to estimate S, for the various
situations, we assumed that S; and P both
vary primarily because of predation. In
areas subject to normal predation S, is
about 0.72 (Johnson and Sargeant 1977)
and P is about 0.14 (Table 3). We as-
sumed that in the absence of predation S,
would be about 0.95, which allows a 5%
loss to causes other than predation, and
P would be 1.0. Fitting a straight line to
these pairs of points we obtain the fol-
lowing relationship between S, and P:

S, = 0.682 + 0.267P. (A5)

We also required estimates of S,, and
an estimate of S for managed areas in
North Dakota. These estimates were ob-
tained by using S, estimated from equa-
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tion A5 and estimates of survival from
hunting kill (S,) obtained from Anderson
(1975a), corrected for an 18% crippling
loss (Johnson and Sargeant 1977). Solv-
ing for S, in equation 2, we obtained S,, =
0.918. In the examples of managed cover
in the Dakotas the treatment would in-
crease Sp, but we assumed that S,, and S,
would be the same as in populations from
unmanaged areas.

Our composite equation 7 may now be
written

C = 0.918S, S,(1 + %LDPe“"~P*ZB/S,)
= 0.9185,(S, + %L DZBPe"~F7),

and if we use the estimates as given
earlier,

% DZB = (0.5)(0.945)(0.70)(4.9) = 1.6207.
Therefore,

C = 0.918S,(S, + 1.6207Pe"~P").
(A6)

If we use equation A6 with P as a func-
tion of 8 (equation A4) and S, as a func-
tion of P (equation A5), we can construct
a graph relating the change in population
(C) to the proportion of hens nesting in
the treated area () and for various levels
of survival from harvest (S;). These rela-
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tionships are graphed in Fig. 7 for the
DNC treatment.

A similar approach may be used for ex-
amining the relationship between annual
change in population and the proportion
of hens nesting in DNC with predator
control as an additional treatment. For
this combination, the nest success rate is

P(0) = (1 — 6)(0.14) + 6(0.87)
=0.14 + 0.736.

Predator control not only influences P
but also undoubtedly increases B, Z, and
S,. Lacking any data about the effect of
predator control on these parameters, we
simply assumed that mortality of duck-
lings and loss of total broods would be
half that observed under normal preda-
tion. Under this assumption B = 6.44 and
Z = 0.85. If we again assume a straight
line relationship, we get

B =490 + 1.546
and
Z =0.70 + 0.156.
Equation A6 with these relationships

is plotted in Fig. 8 for various levels of
survival from hunting.
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