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Abstract: Our objective was to synthesize individual components of reproductive ecology into a single esti-
mate of productivity and to assess the relative effects of survival and productivity on population dynamics. We
used information on nesting ecology, renesting potential, and duckling survival of northern pintails (Anas acuta)
collected on the Yukon-Kuskokwim Delta (Y-K Delta), Alaska, 1991-95, to model the number of ducklings
produced under a range of nest success and duckling survival probabilities. Using average values of 25% nest
success, 11% duckling survival, and 56% renesting probability from our study population, we calculated that
all young in our population were produced by 13% of the breeding females, and that early-nesting females
produced more young than later-nesting females. Further, we calculated, on average, that each female produced
only 0.16 young females/nesting season. We combined these results with estimates of first-year and adult
survival to examine the growth rate (A) of the population and the relative contributions of these demographic
parameters to that growth rate. Contrary to aerial survey data, the population projection model suggests our
study population is declining rapidly (A = 0.6969). The relative effects on population growth rate were 0.1175
for reproductive success, 0.1175 for first-year survival, and 0.8825 for adult survival. Adult survival had the
greatest influence on \ for our population, and this conclusion was robust over a range of survival and pro-
ductivity estimates. Given published estimates of annual survival for adult females (61%), our model suggested
nest success and duckling survival need to increase to approximately 40% to achieve population stability. We
discuss reasons for the apparent discrepancy in population trends between our model and aerial surveys in
terms of bias in productivity and survival estimates.
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Simple population models can be used as
tools to guide management decisions, to assess
management actions, or to identify data gaps
(Cowardin and Johnson 1979, Caswell 1989,
Carlson et al. 1993). Such models also can be
used to combine individual components of re-
productive performance into single estimates
of productivity or reproductive success. For ex-
ample, Carlson et al. (1993) developed a hab-
itat-based model of productivity for northern
pintails (hereafter, pintails) that synthesized in-
formation on nest success by habitat types into
a single estimate of productivity. However, this
habitat model lacks specific information on
several aspects of pintail reproduction. While
studies of pintails nesting on the Y-K Delta
examined various components of reproductive
performance (Flint and Grand 1996, Grand
and Flint 19964,b), none combined this infor-
mation into a single measure of productivity.

! E-mail: paul flint@usgs.gov

In this paper, we develop an individual-based
model that integrates estimates of various com-
ponents of reproductive performance into a
single measure of productivity. We then com-
bine the estimate of productivity with esti-
mates of first-year and adult survival to exam-
ine both the growth rate of the population and
the relative contributions of productivity, first-
year survival, and adult survival (Caswell 1989,
Schmutz et al. 1997).

METHODS
Model Development

We developed 2 separate models. First, we
developed a model that synthesized the sepa-
rate components of productivity into 1 estimate.
We then used the output from this first model
in conjunction with published estimates of sur-
vival in a matrix-projection model of population
dynamics.

Productivity Modeling—We developed an
individual-based model that simulated repro-
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Fig. 1. Basic model structure used to simulate northern pintail
productivity under a range of nest success and duckling sur-
vival probabilities.
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ductive histories of females (Fig. 1) and esti-
mated number of ducklings produced under a
range of nest success (proportion of nests that
hatch at least 1 egg) and duckling survival prob-
abilities (proportion of ducklings that fledge).
We used the approach of an individual-based
model to easily incorporate the effect of corre-
lations among reproductive parameters includ-
ed in the model (Schmutz et al. 1997). For ex-
ample, both clutch size and nest success vary
with nest-initiation date- (Flint and Grand
1996), and using an individual-based model al-
lowed us to include a correlation between
clutch size and nest success based on nest-ini-
tiation date. To construct our models, we used
estimates of clutch size, nest-initiation date, and
daily survival rates from Flint and Grand
(1996), estimates of renesting interval and pro-
pensity from Grand and Flint (1996b), and es-
timates of duckling survival from Grand and
Flint (1996a). We randomly selected values
from empirical distributions when available
(e.g., renesting interval), and we added random
normal variation for values predicted from re-
lationships (i.e., clutch size for a given nest-ini-
tiation date).

We did not know the actual distribution of
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Fig. 2. Distribution of nest-initiation dates (open bars) used
as input to the individual-based model. Combined distribution
represents the realized distribution of nest-initiation dates for
a simulated population of 5,000 individuals via an average val-
ue of 25% nest success.

initiation dates for first nests, because we could
not classify nests discovered in the field by first
or subsequent nesting attempt. In this model,
we used a normal distribution with mean nest-
initiation date coincident with the peak of nest
initiations and truncated the left tail to match
the left edge of the overall nest-initiation dis-
tribution (Fig. 2; compare with Fig. 1 in Flint
and Grand 1996). We selected an initiation
date for each individual’s first nest from this
left-truncated normal distribution. When we
used this method, our model produced an
overall distribution of nest-initiation dates (i.e.,

~all nesting attempts combined) that closely

matched our observations in the field (Fig. 2).
Given the selected nest-initiation date, we pre-
dicted an appropriate clutch size from the re-
lations between clutch size and initiation date
(Flint and Grand 1996), using the integer from
the equation

clutch size = 7.6475 +
+ (—0.0869)(nest-initiation date),

where « is a 'norma.lly distributed random vari-
able (* = 0 and o2 = 1), and nest-initiation date
is relative to the population mean. Daily nest
survival probabilities were estimated for 10-day
blocks of nest initiation and 5-day blocks of nest
age (Table 1; Flint and Grand 1996). We then
determined nest success by comparing a ran-
dom number, uniformly distributed from 0 to
1, to the probability of nest survival for each
day of incubation. The nest was considered de-
stroyed if the random number was above the
estimated survival probability for any day of in-
cubation.
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Table 1. Daily nest survival probabilities for northern pintails by nest age and relative initiation date from 1991 to 1993 on the

Yukon—Kuskokwim Delta, Alaska.

Relative nest

Nest age (days)

initiation date® 1-5 6-10 11-15 16-20 21-25 26-30 31-35
1-10 0.9672 0.9672 0.9672 0.9672 0.9813 0.9781 0.9860
11-20 0.9393 0.9553 0.9520 0.9551 0.9558 0.9768 0.9639
21-30 0.9504 0.9480 0.9497 0.9533 0.9682 0.9618 0.9584
3140 0.9063 0.9154 0.9260 0.9272 0.9476 0.9303 0.9291
41-50 0.9355 0.8930 0.9044 0.9155 0.9350 0.8643 0.9545

* Nest initiation dates are relative to first nests initiated in a given year.

If a nest with =5 eggs remaining to be laid
failed during egg laying, we assumed females
attempted to lay the remainder of the clutch in
a new nest initiated on the day after first nest
failure (i.e., a continuation clutch). If a nest
failed with =4 eggs remaining to be laid, or
failed during incubation, we examined the
probability that the hen renested. Renesting
probability was determined from the logistic re-
gression equation

Renesting probability

05622~ (0.1532)(nest-initiation date)

T 1 + 05622 (0.1532)mest-initiation date)’

where nest-initiation date is relative to the pop-
ulation mean (Grand and Flint 1996b). We
compared this renesting probability to a uni-
formly distributed random number between 0
and 1 to determine if individual females re-
nested. Females that did not attempt to renest
were designated as finished with reproduction
for the season. For females selected to renest,
the interval between nest failure and subse-
quent renest initiation was randomly selected
from the distribution of renesting intervals (Fig.
3 in Grand and Flint 1996b). The renest initi-
ation date was determined by adding the se-

Fig. 3. Life-cycle diagram of basic population model structure
used to predict population trends and relative elasticities of
productivity, first-year survival, and adult survival of northern
pintails. Individuals advance in age class immediately following
reproduction. Numbers represent survival probabilities (solid
lines) and contributions of young (dashed lines) by each age
class.

lected interval to the date of nest failure. We
selected a new clutch size appropriate for the
initiation date and determined nest success as
described above. We constrained the range of
nest-initiation dates to 45 days (Flint and Grand
1996), which functionally limited females to 1
renesting attempt.

For females determined to successfully hatch
a clutch, we estimated brood size at hatch by
accounting for eggs lost during incubation. The
average number of eggs lost during incubation
was 0.93 (Flint and Grand 1996). To approxi-
mate egg loss during incubation, we reduced
the clutch size of 93% of successful nests by 1.
We then selected a survival probability for each
brood based on the relation between hatch date
and duckling survival probabilities from Grand
and Flint (1996b). We assumed all ducklings in
a brood had the same underlying probability of
survival, but we randomly varied survival prob-
ability among broods (Flint et al. 1995) via the
equation

Survival = B — (0.006418)(hatch date),

where B is a normally distributed random vari-
able (t = —0.05 and o2 = 0.35). We did not
lmow the true underlying variability in duckling
survival probability among broods (i.e., the dis-
tribution of B). Thus, the distribution we used
was obtained by iteratively adjusting the distri-
bution of B until both duckling survival and
brood success (proportion of females hatching
a clutch that fledges =1 young) matched those
measured in field studies (Grand and Flint
1996a).

Using the survival probability selected for
each brood, we determined survival of each
duckling separately by comparing survival prob-
ability to a uniformly distributed random num-
ber between 0 and 1, as we did with nest suc-
cess and renesting probability, which provided

estimates of total brood loss and number of
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ducklings fledged per female. Expected produc-
tivity for each simulated population was calcu-
lated as the total number of female ducklings
fledged (assuming a sex ratio of 1:1 for duck-
lings) divided by population size of breeding fe-
males.

Population Modeling.—To examine the dy-
namics of the population, we used the esti-
mated productivity from the above model
with average values of nest success (25%),
duckling survival (11%), and renesting pro-
pensity (56%), in conjunction with published
estimates of adult and juvenile survival prob-

ability (Rienecker 1987). We used a 2-stage |

projection model depicted as a life cycle (Fig.
3), with classes corresponding to ages 0-1 and
>1 years. We assumed a birth-pulse, post-
breeding census model where individuals ad-
vance 1 age class immediately following re-
production, and annual mortality begins ac-
cruing as soon as an individual advances age
class (Caswell 1989:10-14). We equated
fledging with “birth” and used fledging as a
point reference for reproductive output. We
cast the life-cycle graph as a Leslie-style ma-
trix and used standard methods of linear al-
gebra to find the population growth rate A.
We used partial differentiation to calculate
relative effects of the components of the life-
cycle graph (technically, the lower-level elas-
ticities of reproductive success, juvenile sur-
vival, adult survival) to evaluate how changes
in each component affected our projection of
\ (Caswell 1989, Schmutz et al. 1997). We ex-
amined the robustness of those elasticities by
recalculating them over a wide range of esti-
mates of the 3 parameters.

Analysis

Productivity Modeling.—We simulated the
productivity of a single population of 5,000 fe-
males via average estimates of nest success,
duckling survival, and renesting probability
from the Y-K Delta (Flint and Grand 1996;
Grand and Flint 19964,b). The output from this
model included the complete reproductive his-
tories for each simulated female. From this out-
put dataset, we calculated proportion of females
hatching =1 egg (i.e., hen success), proportion
of females fledging =1 duckling (i.e., breeding
success), and average number of juvenile fe-
males fledged per breeding female (i.e., pro-
ductivity). We used regression to examine the
relation between date of first-nest initiation and
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number of ducklings fledged (regardless of
nesting attempt).

We simulated 625 populations of 1,000 in-
dividuals under a range of nest success and
duckling survival probabilities (25 levels of
both nest success and duckling survival). We
allowed nest success and duckling survival to
vary independently from'5 to 95%. Nest suc-
cess was varied by adding or subtracting equal-
ly to all daily survival probabilities (within lim-
its of 0 to 1), thus maintaining the pattern of
nest survival within seasons (Table 1). Duck-
ling survival was varied by adding or subtract-
ing a constant to or from B, thereby altering
the average probability of duckling survival
without changing the variance in survival prob-
ability among broods. We examined standard-
ized regression coefficients to determine the
relative importance of nest success and duck-
ling survival on the number of ducklings
fledged per hen. We used second-order re-
gression to examine the relation between nest
success and average number of nesting at-
tempts per female in each simulated popula-
tion. We used regression to examine the rela-
tion between nest success and hen success.

Population Modeling.—We used average val-
ues of adult (0.615) and first-year (0.515) sur-
vival for pintails from Rienecker (1987). We cal-
culated relative effects (i.e., elasticities) of sur-
vival and productivity on A from the model of
our study population. We then examined elas-
ticities from parameter sets that included a
range of estimates of adult survival (0.62, 0.80,
0.95), first-year survival (0.30, 0.52, 0.80), and
productivity (0.16, 0.70, 1.25). These alternate
parameter sets were chosen to demonstrate a
wide range of parameter values that still main-
tained reasonable estimates of \.

To link population trends directly to produc-
tivity, we predicted the annual adult female sur-
vival required to achieve a stable population
size under different levels of nest success and
duckling survival via the following equation
from Cowardin and Johnson (1979):

(young/hen)(R)(sex ratio of ducklings) = (1 — S)/S,

where R is the ratio of juvenile to adult survival,
and S is annual survival of adult females. We
used a value of R = 0.85 from Rienecker
(1987), and we assumed a sex ratio of 1:1 for
fledged ducklings.
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Fig. 4. Proportional frequency distribution of brood size at
fledging based on a simulated population of 5,000 individuals
with average values for nest success (25%), duckling survival
(11%), and renesting probability (56%).

RESULTS

Our individual-based model of productivity
predicted hen success of 39%, breeding suc-
cess of 13%, and productivity of 0.16 female
ducklings fledged/breeding female (Fig. 4)
when we used distributions of nest success,
clutch size, renesting potential, and duckling
survival from our field studies. The number
of ducklings fledged declined for females ini-
tiating nests later in the season (F) 4995 =
94.06, P < 0.001).

The influence of nest success (b = 0.647)
and duckling survival (b = 0.665) on average
number of ducklings produced per hen was
similar when we used our individual-based
model and a range of nest success and duck-
ling survival probabilities. Hen success was
positively related to nest success (Fygo3 =
59,642, P < 0.001; Fig. 5). Additionally, the
number of nest attempts by a population was
inversely related to nest success (Fjgop =
82,642, P < 0.001; Fig. 6) as

Number of nest attempts
= 1.77 — (1.38)(nest success)
+ (0.62)(nest success?).

The population-projection model suggested
our breeding population was declining by
>30%/year (A = 0.6969). The relative effects
indicated adult (i.e., age >1) survival had the
greatest effect on A (0.8825), compared to ei-
ther first-year survival (0.1175) or productivity
(0.1175). Further, this conclusion was robust
over a range of survival and productivity values
(Fig. 7). Both nest success and duckling survival
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Fig. 5. Relation between nest success and hen success
based on 625 simulated populations. Solid line represents lev-
els of hen success predicted by the mathematical model de-
veloped by Cowardin and Johnson (1979).

of about 45% would be required to achieve
population stability when adult female survival
is 60% (Fig, 8).

DISCUSSION
Productivity Modeling

Both nest success and duckling survival had
similar effects on productivity in our model.
Similarly, both nest success and duckling sur-
vival were important determinants of produc-
tivity in the model developed by Carlson et al.
(1993). Johnson et al. (1992) developed a gen-
eral population model for waterfow! and con-
cluded nest success had a slightly greater influ-
ence on productivity than duckling survival
when applied to mallards (Anas platyrhynchos).
The difference between our productivity mod-
el and the model of Johnson et al. (1992) is
likely related to breeding season length and as-
sociated renesting probability. The breeding
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Fig. 6. Relation between nest success and number of nesting
attempts per female based on 625 simulated populations.
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were chosen to demonstrate a wide range of parameter estimates that still maintained reasonable estimates of \.

season on the Y-K Delta is shorter than re-
ported in other breeding areas (Flint and
Grand 1996), which limits opportunities to re-
nest. Thus, in populations of pintails with lon-
ger breeding seasons, nest success would likely
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Fig. 8. Contour plot of the relation between nest success,
duckling survival, and levels of adult female survival that lead
to population stability. Contour lines represent levels of annual
adult female survival that yield a stable population. This model
assumes first-year survival is fixed at 85% of adult survival.

have a greater effect on productivity than our
productivity model suggests for the Y-K Delta
population.

The relation between hen success and nest
success demonstrated renests contributed little
to overall productivity for our’ study population.
At best, hen success was 15% higher than nest
success. This result is strongly influenced by the
very low probability of success for late-initiated
nests (Flint and Grand 1996). Cowardin and
Johnson (1979) developed a simple theoretical
model of hen success based on nest success. We
applied their model to our estimates of nest
success and compared the predictions of hen
success with those produced by our productivity
'model. In general, the results of these 2 models
are similar (Fig. 5). Thus, in the absence of data
on renest rates, the model proposed by Cowar-
din and Johnson (1979) may approximate hen
success.

Cowardin and Johnson (1979) suggested
that when nest success is low, the proportion
of hens attempting renests will be high be-
cause nests are more likely to be destroyed
early in the reproductive attempt. Using this
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logic, we predicted the number of nest at-
tempts per female would be inversely related
to nest success. Accordingly, we predicted an-
nual variation in nest density was related to
breeding population size and nest success. We
used the output from our individual-based
model to develop the relation between nest
success and number of nesting attempts per
female (Fig. 6). Given this relation, we can
predict the number of breeding females in a

population from the number and success of

nests. Flint and Grand (1996) provided 3
years of data on number of pintail nests lo-
cated and nest success. Applying this correc-
tion factor to their data demonstrated that an-
nual variation in breeding population size
(range = 141-238) was not as extreme as in-
dicated by the number of nests found (range
= 197-368).

Our productivity model indicated early-
breeding females fledge more young than later
breeding females. Early-nesting pintails start
reproduction with larger reserves, lay larger
clutches, and are more likely to renest than
late nesters (Esler and Grand 1994, Flint and
Grand 1996, Grand and Flint 1996b). Addi-
tionally, early-nesting females on our study
area had higher nest success, which is similar
to the pattern of nest success reported by Klett
and Johnson (1982) for several waterfowl spe-
cies in the Prairie Pothole Region. Finally, ear-
ly-hatching pintails had higher duckling surviv-
al on our study area (Grand and Flint 1996a).
We suggest the seasonal pattern in productivity
we found is related to some combination of
female quality, age, or condition. Further,
Carlson et al. (1993) concluded that productiv-
ity of pintails was positively related to body
condition. Thus, a similar seasonal pattern in
productivity may be found for other breeding
populations of pintails.

Population Modeling

Our model predicts our study population of
pintails is declining rapidly. Hence, our model
disagrees with our data on nesting density,
which suggests no consistent trend in size of our
study population (Flint and Grand 1996; P. L.
Flint and J. B. Grand, unpublished data). Fur-
ther, our model disagrees with aerial survey data
that indicates stable pintail populations on the
Y-K Delta (Hodges et al. 1996). Similarly, other
models of duck populations predicted declines
that were inconsistent with population trends.
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For example, Klett et al. (1988) concluded that
most populations of ducks nesting in the Prairie
Pothole Region did not have adequate produc-
tion to achieve population stability. Further, Co-
wardin et al. (1985) examined productivity of
mallards and concluded that populations were
not declining at the 20% per year as predicted
by their model.

Because our population is not declining as
predicted by our model, 1 or more of our pa-
rameter estimates of productivity, first-year sur-
vival, and adult survival must be biased. Similar
to the conclusion for emperor geese (Chen ca-
nagica; Schmutz et al. 1997) and lesser snow
geese (Anser caerulescens caerulescens; Rock-
well et al. 1997), our elasticity estimates dem-
onstrated that adult survival has the greatest in-
fluence on population dynamics, and we
showed this conclusion was valid over a wide
range of survival and productivity estimates. As
such, a small bias in adult survival will have a
relatively large effect on A compared to a similar
bias in either first-year survival or productivity.
The survival rates we used were based on pin-
tails banded in California (Rienecker 1987), and
thus may not apply to our study population.
However, we note that survival required to ob-
tain a stable population for our estimate of pro-
ductivity (i.e., 94%) exceeds any survival value
published for pintails.

Alternatively, the discrepancy between pop-
ulation trends and predictions from the model -
can be explained by bias in estimates of pro-
ductivity. For the published levels of adult and
first-year survival, both nest success and duck-
ling survival would need to be about 45% to
achieve population stability (Fig. 8), which is
considerably higher than the 25% nest success
and 13% duckling survival found during field
studies. Similarly, Cowardin et al. (1985) dem-
onstrated that nest success would have to dou-
ble before they would predict a stable popu-
lation. One explanation for the discrepancy be-
tween population trends and model predic-
tions is that methods used in field studies yield
biased estimates of productivity. Esler and
Grand (1993) concluded that visitation of nests
may affect surrounding vegetation and reduce
nest success. Further, the influence on nest
success from markers used to relocate study
nests is equivocal (Greenwood and Sargeant
1995, Hein and Hein 1996). Additionally, ra-
diotelemetry has commonly been used to mea-
sure duckling survival and renesting propensity
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of hens, and several recent studies have dem-
onstrated negative influences of transmitters
on reproductive parameters (Peitz et al. 1995,
Ward and Flint 1995, Paquette et al. 1997).
These studies suggest published estimates of
reproductive parameters may be biased low.
However, the likelihood seems small that ob-
server effects reduced estimates by the mag-
nitude suggested by our models (i.e., >20%).

Finally, the discrepancy between predictions
of population trends from our model and aerial
surveys can be explained by a combination of
relatively smaller biases in estimates of produc-
tivity, first-year survival, and adult survival. We
would predict population stability if the esti-
mates of nest success, duckling survival, and
adult survival were all biased low by as little as
15% (Fig. 8). That is, our model would predict
population stability if adult survival = 75%, nest
success = 40%, and duckling survival = 26%.
We believe this magnitude of bias is possible
and suggest more than 1 of our model param-
eter estimates may be biased.

MANAGEMENT IMPLICATIONS

Regardless of the parameter set used, our
model demonstrates that, of the 3 parameters
considered, adult survival has the greatest influ-
ence on population dynamics. Therefore, man-
agers seeking to alter population size could do
so most efficiently by changing adult female
survival. Our results also suggest published es-
timates of productivity (i.e., nest success, duck-
ling survival) and adult female survival may be
biased low for our population. Because of the
larger elasticity of adult female survival in com-
parison to nest success or duckling survival,
small biases in estimates of adult female survival
would have a disproportionately greater effect
on biasing projections of population growth.
Most productivity studies, including our own,
were conducted without controls or measure-
ment of observer effects. We suggest observer
effects or nonrandom sampling may influence
estimates of survival and productivity. When-
ever possible, we encourage researchers to as-
sess bias of estimates and design studies with
controls.

Managers hoping to enhance productivity
could do so by increasing either nest success or
duckling survival. However, our model suggests
efforts to increase productivity should be con-
centrated early in the breeding season. Even if
nest success and duckling survival were constant
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within seasons, early-breeding females lay larg-
er clutches and have more opportunities to re-
nest, and thus will produce more young than
later-breeding birds (Flint and Grand 1996,
Grand and Flint 1996b).

Finally, our model demonstrates that a small
percentage of the breeding population produces
all the young in a given year (Fig. 4). If repro-
ductive success is repeatable (as evidenced by
high variation in lifetime reproductive success;
Cooke et al. 1995), then management actions
that affect survival of this subpopulation will
have relatively large effects on population
growth. Managers should consider methods of
targeting harvest on nonreproductive Or unsuc-
cessful segments of the population (Clark et al.
1988).
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