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Abstract. Food-chain transfer of contaminants is often predict-
able below the level of birds, but relations between contaminant
concentrations in birds and their foods are often weak and
variable. Much of this variation probably resuits from the ener-
getics of foraging in fluctuating, heterogeneous environments,
which has not been accounted for in past models of contaminant
uptake by birds. Because birds are highly mobile with varying
lengths of stay in different areas, collecting birds and analyzing
their tissues yields unclear information on the importance of
local contaminants. Likewise, toxicity assays with captive birds
ignore changes in food intake with varying activity and weather
experienced by wild birds. Neither of these approaches alone
can predict maximum allowable contaminant levels in foods
that avoid toxic effects under different field conditions, or what
body burdens accumulate during varying lengths of stay that
might affect the birds’ biology at other places and times. To
allow such predictions, an individual-based computer model
was developed to simulate the intake of contaminated foods by
diving ducks for varying conditions such as weather, water
depth, food dispersion, and the size and digestibility of food.
Food-intake estimates are combined with laboratory data on
contaminant uptake as a function of food consumption and
contaminant content. As an example, cadmium uptake is esti-
mated for Canvasback ducks (Aythya valisineria) foraging on
belowground winter buds of the submerged plant Vallisneria
americana. Results indicate that relations between cadmium
content of food and cadmium uptake by kidneys can be quite
different depending on field conditions, and that cadmium con-
tent of food can be less important than food dispersion and
resulting search costs in determining cadmium uptake. Models
that estimate food intake based on energetic profitability can
yield very different predictions than models that assume con-
stant daily intake, or assume that food intake simply increases
as energy costs of thermoregulation or other factors go up. Such
profitability effects might explain much of the confounding
variation in deriving bioaccumulation factors for birds.
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Studies have shown that the toxicity of given tissue levels of
contaminants can vary with an animal’s energy balance (Porter
et al. 1984; Lemly 1993). However, less attention has been
paid to the fact that exposure rates of animals eating contami-
nated foods also vary with energy budgets and associated intake
rates. For example, variations in contaminant levels in migratory
birds from different sites are often presumed to track different
contaminant levels in foods (Vermeer and Peakall 1979; Mora et
al. 1987; Ohlendorf et al. 1991; Vermeer et al. 1993). However,
contaminant concentrations in tissues often show weak and
variable correlations with levels in foods, making it difficult
to predict contaminant uptake by predators based only on con-
taminant content of prey (Kay 1985; Skorupa and Ohlendorf
1991; Ferns and Anderson 1994).

Much of this variation in tissue contaminant levels probably
results from the energetics of foraging in fluctuating, heteroge-
neous environments (Hohman et al. 1990a; Belovsky 1994,
Pulliam 1994). For example, Skorupa and Ohlendorf (1991)
demonstrated that food-chain transfer of selenium to waterbird
foods can be predicted rather accurately from seleninm concen-
trations in water, but that concentrations in bird eggs are seldom
predictable from selenium levels in bird foods. They stated that
avian behavioral ecology, rather than avian physiology per se,
appears to be the main source of confounding variation.

Nevertheless, past models of dietary contaminant uptake by
birds have assumed constant food intake rates. These rates have
been estimated mostly from studies of captive birds or from
body-mass allometry over many taxa, and have not considered
variability in foraging behavior and energetics under diverse
field conditions (DuBowy 1989; Skorupa and Ohlendorf 1991;
Peterson and Nebeker 1992). For example, a recent innovative
treatment of spatial components of contaminant exposure (Clif-
ford et al. 1995) assumed that animals spent equal foraging
effort in all parts of their activity range, and were exposed to
constant contaminant levels averaged over this range. However,
food dispersion in aquatic habitats is commonly associated
with varying sediment characteristics (Hicklin and Smith 1984),
which often correlate with contaminant content of sediments
and foods (Rule and Alden 1990; Holland et al. 1993). Thus,
models that do not account for the influence of food dispersion
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on foraging profitability and intake rates will often be poor
predictors of tissue contaminant levels of birds in the field
(Skorupa and Ohlendorf 1991).

In general, measurements of contaminants in free-ranging
birds have included two main approaches: (1) collecting birds
and analyzing their tissues (see references below), and (2) col-
lecting and analyzing feathers (Pilastro ef al. 1993). Effective-
ness of these approaches is limited by the fact that birds are
highly mobile. One seldom knows, especially during migration
or winter, how long an individual bird has been in a certain
area (White ef al. 1983; Henny et al. 1990, 1991; Mahaffy et al.
1995). If the bird has been there for only a short period, tissue
residues might not reflect the full potential for contamination at
that site. Conversely, the bird might have acquired contaminants
elsewhere, so that high tissue residues have little to do with con-
taminants at the site where the bird was collected (Boellstorff ez
al. 1985; Henny eral. 1991, 1995). It is often desirable to predict
contaminant accumulation by birds migrating through or win-
tering in acontaminated area, uptake which might affect the birds’
biology at other places and times (Stickel et al. 1977; Boellstorff
etal. 1985). Because of variable lengths of stay among individual
birds, contaminant uptake rates at a given site often cannot be
estimated simply by collecting birds or their feathers.

Uptake and toxicity assays with captive birds avoid the above
uncertainties, but do not account for changes in food intake
with varying activity, weather, and food availability experienced
by free-ranging birds. Actual exposure to contaminants depends
not only on contaminant concentrations in food, but also on
the amount of food eaten (DuBowy 1989; Peterson and Nebeker
1992; USEPA 1993). Thus, studies of captive birds fed diets
containing different contaminant concentrations will incom-
pletely reflect contaminant intake that occurs in the field.

Despite these shortcomings, these empirical methods are es-
sential to the modeling approach proposed in this paper. But
without quantitatively integrating these disparate kinds of infor-
mation into a multifactor, ecological context, these methods
alone provide limited predictive capabilities for environmental
decision-making (Kendall and Lacher 1994). For example, they
do not yield predictions of the maximum allowable contaminant
levels in foods that avoid toxic effects under different field
conditions, such as varying weather, water depth, time spent
flying because of human disturbance, or food dispersion as it
affects search costs and accessibility of contaminants in foods.
Such information is important to predicting contaminant risk
to birds under various cleanup scenarios, and to setting regula-
tions for the maximum allowable contaminant levels in water,
sediments, or foods (cf. DuBowy 1989; Skorupa and Ohlendorf
1991; Peterson and Nebeker 1992; Clifford et al. 1995).

To allow such analyses for diving ducks, a computer simula-
tion model was developed based on experimental and field data
(see Lovvorn and Gillingham 1996). The model estimates food
intake by ducks for varying combinations of factors that affect
their behavior and energetics. Food-intake estimates are then
combined with data on tissue uptake by captive ducks as a
function of both contaminant content of food and the amount
of food eaten. As an example, cadmium uptake is estimated
for Canvasback ducks (Aythya valisineria) foraging on be-
lowground winter buds of the submerged plant Vallisneria
americana. This individual-based modeling approach can be
used to estimate bioaccumulation factors (BAFs = tissue con-
centrations/concentrations in food) under different field condi-
tions (cf. Szefer and Falandysz 1987; DuBowy 1989; Skorupa
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and Ohlendorf 1991; Peterson and Nebecker 1992), as well as
variability in BAFs due to differences among individuals in
heterogeneous environments (Madenjian ef al. 1994).

Methods

For computer simulations, the foraging energetics mode! described in
detail by Lovvorn and Gillingham (1996) was modified. Model food
grids of Vallisneria winter buds were generated from core samples
taken in Lake Mattamuskeet, North Carolina. In the model, written
in QuickBasic 4.5 (Microsoft, Redmond, Washington), an individual
Canvasback was randomly placed on a food grid and began foraging.
A foraging bout (sequence of dives in one or more foraging “loci” as
defined below) ended when the duck either filled its esophagus or
dropped below a certain energy deficit. Cadmium concentrations in
the kidneys were calculated based on model estimates of food intake
and equations for cadmium assimilation derived from experiments on
captive ducks. We chose cadmium for simulation analyses for several
reasons. First, cadmium levels are often elevated in diving sea ducks
(Mergini) (Lande 1977; Di Giulio and Scanlon 1984b; Frank 1986;
Henny et al. 1991, 1995 and refs. therein; Ohlendorf er al. 1991),
although not in Canvasbacks or other Aythya spp. in areas studied to
date (White et al. 1979; Di Giulio and Scanlon 1984b; Miles and
Ohlendorf 1993). Second, experimental data were available on cad-
mium uptake by duck kidneys as a function of the amount of contami-
nated food eaten (Di Giulio and Scanlon 1984a). Third, cadmium
uptake is dose-dependent and cumulative without significant short-
term depuration (elimination from the body) (Scheuhammer 1987),
which allows straightforward models relating cadmium intake to kid-
ney concentrations.

With the model, uncertainty analyses were performed to evaluate
the relative influence of different environmental, energetics, and assimi-
lation parameters on cadmium levels in the kidneys. Response surfaces
were then generated to explore interactions between cadmium content
of food and selected environmental variables in determining kidney
cadmium uptake.

Energy Expenditure

Field data for energetics modeling were collected at Lake Matta-
muskeet, North Carolina, which is <1 m deep throughout and has
abundant stands of the submerged plants Vallisneria americana and
Poramogeton perfoliatus (Lovvorn 1989a). Canvasbacks at Lake Mat-
tamuskeet eat almost exclusively the belowground winter buds of
Vallisneria (Lovvorn 1987). Procedures for observing behavior of Can-
vasbacks were described in detail by Lovvorn (1989b). During the
prewinter fattening period on Lake Mattamuskeet (Lovvorn 1994b),
Canvasbacks foraged continuously and did not appear to leave the lake
at night, so daytime behavior patterns are assumed to extend through
the night (see Lovvom and Gillingham 1996). Percent time spent by
Canvasbacks in activities other than surface-swimming and diving were
assumed constant in all model simulations.

Mechanical costs of diving to different depths for different durations
were calculated from the model of Lovvomn et al. (1991) and Lovvorn
and Jones (1991) for diving ducks (Aythya spp.). For that model,
hydrodynamic drag of ducks frozen in a diving posture was measured
in a tow tank. Buoyancy was calculated as the difference between body
weight and the weight of water displaced by restrained ducks submerged
head-down in a water-filled cylinder. In model calculations, buoyancy
was adjusted for compression of respiratory and plumage air spaces
with depth. Ducks descending in a tank 2 m deep were filmed at 100
frames/s to determine linear displacement at 0.01-s intervals during a
stroke cycle (including power and recovery phases). Work during these
intervals was calculated by multiplying drag and buoyancy by displace-
ment, and then adding inertial work done in accelerating the body and
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the added mass of entrained water. Work during all intervals was then
integrated over the power phase to yield work per stroke during descent.
Work per stroke at the bottom was calculated by multiplying the buoyant
force by the distance the bird would float upward during the time
required for a stroke (Lovvorn er al. 1991). Counts of strokes needed
to reach the bottom and remain there (from video films, see Lovvorn
1994a) allowed calculation of total work during dives.

Stroke rates and speeds of descent and ascent at water depths from
1.2 to 2 m were interpolated from video measurements at those two
water depths (Lovvorn 1994a). Stroke rates and speeds for 1.2 m and
2 m were used for shallower and deeper depths, respectively. Work
during descent was calculated twice for each depth, once with buoyancy
equal to that measured at the surface and once with buoyancy adjusted
for hydrostatic pressure at the bottom. These two work values were
then averaged for dives to given depths (Lovvorn and Jones 1991).

Water temperature in shallow (<1 m) Lake Mattamuskeet closely
tracks air temperature (J. R. Lovvorn, unpubl. data). For simulations,
the weighted mean air temperature for all observation days on Lake
Mattamuskeet (mean = 1 SD = 11.4 = 2.4°C, n = 9 days) was used
for both air and water temperature.

Mass-specific respirometry data (Vo) for congeneric Tufted Ducks
(Aythya fuligula) were applied to Canvasbacks (see Lovvorn and Gil-
lingham 1996). Costs of sleeping, alert behavior, comfort movements,
and passive ascent during dives were assumed equal to that for resting
at given water temperatures. For descent and bottom foraging, acrobic
efficiencies (n = mechanical power output/aerobic power input) were
calculated from the mechanical model described above and respirome-
try of Tufted Ducks diving to a depth of 0.6 m in water at 7.4°C
(n = 0.2337) and 22.9°C (n = 0.1438, Bevan and Butler 1992). Aero-
bic efficiencies were linearly interpolated for water temperatures be-
tween these two values, and applied to mechanical work estimates for
descent and bottom foraging. The lower Vo, (11.59 versus 13.91 W/
kg) and resulting higher n during submergence at the lower temperature
was offset by higher Vo, during pauses between dives. For pauses,
values were linearly interpolated between Vo, of 17.47 Wikg at 7.4°C
and 12.28 W/kg at 22.9°C (Bevan and Butler 1992).

Aerobic cost of surface-swimming in Tufted Ducks, measured only
in water at 17.8°C, increased curvilinearly from 6.46 Wikg at 0.40
m/s to 20.99 W/kg at 0.78 m/s (Woakes and Butler 1983). Energy
costs of flight were estimated by applying an aerobic efficiency of
0.23 to mechanical costs calculated from the aerodynamic model of
Pennycuick (1989; see Lovvorn and Jones 1994). The aerobic power
of flying was 230 W at the maximum range speed (V) of 23 m/s
for the mean (=1 SD) body mass (1.395 £ 0.128 kg) and wingspan
(0.873 = 0.029 m) of 21 aduit male Canvasbacks collected on Lake
Mattamuskeet in November 1982-83 (Lovvorn 1994b). .

Canvasbacks on Lake Mattamuskeet in November 1982 and 1983
gained about 1.66 g of body fat and 0.23 g of body protein per day
(all sex-age classes combined, Lovvorn 1994b). Considering digestive
and conversion efficiencies, nutrient deposition required an intake of
about 4.6 g dry mass of buds per g of body fat, and 14.8 g of buds
per g of body protein (Lovvorn 1987:38). At a metabolizable energy
of 11.568 kJ/g dry mass of buds (Lovvorn 1987:33), nutrient storage
increased the daily energy requirement of Canvasbacks by 127.71 kJ/day.

Energy Intake

Intake of Vallisneria winter buds per second spent at the bottom was
estimated from a Michaelis-Menten equation fit to the functional re-
sponse data of Takekawa (1987) (Marquardt method, PROC NLIN;
SAS, Inc., Cary, North Carolina). In the equation I/ = ax/(b + x), I is
the number of buds consumed per second at the bottom, x is bud
density (number/m?), and a is the handling time coefficient, or the
asymptote for the maximum rate at which Canvasbacks can handle
buds regardless of bud density (see Figure 2 in Lovvorn and Gillingham
1996).The search time coefficient b is the bud density at an intake rate
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of 0.5a, and thus indicates effects of search time on how quickly the
curve for intake rate rises and becomes limited by the asymptotic
handling time. For seven bud densities (x) ranging from 10-110 buds/
m?, intake of buds per second at the bottom (/) was estimated by the
equation 7 = 0.193x/(29.5 + x), R* = 0.98 (see Lovvorn and Gilling-
ham 1996).

The maximum number of Vallisneria winter buds a Canvasback
could eat in a given foraging bout was taken to be the maximum
number of buds found in esophagi among 119 Canvasbacks collected
while feeding on Lake Mattamuskeet (see Lovvorn 1994b). For simula-
tions in this paper (early period in Lovvorn and Gillingham 1996}, it
was estimated that a maximum of 103 buds were ingestable in one
foraging bout. Metabolizable energy of Vallisneria winter buds (66.7%
water) is about 11.568 kJ/g dry mass (Lovvorn 1987:33).

Patch Structure and Computer Simulation of Food Grids

Regarding patch structure, Kotliar and Wiens (1990) defined first-order
patchiness as equivalent to “grain,” the smallest scale at which an
organism differentiates among patches. Second-order patches are made
up of clusters of first-order patches (Kotliar and Wiens 1990). The
patch structure of winter buds was modeled with grain equal to potential
foraging “loci,” defined as contiguous circles 1 m in diameter. These
loci approximate the area within which a Canvasback makes one or
more vertical dives until surface-swimming to a different locus to begin
a new series of vertical dives (see Lovvorn and Gillingham 1996).

In the fall of 1983, transects for sampling Vallisneria winter buds
were established in four areas of Lake Mattamuskeet that were heavily
used by Canvasbacks the previous fall (see Figure 2 in Lovvorn 1989a).
Sediment cores were taken from 20 September to 5 October 1983
before Canvasbacks arrived in early November. Seventy sampling sta-
tions were marked with stakes at 50-m intervals along the transects,
and three replicate cores (92 cm? each) to a depth of 10 cm were taken
within 0.5 m of each stake. Water depths at the 70 sampling stations
averaged 39 £ 9 cm (=1 SD) (early sample of Lovvorn and Gilling-
ham 1996).

First-order patchiness among individual foraging loci was quantified
by using the FORTRAN program NEGBINOM of Krebs (1989:505~
513) to fit negative binomial distributions to the above core samples
(means of 3 replicate cores per station for 70 stations; see Figure 3
in Lovvorn and Gillingham 1996). These distributions yielded the
frequencies of possible loci with different bud densities, i.e., first-
order patchiness.

From 18-20 October 1993, additional cores were taken to describe
the second-order spatial pattern (as opposed to negative binomial fre-
quencies) of Vallisneria buds in Lake Mattamuskeet. Sixteen sampling
stations were marked with stakes at 50-m intervals along a transect
corresponding approximately (within a few hundred meters) to Transect
3 of the 1983 sample (see Figure 2 in Lovvorn 1989a). At each station,
three replicate cores were taken at the transect stake, and at each 1-m
increment to a distance of 6 m in a random direction from the transect
stake. The distance of 6 m encompassed about 94% of distances moved
by Canvasbacks during foraging bouts (see Figure 4 in Lovvorn and
Gillingham 1996). Mean (n = 3 replicates) number and dry mass of buds
ateach 1-mincrement were then regressed on values at the focal transect
stakes (n = 16 stations for regressions done separately for each of the
six distance increments). None of these regressions were significant for
bud numbers (all # < 0.11, P > 0.20) or bud dry mass (all < 0.15,
P > 0.14), indicating a lack of predictable spatial pattern at these scales.

Because no second-order patchiness was detected on the scales of
1-m foraging loci and observed foraging movements of Canvasbacks,
40 X 40-m grids of Vallisneria winter buds were simulated by rejecting
only those randomly-generated coordinates that did not fall within the
negative binomial distributions of first-order patchiness (Rejection
Method, Press et al. 1989; see Figure 5 in Lovvorn and Gillingham 1996).
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Giving-Up Rules and Movement Distances

During the study period, aboveground parts of Vallisneria had senesced
and detached, so Canvasbacks searched for belowground winter buds by
touch (see Tome 1988; Ball 1994). In model simulations, Canvasbacks
decided when to stop foraging in a given locus and move to a different
locus based on their energy balance. After each dive, energy intake
was compared to energy expended, including work underwater, surface-
swimming between loci, pausing between dives, and the overhead cost
of all other daily activities prorated on a per second basis. If expected
energy balance on a subsequent dive in the same locus was positive,
based on the functional response for the decremented food density and
the energy cost of the preceding dive, the duck dove again.

If the expected energy balance from another dive in the same locus
was negative, the duck moved to another locus. As noted above, core
sampling revealed no second-order patchiness of Vallisneria buds at
the scale of foraging loci. Thus, in this habitat, Canvasbacks foraging
by touch cannot predict how far or in what direction they should move
between foraging loci, but rather must search by trial and error for
loci with high enough food densities for profitable foraging. In other
words, Canvasbacks moving to a new locus had the same negative
binomial expectation of food density regardless of direction or distance
moved. Any criteria used by Canvasbacks to vary distance moved
between loci were unknown, so random samples were drawn from
frequency distributions of movement distances observed in the field
(see Figure 4 in Lovvorn and Gillingham 1996).

In the model, the duck continued foraging until it (a) filled its
esophagus, or (b) accumulated an energy deficit that exceeded one-
half the fraction of daily energy requirement that on average must be
met during a foraging about [i.e., bout deficit fraction (BDF) = —0.5].
Durations of entire foraging bouts were not measured in the field, but
it appeared that Canvasbacks generally engaged in only one bout per
half hour. Canvasbacks at Lake Mattamuskeet spent 45% of their time
foraging (Lovvorn 1989b), so we estimated the mean duration of
foraging bouts as 13.5 min, or 2.02% of daily foraging time (24 h
minus time spent in other activities = 11.16 h). Nagy’s (1987) allomet-
ric equation, based on doubly-labeled water measurements of free-
ranging birds, estimates a field metabolic rate of 1120 kJ/day for an
average adult male Canvasback on Lake Mattamuskeet in November
(Lovvorn 1994b). Thus, a Canvasback must achieve an average profit
per foraging bout of 22.62 kJ (0.0202 X 1120 kJ) to meet its daily
energy requirement. When cumulative profit during a bout falls to less
than half that value (11.31 kJ), it is unlikely that the duck can achieve
positive energy balance by continuing for the average bout duration;
hence the choice of BDF = —0.5. The duck should then stop feeding
and move to another foraging site, i.e., to another 40 X 40 grid with
a different food regime.

By this scheme, a Canvasback continued feeding in a locus until its
energy balance in that locus became negative, regardless of potential
for higher net gain at other loci. This decision rule differs from marginal
value formulations (Tome 1988; Houston and Carbone 1992), in which
an omniscient animal leaves a patch when the net profitability in that
patch falls below the average for all patches. However, core samples
of winter buds indicated that Canvasbacks sometimes depleted patches
to below the habitat average, while higher-than-average densities re-
mained in other patches (Lovvorn 1994a). These patterns probably
resulted from high costs of searching for better patches (due to high
locomotor costs and tactile foraging of Canvasbacks), constant alter-
ation of food densities by other flock members, and consequent lack of
omniscience about the average for all food patches (see also Bernstein er
al. 1991).

In the model, selection of new loci did not explicitly consider effects
of foraging aggression, or of predation risk and related flocking behav-
ior (Thompson ef al. 1974; Lovvorn 1989b; Hyman et al. 1990). Such
factors might influence the direction or distance moved, although the
negative binomial expectation of food density was independent of
direction or distance. Such effects on search costs were accounted for
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Fig. 1. Mean cadmium uptake by kidneys per kg of food consumed (U})
by adult Mallards after eating commercial ration containing different
cadmium levels (Cy) for 42 days (see Table 1). Both observed values
and values predicted from an equation fit to these data (linear regres-
sion on log-transformed values) are shown. All values are on a dry
mass basis. In the equation, the “cadmium uptake exponent” is
0.660

implicitly by sampling from the frequencies of distances moved in
the field.

Cadmium Assimilation from Food

Cadmium assimilated by kidneys per kg of food consumed was esti-
mated from the data of Di Giulio and Scanlon (1984a). Based on
42-d trials with adult Mallards (Anas platyrhynchos), cadmium uptake
by kidneys (p.g/g) per kg of food consumed (U,) was related to cadmium
concentration in the food (Cy) by the equation U, = 2.69C * (fitted
by linear regression on log-transformed values, r* > 0.99, P = 0.001,
all values on a dry mass basis, Table 1, Figure 1). In Mallards fed 2,
15, and 210 p.g Cd/g fresh mass of commercial ration, kidney cadmium
concentrations continued to increase from 30 to 60 to 90 days on the
food, except for a decrease at 90 days on the 210 ug/g treatment
(White and Finley 1978). Data of White and Finley (1978) and Di
Giulio and Scanlon (1985b) suggest that, for a range of 2-50 ug
Cd/g fresh mass of food, kidney cadmium concentrations are at no
more than 50% of maximum after 42 days, and continue to increase
monotonically for at least 90 days (Figure 2). Therefore, in the model,
cadmium uptake by the kidneys was ailowed to increase monotonically
according to the above allometric equation relating kidney uptake per
kg of food consumed to cadmium concentration in food. The model
assumed no avoidance of contaminated food by Canvasbacks (Heinz
and Sanderson 1990).

Uncertainty Analyses

Effects of variation in selected parameters (Table 2) on model estimates
of cadmium uptake by the kidneys were evaluated. Uncertainty analyses
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Table 1. Food intake and kidney cadmium concentrations of adult Mallards after eating commercial ration containing different cadmium levels
(Cy) for 42 days, and mean cadmium uptake by kidneys per kg of food consumed (Uy) (based on data from Di Giulio and Scanlon 1984a). All
values are on a dry mass basis (food contained 10% water). Based on these data, U, = 2.69C*® (2 > 0.99, P = 0.001; see Figure 1)

Cd in food Mean daily food intake Total food intake Cd in kidneys Mean Cd uptake
(hglg) kg) kg (ng/g) (ng/g/kg of food)
0 0.120 5.04 29 0.58
56 0.118 4.96 208.8 42.10
167 0.110 4.62 335.2 72.55
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Fig. 2. Cadmium concentrations in kidneys (pg/g dry mass) of adult
Mallards as a function of days eating commercial rations containing
different concentrations of cadmium (pg/g fresh mass). Solid circles
are data from Di Giulio and Scanlon (1985b); open circles are data
from White and Finley (1978). Kidney concentrations from White and
Finley (1978) were converted from fresh to dry mass based on a dry-
mass fraction of fresh kidneys of 23.44% (Scanlon 1982)

considered ranges of values likely to occur in areas where Canvasbacks
forage on winter buds of Vallisneria, such as Lake Mattamuskeet, the
Chesapeake Bay region, Long Point Bay of Lake Erie, and the upper
Mississippi River. In these analyses, the concern was not with sampling
from normal or similar distributions around particular means, but rather
with variation between observed endpoints. Thus, all parameters were
considered uniformly distributed within ranges in Table 2 (see Lovvorn
and Gillingham 1996 for further details on range selection).

No data were available on the range of variability in bud dispersion
as measured by the negative binomial parameter k. At Lake Matta-
muskeet in 1983, values of k ranged from 1.504 in October to 0.930
after Canvasbacks left the lake in December. In Simulations 1 and 2,
k was varied from 1 to 5 and from 1 to 10, respectively.

Mean cadmium concentrations in whole plants of Vallisneria ameri-
cana (pg/g dry mass) ranged from 0.63 in northern Currituck Sound,
Virginia to 1.15 and 3.64 at two sites in the Potomac River halfway
between Washington, D.C. and Chesapeake Bay (Di Giulio and Scanlon
1985a). We found no higher concentrations reported for Vallisneria,
but values as high as 32.33 pg/g dry mass were reported for the
submerged plant Elodea canadensis grown in the field on soils from
a highly contaminated site (Mayes er al. 1977), and an extreme (and

probably very rare) value of 89.6 wg/g in Potamogeton crispus at
another contaminated area (Mclntosh ef al. 1978). In Simulations 1
and 2, cadmium concentrations in Vallisneria were varied from 0 to
10 and O to 30 p.g/g dry mass, respectively. Only one data set, that of Di
Giulio and Scanlon (1984a), was available for deriving the “cadmium
uptake exponent.” This is the exponent for the rate of kidney cadmium
uptake per kilogram of food consumed depending on cadmium concen-
tration in food (Table 1, Figure 1). This exponent was varied by 5%
in Simulation 1 and *20% in Simulation 2.

Uncertainty Simulations ! and 2 each included 150 foraging bouts. In
a Latin hypercube design (Swartzman and Kaluzny 1987), the uniform
distributions (Table 1) were divided into 150 equal intervals, and for
each bout, values for each parameter were randomly selected from
intervals chosen randomly without replacement. After simulations, all
variables were ranked and the dependent variable (kidney cadmium
concentration) was regressed against the independent variables (ran-
domly chosen parameter values) for each bout. Relative partial sums
of squares (RPSS) for ranked data indicated the variance in kidney
cadmium concentration explained by variation of individual parame-
ters, with effects of the other parameters statistically removed. This
method revealed which parameters should be measured more accurately
and precisely to improve estimates of kidney cadmium concentration.
For ease of comprehension, partial coefficients of determination (partial
r?) are also reported; however, parameters can show high correlation
(partial %) but account for small residual variances as indicated by
RPSS.

Response surfaces were also generated to explore interactions be-
tween cadmium content of food and selected environmental variables
in determining kidney cadmium uptake. These simulations assumed
that Canvasbacks spent 45% of their time foraging throughout the diel
period, based on field observations (Lovvorn 1989b, see above). For
each combination of parameter levels, one entire days’ foraging was
simulated for ten individual Canvasbacks.

Results

In Canvasbacks feeding for 45% of 24-h periods, simulated
uptake of cadmium by the kidneys varied directly with cadmium
levels in Vallisneria winter buds (Figure 3). As influenced by
the uptake equation in Figure 1, kidney cadmium levels in-
creased more rapidly at higher concentrations in buds (Figure
3). For a cadmium concentration (30 wg/g dry mass) that is
very high relative to values likely to be observed in submerged
plants in the field (Eisler 1985), the highest kidney uptake over
90 days was about 300 pg/g.

In uncertainty analyses in which all parameters (Table 2)
were varied simultaneously, only four parameters explained
significant variation in kidney cadmium uptake by Canvasbacks
foraging on Vallisneria buds. These variables were aerobic
efficiency, bud dispersion as quantified by the negative binomial
parameter k, cadmium concentration in buds, and bud metabo-
lizable energy (Table 3). By far the most influential parameter
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Fig. 3. Simulated cadmium uptake by the kidneys of Canvasbacks,
depending on numbers of days eating Vallisneria winter buds containing
different cadmium concentrations (ug/g dry mass). Each line represents
mean results from simulations for 150 individual Canvasbacks, each
feeding for 45% of a 24-h period

Table 2. Parameters and their ranges used in uncertainty analyses of the
model for kidney cadmium uptake by Canvasbacks eating Vallisneria
winter buds. For parameters having two specified ranges, the second
range was used in a second set of simulations (Simulation 2 in Table
3) in which ranges for other parameters were unchanged

Range

Water depth (m) 0.5-3.5
Water temperature (°C) 1-25

Parameter

Aerobic efficiency, 7 n + 0.07
Dry mass/bud (g) 0.030-0.18
Bud metabolizable energy (k}/g dry mass) 11.568 = 5%
Mean number of buds/m? 111-366
Negative binomial & of bud dispersion 1-5, 1-10
Cadmium level in buds (jg/g dry mass) 0-10, 0-30

Cadmium uptake exponent (see Figure 1) 0.660 = 5%, £20%

2Calculated for different temperatures from the data of Bevan and
Butler (1992), see text

in both Simulations 1 and 2 was aerobic efficiency, the factor
for converting mechanical energy costs of locomotion to actual
food requirements. At lower cadmium concentrations in food
that are typical of field conditions (Simulation 1), the cadmium
content of food per se was much less important than food
dispersion and resulting search costs in determining cadmium
uptake by the kidneys.

Response surfaces from varying only two parameters in the
model at a time demonstrate effects of environmental variation
on kidney cadmium uptake for given concentrations in Vallisn-
eria winter buds (Figure 4). These environmental variables
influence cadmium uptake by their effects on foraging energet-
ics. Water depth had little effect on cadmium uptake at low
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Table 3. Relative partial sums of squares (RPSS for rank-transformed
data) from uncertainty analyses of the model of kidney cadmium uptake
by Canvasbacks eating Vallisneria winter buds. In Simulation 1, nega-
tive binomial & varied from 1 to 5, cadmium concentration in food
varied from 0-10 pg/g dry mass, and the cadmium uptake exponent
(see Figure 1) varied by £5%. In Simulation 2, k varied from 1 to 10,
cadmium concentration in food varied from 0-30 pg/g, and the cad-
mium uptake exponent varied by +20% (see Table 1). Both simulations
included 150 foraging bouts, each bout with parameter values randomly
selected from ranges in Table 1 by the Latin hypercube method. RPSS
indicate the variance in kidney cadmium concentration (u.g/g dry mass)
explained by variation in each parameter, with effects of the other
parameters statistically removed. R? = 0.85 for Simulation 1 and 0.73
for Simulation 2, P < 0.001

Simulation 1 Simulation 2

Parameter RPSS  Partial # RPSS  Partial /2
Aerobic efficiency 53.67 0.752* 180.87 0.493%
Negative binomial k 3253 0.648 60.08 0.244°
Cadmium level in buds 230 0.115° 87.29 0.320"
Water depth 025 0.014 023 0.001
Bud metabolizable energy 0.07 0.004 26.19 0.124*
Dry mass/bud 0.05 0.003 220 0012
Water temperature 0.04 0.002 0.36  0.002
Mean number of buds/m? 0.03 0.002 0.24 0.001
Cadmium uptake exponent ~ 0.02  0.001 4.69 0.025

1P <0.05

levels of cadmium in Vallisneria buds, but for high cadmium
levels in buds, uptake was over twice as high at shallow depths
(Figure 4A). This trend results from the fact that Canvasbacks
consume more food relative to time and energy spent searching
when water is shallow. Water temperature had no effect on food
or cadmium intake (Figure 4B). Higher mass/bud also increased
food intake rate, which raised cadmium uptake as concentrations
in food increased (Figure 4C). When no other parameters were
allowed to vary, food dispersion as measured by the negative
binomial parameter £ had no effect on cadmium uptake at any
level in Vallisneria buds (Figure 4D).

Comparing results of two-parameter perturbations (Figure 4)
with results from sensitivity analyses in which all parameters
varied simultancously (Table 3) suggests that effects of single
parameters (water depth and mass/bud) can be masked if some
other parameters vary (aerobic efficiency, negative binomial k),
and that food dispersion becomes important only in concert
with variation in other parameters (cf., Figure 4C, Table 3). It
is obvious, however, that the relationship between cadmium
content of food and cadmium uptake by kidneys can be quite
different depending on field conditions that alter the energetics
of foraging.

Discussion

Results of the model address several important questions that
are often difficult to examine with field data alone. Such ques-
tions include

1. How is contaminant uptake by birds affected by varying
lengths of stay in a contaminated area?
2. How is contaminant uptake affected by interactions between
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contaminant content of food and both spatial and temporal
changes in environmental conditions?

3. How do spatial variations in the contaminant content of
food affect variability in tissue contaminant levels among
individual birds?

4. How do the above effects influence the maximum allowable

contaminant concentrations in food under varying field con-
ditions?

Effects of Varying Lengths of Stay

After 90 days of foraging on Vallisneria winter buds containing
a high concentration of cadmium (30 pg/g dry mass), simulated
cadmium levels in Canvasback kidneys were about 300 pg/g
(Figure 3). In 90-day experiments with captive Mallards, kidney
concentrations of about 230 wg/g had no significant effects on
body mass or food consumption (White and Finley 1978), and
marginal to no effects on kidney and testis histology and sperma-
togenesis (White et al. 1978). Captive ducks are not subject to
a multitude of additional energy costs such as having to search
for food, or frequent flying due to human disturbance. However,
the model does account for many of these additional factors, and
suggests that kidney cadmium levels for very high concentrations
in plant foods might have minimal adverse effects on adult ducks
exposed for several months during the nonbreeding period. Note
that cadmium accumulates continually in the renal cortex with

very little excretion, so that older animals generally have higher

levels than younger individuals in the same environment (Scheu-

hammer 1987; Henny ef al. 1991). Thus, long-term accumulation
on the scale of years might eventually result in toxic effects.

In invertebrate foods of diving ducks, cadmium concentra-
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Fig. 4. Simulated effects of variation in
single environmental parameters on the
relation between cadmium content of
Vallisneria winter buds and cadmium uptake
by the kidneys of Canvasbacks, when no
other parameters are allowed to vary. Each
point in the response-surface grid represents
the mean for 10 individual Canvasbacks
foraging 45% of the time for one day

tions are seldom higher than the maximum of 30 pg/g dry mass
examined in our computer simulations. For example, the major
food of Canvasbacks in Pamlico Sound, North Carolina after
they leave Lake Mattamuskeet, as well as in Chesapeake Bay,
is bivalves of the genus Macoma (Lovvorn 1987; Perry and
Uhler 1988). Reported cadmium content (ug/g dry mass) of
Macoma spp. (without shells) ranged from 0.13-0.33 (White
et al. 1979) and 0.23-0.63 (Di Giulio and Scanlon 1985a) in
Chesapeake Bay, where kidney cadmium levels (ug/g dry mass)
in Canvasbacks averaged 9.81 (White et al. 1979) and 6.00
(range 0.16-23.68) (Di Giulio and Scanlon 1984b). Mean cad-
mium concentrations (ug/g dry mass) in bivalve prey (without
shells) and in kidneys of locally collected diving ducks have
been reported as 1-5 in Mytilus edulis versus 25 in Common
Eiders (Somateria mollissima) (Lande 1977), and 0.61 in Myzi-
lus edulis and 0.08 in Macoma balthica versus 5.15 (range 1.5~
8.3) in Greater Scaup (Aythya marila) (Szefer and Falandysz
1987). At a site contaminated with cadmium, levels in Myrilus
edulis varied from 12 to 37 pg/g dry mass (Cossa 1988). Field
and laboratory studies suggest that only the upper end of the
latter range might result in kidney cadmium levels in ducks
that are associated with kidney lesions or hematological effects
(see review by Scheuhammer 1987).

In estimating contaminant risk to migratory birds, an im-
portant question is whether contaminant uptake by transient
birds at a certain site affects their survival or reproduction at
other places and times. Such analyses require data on depuration
rates (rates of contaminant elimination from the body), which
are nonexistent for all but a few contaminants. Liver selenium
concentrations in captive Mallards declined almost linearly over
42 days after termination of trials on contaminated diets (Heinz
et al. 1990). However, White and Finley (1978) found no signifi-
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cant declines in kidney cadmium concentrations after a 30-d
post-treatment period in Mallards previously fed 15 and 210
pg Cd/g fresh mass of food for 90 days. Blomqvist et al.
(1987) estimated the mean half-life of renal cadmium in Dunlins
(Calidris alpina) as about 1 yr, with an implied maximum of
2.5 yr. Future experimental studies on contaminant uptake by
birds should include measurements of post-treatment depuration
rates, which would allow model estimation of long-term effects
on reproduction due to exposure of transient birds to contami-
nants at given sites.

Relative Effects of Environmental Variables and
Contaminants in Food

At concentrations of cadmium in Vallisneria buds likely to be
found in the field (Simulation 1), uncertainty analyses (Table 3)
indicated that cadmium content of buds was much less important
than bud dispersion and resulting search costs in determining
cadmium uptake by the kidneys. Thus, differences in kidney
cadmium levels between birds collected at different sites might
result more from differences in food dispersion and search
energetics than from differences in contaminant levels in foods.
The cadmium uptake exponent, from the equation for cadmium
uptake per kilogram of food consumed (Figure 1), was not
significant, and had less influence on cadmium uptake than did
a variety of other ecological factors (Table 3). These results
suggest that obtaining exact measurements of cadmium uptake
rates in captive birds is less important than accounting for
environmental parameters that usually are not considered in
captive studies.

By far the most important variable in the model was aerobic
efficiency, the factor for converting mechanical energy costs
of locomotion to actual food requirements. This result empha-
sizes that accurate measurements of oxygen consumption under
different controlled conditions are critical to estimates of food
consumption and contaminant intake in the field (Lovvorn
1994a; Lovvorn and Gillingham 1996).

When other environmental variables were constant, dry mass/
bud strongly influenced kidney cadmium levels (Figure 4C),
although this effect was masked when other parameters varied
(Table 3). For bivalve foods, prey size would probably exert
greater effects on kidney cadmium uptake because cadmium
concentrations in bivalves generally increase with age and size,
sometimes dramatically (Kay 1985).

Simulated patterns of cadmium uptake with changes in envi-
ronmental factors might at first seem counter-intuitive, i.e., as
energy costs increase, food and cadmium intake decrease (Fig-
ure 4). These trends result from the constraints of foraging
profitability on food intake. In the model, ducks continue to
forage as long as their energy intake exceeds energy costs as
affected by environmental conditions. That Canvasbacks often
are fatter in areas where food and weather conditions are more
favorable (Lovvorn 1994b) supports the idea that free-ranging
Canvasbacks generally continue to feed as long as foraging is
profitable. By this scheme, higher energy costs do not simply
increase the duration of foraging. Rather, higher costs require
that energy intake per time be higher for foraging to remain prof-
itable.

In the model, Canvasbacks will not continue feeding in a
locus or at a general site where foraging is unprofitable. Higher
energy costs mean that they will spend more time searching
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for loci or sites where food density is high enough to support
profitable foraging. If many loci have inadequate food densities,
increased energy costs do not necessarily result in Canvasbacks
eating more, and they will often have higher food and contami-
nant intake when conditions are favorable than when they are
unfavorable. In the latter case, they will forage only where food
availability is high enough or else will give up and leave the
area entirely. Moreover, adequacy of a certain energy intake
depends on energy expended to acquire that food, which
changes the minimum intake needed; thus, when viewed from
the standpoint of profitability, the concept of a constant daily
food requirement is not meaningful. Models that estimate food
intake based on energetic profitability can therefore yield very
different predictions than models that assume constant daily
intake, or assume that food intake simply increases as energy
costs of thermoregulation or other factors go up. Such profitabil-
ity effects might explain the poor performance of the latter
models in predicting contaminant uptake (Skorupa and Ohlen-
dorf 1991). A major challenge to improving the accuracy of
profitability models is determining the time scale over which
birds balance their energy budgets (I.ovvorn and Gillingham
1996).

Effects of Spatial Variations of Contaminants in Food

Large variations in contaminant content of sediments on the
scale of several meters (Holland et al. 1993), and corresponding
differential uptake of contaminants by invertebrates (Rule and
Alden 1990), might result in unusually high contaminant levels
in individual birds depending on their foraging response to
bivalve dispersion. Data on dispersion of bivalve prey and
contaminant concentrations needed for our model are not cur-
rently available. Once this information is obtained, simulations
can be readily performed to provide estimates of maximum
contaminant intake by individual birds.

A major advantage of individual-based models is that they
allow consideration of differences among individuals in their
activity ranges and resulting contaminant exposures. Individual
Canvasbacks move among sites in a general area (Howerter
1990), and food grids can be generated to represent conditions
at these different sites. If data for among-site movements are
available, effects of localized contamination at different sites
within a bird’s activity range can be simulated by allowing
model birds to forage in different grids for different lengths of
time. An excellent effort toward such an approach is presented
by Clifford ez al. (1995); however, their formulation does not
consider effects of foraging profitability on the accessibility of
contaminants within an animal’s foraging range. Such effects
could be readily integrated into their scheme, which uses a
Geographic Information System.

Maximum Allowable Contaminant Concentrations

Skorupa and Ohlendorf (1991) noted that concentrations of
selenium at trophic levels below birds can be predicted rather
accurately from waterborne concentrations, but that variations
in bird behavior apparently confound prediction of selenium
levels in bird eggs. Application of foraging models such as
ours might allow better predictions of contaminant levels in
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birds. Bivalve prey of many diving ducks often accumulate
contaminants, and are important species in many monitoring
programs (Fischer 1988; Cain and Luoma 1990). However,
energetics-based models require that studies of captive birds
document contaminant uptake as a function of the amount of
food eaten, which is often not reported. Moreover, extrapola-
tions of captive feeding trials to field situations need to account
for contaminants assimilated from substantial amounts of sedi-
ment ingested by benthic-feeding birds along with their food
(Beyer et al. 1994; J. R. Lovvorn, pers. observ.). Probably most
importantly, adverse effects of given tissue levels of contami-
nants are usually unknown, and appear to be quite different
even among closely related taxa such as sea ducks (Mergini)
versus dabbling and bay ducks (Anatini and Aythyini) (Henny
et al. 1995). Much work on the pathological effects of different
tissue contaminant levels is needed before either direct monitor-
ing or model estimates can be interpreted in terms of contami-
nant risk.

Model Applications to Other Species

Among aquatic vertebrates, benthivores are often the most im-
pacted by chronic pollution of nearshore sediments and foods
(Vermeer and Peakall 1979; Di Giulio and Scanlon 1984b,
1985a; Smith er al. 1985). For example, in Commencement
Bay, Washington, Surf Scoters (Melanitta perspicillata) with a
sediment-associated diet contained 50 times more cadmium in
their kidneys than did Western Grebes (Aechmophorus occiden-
talis) eating fish in the same area (Henny ef al. 1991). Benthic
foods of most diving ducks occur in stationary, 2-dimensional
patterns that are more easily described, experimentally manipu-
lated, and mathematically modeled than are mobile prey in the
water column (Sjoberg, 1988; Tome 1988; Breck 1993; Ball
1994; Lovvorn and Gillingham 1996). Costs of locomotion of
diving ducks under varying conditions of water depth, water
temperature, and food dispersion have also been thoroughly
studied and modeled (Lovvorn 1994a; Lovvorn and Gillingham
1996). Similar models would be valuable for diving birds such
as cormorants in areas where they feed mainly on bottom fishes
that are highly susceptible to contamination (Mallins er al
1984; see refs. on diets in Derby and Lovvorn 1996), and where
the abundance and wide distribution of cormorants make them
especially good species for contaminant monitoring (Fox et
al. 1991).

Implications for Future Research and Modeling

Quantitative predictions of computer models should always be
viewed with healthy skepticism. However, the model in this
paper serves useful purposes in addition to quantitative predic-
tion. First, it helps identify what parameters are most important
in determining contaminant uptake under diverse field condi-
tions, knowledge that is useful in designing laboratory studies
that are relevant to field situations. Second, toxicity tests on
relatively large, warm-blooded animals are very expensive, and
increasingly have animal rights implications. Thus, investiga-
tors need to have very focused ideas about what levels of
exposure really need to be tested, and what environmental
factors will alter the generality of the results under actual field
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conditions. For example, at high cadmium levels in plant foods,
simulated cadmium uptake by ducks in the field (Figure 3) is
not expected to affect body mass or food intake (cf. White
and Finley 1978). Consequently, experiments on captive ducks
should focus on reproductive effects of cadmium levels in foods
=30 wg/g dry mass. Such preliminary modeling helps to avoid
spending scarce dollars on experimental treatments that are less
relevant, or that have limited value unless critical ancillary data
are collected at the same time.

The model in this paper also shows that bioaccumulation
factors that do not account for environmental variations might
give erroneous results under many circumstances. Thus, there
needs to be a shift in emphasis of empirical research away
from isolated investigations and toward empirical studies that
validate and test the assumptions of integrative models.
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