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a  b  s  t  r  a  c  t

Interactions  between  animals  and  their  environment  are  fundamental  to ecological
research.  Field  studies  of  coyote  (Canis  latrans)  reproductive  performance  suggest  mean
litter size  changes  in  response  to prey  abundance.  However,  this  relationship  has  been
assessed  primarily  by using  carcasses  collected  from  trappers.  The  objective  of  this  study
was to  assess  whether  nutritional  manipulation  prior  to mating  affected  reproduction  in
adult female  coyotes.  We examined  the  effects  of caloric  restriction  during  the  7 months
prior  to  estrus  on  the  reproductive  rates  of 11  captive  female  coyotes  and  the  subsequent
initial  survival  of  pups  through  two reproductive  cycles.  This  was  a  2-year  study  with  a
cross-over  design  so each  female  was  monitored  for reproductive  performance  on  each  of
the  two  diet  treatments.  We  assessed  the  number  of implantation  scars,  number  of  pups
born,  sex  ratios  of pups,  average  pup  weight  at birth  and 2-  and  6-weeks  of age,  and  the
survival  rates  between  implantation  and  2-weeks  of  age for two  diet  treatments.  We  found
the  mean  number  of implantation  sites  and pups  whelped  during  a reproductive  cycle  was
influenced  by  food-intake  prior  to conception.  Additionally,  we found  evidence  suggesting

the  effects  of  nutritional  stress  may  persist  for additional  breeding  cycles.  We  also provided
evidence  suggesting  well-fed  females  tended  to have  more  male  pups.  Understanding  how
environmental  factors  influence  reproductive  output  may  improve  model  predictions  of
coyote  population  dynamics.

Published  by Elsevier  B.V.
. Introduction

Understanding the interaction between animals and
heir environment is a central tenet of ecological study.

ow environments influence an animal’s reproductive per-

ormance and subsequent fitness is of interest to ecologists.
opulation demographics and reproductive parameters of
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coyotes (Canis latrans)  have been studied throughout the
United States and Canada using carcasses collected from
hunters (e.g., Gier, 1968; Knowlton, 1972; Todd et al.,
1981; Todd and Keith, 1983; Windberg, 1995; Bartel and
Knowlton, 2005). Reproductive parameters from these
studies suggested the proportion of females ovulating and
becoming pregnant was positively correlated with prey
abundance and negatively correlated with coyote den-
sity for both multiparious and primiparious females (Gier,

1968; Knowlton, 1972; Todd and Keith, 1983; Windberg,
1995; Sacks, 2005). Reproduction among primiparious
females was especially influenced by prey abundance
and coyote density, with the percentage of such females
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ovulating and becoming pregnant ranging from <10% to
>80% among years differing in prey abundance and coy-
ote density; mean litter size was influenced as well. These
studies indicated changes in mean litter size of primiparous
females and adults in some locations (Alberta and Kansas)
was significantly correlated to prey abundance (Gier, 1968;
Todd and Keith, 1983), while litter size of adult females in
other locations, such as a high coyote density area in Texas,
was not correlated to prey abundance (Windberg, 1995).

Litter size is a complex process dependent on interac-
tions among many factors. Determining direct correlations
and mechanisms of reproductive change is difficult using
one-time carcass sampling; hence we employed captive
studies to try to better understand different variables on
reproductive output in coyotes. Results from individual-
based population modeling suggested litter size and
juvenile survival were the predominant parameters influ-
encing population flux in coyote populations (Pitt et al.,
2003). Understanding how environmental and behavioral
factors influence reproductive output of coyotes may  pro-
vide more complete information to improve future model
predictions of coyote population dynamics.

Coyotes are territorial, monogamous (Bekoff and Wells,
1986; Gese, 2001), and seasonally monestrous (Hamlett,
1938; Gier, 1968; Kennelly and Johns, 1976) and generally
successful breeding attempts are limited to the dominant
mate pairs within a territory (Camenzind, 1978; Kleiman
and Brady, 1978; Bekoff and Wells, 1986; Hodges, 1990).
One captive study found subordinate females were repro-
ductively limited by physical or psychological suppression
from sexual activity, with subordinate behavior leading
to failure to express overt estrus behavior or even ovu-
late in the presence of a dominant female (Hodges, 1990).
These findings along with the aforementioned correlations
between ovulation rates and social and nutritional stress
suggested the “decision” to ovulate, especially for prim-
iparious animals, may  depend on both opportunity and
a threshold energy balance. “Deciding” to ovulate (i.e.,
reproduce) as well as “determining” the number of ova to
shed may  be under the control of different mechanisms
or thresholds. Litter size may  be affected by many factors
including genetics, age (Green et al., 2002; Sacks, 2005),
stress (Chatterjee and Chatterjee, 2009; Sayles, 1984),
parental food environment (Mech et al., 1991; Plaistow
et al., 2006), and the current food environment (I’Anson
et al., 1991; Lucy, 2003). The influence of nutrition on repro-
duction has long been recognized, but the mechanisms are
not fully understood even in highly studied domestic ani-
mals. Although there are numerous studies relating prey
abundance to reproductive fitness of wild coyotes, and cap-
tive research has explored the effects of poor nutrition
during pregnancy and lactation on litter size and maternal
physiology, there has been a paucity of research investi-
gating the effects of nutritional plane prior to mating on
reproductive output.

The objective of our study was to assess whether nutri-
tional manipulation prior to mating affected reproduction

in adult female coyotes. Ovulation rate, oocyte matura-
tion, embryo survival, and implantation rates in livestock
(Cox, 1997; Lucy, 2003; Kosior-Korzecka and Bobowiec,
2006; Scaramuzzi et al., 2006) were affected by nutritional
n Science 165 (2016) 69–75

manipulation during the follicular phase prior to ovulation.
But unlike these domestic animals, the coyote is seasonally
monestrous having only one estrous cycle per year con-
sisting of extended follicular and luteal phases followed
by several months of anestrus. Follicular dynamics of the
dog are poorly understood, but results suggest the folli-
cles grow and change during late anestrus (Okkens and
Kooistra, 2006) and both numbers and size of follicles
continue to increase throughout proestrus (Concannon,
2011). Because the estrous cycle is likewise extended in
the coyote and follicular dynamics likely influence repro-
ductive output during the proximal breeding season, we
chose to apply the experimental diets from July through
mid-February in order to include late anestrus through
estrus into the time period of nutritional manipulation.
We examined the effects of a calorie restricted diet dur-
ing the period 7 months prior to estrus on the reproductive
rates of 11 captive female coyotes through two  reproduc-
tive cycles, incorporating a crossover design so each female
was  subjected to each of the two  diet treatments. Sev-
eral parameters were assessed including the number of
implantation scars, number of pups born, sex ratios of pups,
average pup weight at birth, 2- and 6-weeks of age, and the
survival rates between implantation and 2-weeks of age for
the two diet treatments.

2. Materials and methods

2.1. Animal subjects

The role of caloric food intake on reproductive out-
come was  assessed for 11 captive-born female coyotes.
Subjects were provided by the USDA National Wildlife
Research Center (NWRC) facility where they were born
and hand-reared. Each female was  permanently identified
with uniquely numbered ear tags. All females were from
the same cohort, 3–4 years of age during the study, and
were multiparous. Initially, we intended to use 12 coyote
pairs from a cohort of animals and proven breeders, but
one pair failed to produce pups or implantation scars for
two  breeding seasons prior to the start of this study and
hence censored from the study. A suitable replacement was
not available. Each female was paired with a hand-reared,
non-sibling male from the same cohort.

2.2. Facilities and animal care

The coyotes were housed alternately in pens or ken-
nels at the NWRC facilities near Millville, Utah. The coyotes
were hand-reared in outdoor pens. Six months prior to
the normal breeding period, the coyotes were transferred
and housed individually in kennels (1.2 × 1.8 × 3.0 m). Each
kennel included a den box and a “lix-it” fixture for contin-
uous water availability. In January, prior to the breeding
period, coyotes were placed in 0.1 ha outdoor pens, as
non-sibling male/female pairs allowing them to mate. The
outdoor pens contained shade shelters, den boxes, and had

water available ad libitum. In mid-May, after the whelp-
ing season was  over and pups were more than 6-weeks
of age, the pairs were separated and returned to the ken-
nels. Females were paired with the same male each year
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f the study. Animal care and use guidelines of the Amer-
can Society of Mammalogists were followed (Sikes and
annon, 2011), and research protocols were approved by

he Institutional Animal Care and Use Committees at Utah
tate University and the National Wildlife Research Center.

.3. Diet treatments

Two diet levels were used to assess the effects of
educed food intake on reproductive fitness. In mid-May,
-weeks prior to the start of the experimental treatments,
he 11 females and their mates were moved to the ken-
els to allow for acclimation to housing, handling, and dry

ood pellets; the males were housed in kennels adjacent
o their female mates. The females were converted to the
ry dog food (Black Gold Premium Dog Food, Vienna, Mis-
ouri) over a 2-week period. The females were started on
he differential diet treatments after 4 additional weeks
f acclimation. In the first week of July, each of the 11
emales was assigned to one of two dietary treatments. A
emale received either the “high diet,” 440 g of dry dog food
110% of a maintenance diet), or the “low diet,” 260 g of
ry dog food (65% of maintenance); 400 g of dry dog food
as considered to be the maintenance diet based upon the

nergetic requirements of a female coyote and the caloric
nformation provided by the manufacturer. Females were
andled routinely to perform body condition assessments
nd collect serum.

Females were paired with their respective mates in
.1 ha pens in mid-January for the breeding season. The
ifferential diet treatments were continued until all pairs
eased mating, and then pairs were converted to nor-
al  feeding regimes for pregnant and lactating animals

n accordance with standard animal care practices at the
acility. A second year of the study was repeated with a
ross-over design. Group 1 (n = 6) was fed the low diet the
rst year and the high diet the second year, while Group 2
n = 5) was fed the high diet the first year and the low diet
he second year.

.4. Mating behavior

Observations of mating activity (i.e., copulatory ties;
ekoff and Diamond, 1976) were recorded from mid-

anuary through March, with routine observations of the 11
oyote pairs conducted each day for 2 h near dawn and dusk
total of 4 h/day). Copulatory ties observed for each pair
ere recorded. Once mating activity had been recorded for

 pair, the female was considered to have ended estrus
f one week passed without any further mating activity
bserved. The expected whelping date was calculated as
2 days after the last day that ties were recorded (Hamlett,
938; Kennelly, 1978).

.5. Offspring assessment

Observations for parturition behavior were increased

uring the expected whelping period of each pair. Three
ays after whelping was documented, pups were counted,
exed, and weighed. At 2 weeks of age, litters were re-
ssessed: counted, sexed, weighed, and number of pups
n Science 165 (2016) 69–75 71

with eyes open recorded. At this time, litters were stan-
dardized for both treatment groups to 4 pups: 2 males and 2
females. This standardization was  done to minimize litter-
size effects on growth rates between 2 weeks and 6 weeks.
At 6 weeks of age, the pups were again counted, sexed, and
weighed. The following June or July of each year, implan-
tation scars on the uterus were counted via laparotomy
(Green et al., 1979; Kennelly et al., 1977).

2.6. Statistical analysis

We  made statistical comparisons of the reproduc-
tive performance, including number of implantation sites,
number of pups whelped, 2-week survival rates and growth
rates of pups whelped from females fed the high diet versus
the low diet prior to conception. All but one female pro-
duced live pups both years. Abdominal examination of
the female that failed to produce live pups confirmed the
female to be pregnant one week prior to her exhibiting den-
ning and whelping behavior. We  presumed the pups were
born, but not found versus being reabsorbed as fetuses,
therefore we chose to use the scar counts of this female
for statistical analysis for both pup and scar counts. Obvi-
ously this litter was  not sexed or weighed, so the diet group
sample sizes for the 2 years were 10 and 11 females for the
high and low diets, respectively, for the gender and weight
analyses.

All ANOVA models were fitted using either mixed or
GLIMMIX procedure in SAS software (SAS Version 9.2 for
Windows). The effects of diet sequence and year on lit-
ter size, number of male pups, number of female pups,
and number of implantation scars were assessed using
a generalized linear mixed model, with a two-way fac-
torial (diet sequence and year) in a split-plot design for
each response. The whole plot unit was a female coyote;
the whole plot factor was diet sequence. The subplot unit
was an annual period for a female coyote; the subplot fac-
tor was  year. Several pertinent covariance structures for
repeated measures through time were assessed based on
the small-sample-size corrected version of Akaike Informa-
tion Criterion (AICc); for all the counts, standard variance
component structure provided the best fit. All counts were
square root-transformed prior to analysis to better meet
assumptions of normality and homogeneity of variance.
The interaction between diet sequence and year was also
assessed and this interaction represented the diet effect on
the dependent variables. The models were fitted using the
GLIMMIX procedure.

The effects of diet sequence, year, and diet
sequence × year interactions on average 3-day old
pup weight, average 2-week old pup weight, and 6-week
old pup weights were assessed using a generalized linear
mixed model, with a two-way factorial (diet sequence and
year) in a split-plot design, for each response. We  analyzed
pup weights at 3 days, 2 weeks, and 6 weeks in separate
split-plot ANOVA models, instead of running repeated
measures for weight within the split-plot ANOVA because

loss of litters would cause the ANOVA to drop whole
subjects from the analysis, and the numbers of pups were
standardized at 2-weeks. Standard variance component
structure provided the best covariance structure fit. All
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Table 1
Total and mean (±SE) number of scars, pups, and male and female pups
produced by female coyotes on high and low diets. Different letter within
column denotes significance (P < 0.05).

Total # Scars # Pups # Males # Females

Low diet 56 53 24 29
High diet 70 66 33 26
Total 126 119 57 55

Mean Scars Pups Male pups Female pups

Table 3
Average pup weight (g) at 3-days, 2-weeks, and 6-weeks of age for obser-
vation year 1, year 2, and both years combined. Different letters represent
values that were significantly different (P < 0.05) using a split-plot ANOVA
model.

Year Seq group 3 days old 2-weeks old 6-weeks old

Low yr 1 Low:high 314 ± 10 748 ± 40 2,362 ± 110
High yr 1 High:low 288 ± 30 609 ± 70 2,309 ± 50
Low yr 2 High:low 308 ± 20 732 ± 90 2,370 ± 110
High yr 2 Low:high 308 ± 30 675 ± 50 2,331 ± 100
Low both yrs 311 ± 10 741 ± 50a 2,366 ± 80
High both yrs 298 ± 20 642 ± 40b 2,320 ± 60

Table 4
Fixed effects for offspring weights at 3-days, 2-weeks, and 6-weeks of age
produced by female coyotes on two  diet regimes.

Effect 3-days 2-weeks 6-weeks

F-value(df) P F-value(df) P F-value(df) P
Low diet 5.1 ± 0.31a 4.8 ± 0.26a 1.2 ± 0.22a 2.6 ± 0.34
High diet 6.4 ± 0.34b 6.0 ± 0.50b 3.3 ± 0.49b 2.6 ± 0.50

pup weight measurements were log-transformed prior
to analysis to better meet assumptions of normality and
homogeneity of variance. The models were fitted using the
GLIMMIX procedure. Counts are reported as mean ± SE.

3. Results

3.1. Diet effect on reproductive timing and behavior

All females were observed in at least one copulatory tie
and exhibited denning and whelping behavior each trial
year. Dietary plane did not appear to affect the timing of
estrus or parturition. All pairs mated between January 20
and February 20 during both years with an average peak tie
date of February 3 the first experimental year and January
30 the second year. The average whelping date was  April
4 the first year, and March 29 the second year. During the
first year, parturition dates of the females were in a 2-week
time period (March 30–April 15), while during the second
year, parturition dates covered a 1-month period (March
12–April 20).

3.2. Reproductive output

All study subjects became pregnant, as determined by
the presence of pups at the den or laparoscopic visualiza-
tion of recent implantation scars on the uterus. Reduced
food intake affected the implantation and whelping rate.
Females fed the high diet had more fetuses implanted then
the low diet (Table 1) with the mean number of fetuses
implanted being significantly more for females on the high
diet than females of the low diet (Tables 1 and 2; Seq × Year
[Diet]: F1,9 = 22.98, P = 0.001). This higher implantation rate
carried over to litter size with females on the high diet
whelping 66 pups and females on the low diet whelping
fewer pups (Table 1). Mean litter size was significantly
reduced by food restriction with smaller litter sizes for
females on the low diet and larger litters for females on
the high diet (Tables 1 and 2; Seq × YR [Diet]: F1,9 = 6.39,
P = 0.03).

In the pregnancies in which gender was determined,
more male pups were whelped when the subjects were
fed the high diet (Tables 1 and 2; F1,17 = 4.48, P = 0.05). Diet
did not affect the number of female pups whelped per lit-

ter (Tables 1 and 2; F1,8.84 = 0.05, P = 0.83). Overall, the high
diet females produced 27% more male pups, and the litter
sex ratio was skewed towards males (0.55) when females
were fed the high diet versus the low diet (0.45).
Seq 0.28(1,9.21) 0.609 0.76(1,9.17) 0.405 0.00(1,9.03) 0.996
Year 0.17(1,8.59) 0.692 0.19(1,7.94) 0.677 0.02(1,8.99) 0.887
Seq × yr 1.22(1,8.59) 0.299 4.73(1,7.94) 0.062 0.16(1,8.99) 0.695

3.3. Offspring survival

Pup loss from implantation to 2-weeks of age was  not
different between diet treatments (P > 0.05). Over the two
trial years, the total number of pups whelped accounted
for 94% of the implantation scars (119 pups from 126 scars,
Table 1). The females successfully reared 104 pups from
whelping to 2-weeks of age (87% survival).

Offspring weights

Mean pup weight at 3 days of age was not different
between diet treatments (3-day old mean ± SE, weight:
311 ± 10 and 298 ± 26 g, low and high diets, respectively;
F(1,8.59) = 1.22, P = 0.30; Tables 3 and 4). Mean pup weight at
2-weeks post-whelping tended to be higher for pups from
the females fed the low diet versus the high diet females
(2-week weight: 741 ± 45 and 642 ± 41 g, low and high
diets, respectively; Tables 3 and 4; F1,7.94 = 4.73, P = 0.06).
This difference in weight was  likely due to the low diet
females having smaller litters. To reduce the confounding
effect of litter size on growth, litter sizes were standard-
ized to 4 pups at 2-weeks of age. At 6-weeks of age, average
pup weights were not different between treatment groups
(Tables 3 and 4; F1,8.99 = 0.16, P = 0.67).

4. Discussion

The study’s objective was to isolate nutritional stress
prior to ovulation to determine if reduced caloric intake
would affect estrus timing, reproductive behavior, and
reproductive output of adult female coyotes. The results
showed that even with access to male mates, denning
space, and nutrition to maintain pregnancy, the reproduc-
tive outcome of a female coyotes were affected by a reduced

calorie diet prior to ovulation. Mating, denning, and mater-
nal care did not appear to be overtly affected by the reduced
diet; however, the females had 20% fewer implantation
scars and live pups when fed the reduced diet prior to
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ating. Interestingly, when fed the high diet the females
roduced 27% more male pups, skewing the sex ratio (0.55
ersus 0.45, males versus females). Fetal reabsorption and
ow pup survival has been documented in coyotes nutri-
ionally stressed during pregnancy and lactation (Sayles,
984). In the current study, females were fed a pregnancy
nd lactation maintenance diet. We  found that the females
ad low fetal reabsorption, with 94% of the implantation
cars counted being represented by live pups, suggesting
hat the reduced litter size when fed the low diet was due
o either a reduced ovulation or fertilization rates. Likewise
up survival rate to 2 weeks was high and similar for both
roups.

Several field studies investigating the reproductive biol-
gy of coyotes report that the proportion of females ovu-
ating and becoming pregnant was significantly affected
y coyote density and prey abundance. In areas of low
oyote density or during high prey abundance, 80-100%
f adult females ovulated; whereas <50% ovulated in
egions with high coyote density or during years with low
rey abundance (Knowlton, 1972; Todd and Keith, 1983;
indberg, 1995). Field studies have also found evidence

hat prey abundance and coyote density influence litter
ize. Knowlton (1972) found females from low density
opulations had more fetal implantations per female than
hose from high density populations (6.6 versus 5.3 implan-
ation scars per female, respectively). Likewise, Todd and
eith (1983) found that the mean number of ovulations per
oyote female increased to 8.3 from 4.3 during years of high
nowshoe hare abundance in Alberta versus when prey
as scarce. Age and social status confound the effects of
utritional stress. A 10-year study of a high density coyote
opulation in Webb County, Texas, found that although lit-
er size was correlated to prey abundance for primiparious
emales, for adult females there was no clear correlation
etween litter size and changes in food abundance or coy-
te density (Windberg, 1995). Mean litter size appeared
o be affected by changes in prey and coyote abundance
ut field studies were unable to isolate variables making it
ifficult to determine how influential nutrition alone was
n litter size. High coyote density can affect both social
tress and nutritional intake by increased competition and
esource partitioning among pack members (Gese et al.,
996a,b).

The current study focused on the influence of caloric-
ntake on reproductive outcome in a captive environment.

ates and territorial space was provided to reduce the con-

ounding influence of density and social stress. We found
hat the restricted diet prior to estrus did not affect the
roportion of females mating and ovulating, but reduced
ean litter size. These findings were comparable to the

able 2
ixed effects and covariance parameter estimates for the numbers of pups, implan
aptive females on two  diet regimes.

Effect Scars Pups 

F-value(df) P F-value(df) P 

Seq 2.62(1,9) 0.14 4.11(1,9) 0.07
Year  4.94(1,9) 0.05 1.65(1,9) 0.23
Seq  × yr 22.98(1,9) 0.001 6.39(1,9) 0.03
n Science 165 (2016) 69–75 73

reduction in corpora lutea and implantations observed in
wild coyote during years of low prey abundance (Gier,
1968; Todd and Keith, 1983; Windberg, 1995). Our results
indicated the reduced diet did not affect the “decision to
ovulate” but effectively changed “how many” pups were
produced. These two  “decisions” may  be influenced at dif-
ferent caloric thresholds and the low diet in this study was
not restrictive enough to mimic  the nutritional deficiency
experienced by wild coyotes associated with a reduction in
the proportion of females ovulating. Alternatively, procur-
ing a mate and interacting in courtship behavior may  play
a permissive role for proestrus and estrus, and ultimately
ovulation. A mate influence on coming into estrus and ovu-
lating may  be especially influential for peripubertal and
nutritionally stressed females. An experimental group iso-
lated from mates during nutritional manipulations would
be needed to test this hypothesis.

After ovulation, maternal nutritional status can also
affect embryo and fetal survival and influence live litter
size (Almeida et al., 2001; Robinson, 1990; Sayles, 1984;
Van Lunen and Aherne, 1987). The number of implan-
tation scars represent the maximum number of pups
expected from a female in that cycle; therefore a dis-
crepancy between implantation scars and the number of
pups whelped would be indicative of the reabsorption
of embryos or fetuses, still births, or cannibalized litters
(Green et al., 1979). A captive study (Sayles, 1984) inves-
tigating the effect of maternal diet during pregnancy on
fetal survival found that female coyotes fed 1200 g, 800 g,
or 500 g of ground meat during pregnancy after implanta-
tion had 75%, 65%, and 30% of the implantations accounted
for at whelping, respectively (maintenance diet = 700 g). In
the current study, all females were fed a pregnancy mainte-
nance diet after estrus ended. We  found that there was not a
significant change from implantation to whelping in either
diet group. This suggested the observed reduction in litter
size was due to reduced ovulation rates or embryo survival
prior to implantation rather than fetal reabsorption after
implantation. The current captive study and previous field
studies (Gier, 1968; Todd and Keith, 1983; Windberg, 1995)
strongly suggested that coyotes have physiological mech-
anisms to incrementally change litter size before and after
implantation in accordance to current food resources.

Reduced maternal nutrition prior to pregnancy may
affect fetal and early postnatal growth and survival;
therefore, pup growth was monitored through 6-weeks
post-parturition. We found that females produced larger

litters after the high diet regimen than the low diet but
average pup weight at birth was the same. The reduction
in litter size after restricted maternal food-intake did not
appear to be compensated with increased fetal growth and

tation scars, male and female pup counts, for the reproductive output of

Male pups Female pups

F-value(df) P F-value(df) P

 4.77(1,17) 0.04 0.17(1,9.13) 0.69
 1.76(1,17) 0.20 0.00(1,8.84) 0.96

 4.48(1,17) 0.05 0.05(1,8.84) 0.83
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higher birth weights but may  have allowed for the pups
produced to reach an ideal birth weight and increase sur-
vival probability. Pups from smaller litters gained weight
faster during the first 2-weeks, but after the litter sizes
were standardized to 4 pups per female at 2-weeks, aver-
age pup weight at 6-weeks was not different between
treatment groups indicating reduced food competition of
smaller litters allowed for increased growth rate. Overall,
pup survival was not affected by maternal nutrition prior
to estrus. The negative correlation of litter size to weight
gain often does not persist after weaning (Epstein, 1978;
Huber et al., 2011) so the pup monitoring was concluded
as the pups began to switch to solid food.

Interestingly, the pup counts collected over two  trial
years suggested the effect of diet restriction on repro-
ductive output may  extend into subsequent breeding
season(s). The sequence in which the diets were admin-
istered was found to be significant for implantation rates
(Table 2). Females had similar implantation, live pup, and
male pup counts when each group was treated with the
low diet but the same was not found for the high diet.
Females treated with a high diet the first year and low
diet the second year (Sequence High:Low, Group 1) had
a marked decrease in the implantation rate between treat-
ments with mean scar count decreasing from 7.2 ± 0.5 to
5.2 ± 0.4; whereas the females fed the low diet the first
year and the high diet the second year (Sequence Low:High,
Group 2) only increased from 4.9 ± 0.4 to 5.6 ± 0.4 scars.
Both groups of females had more implantations and pups
when fed the high diet versus the low diet, but the smaller
variation in scar and pup counts between diets for females
in group 2 suggested that the initial low diet may  have had
a carry-over effect on litter size for these females.

The sequence in which the diet was administered also
appeared to affect gender counts among the litters. Females
in Group 1 (High:Low, n = 5) produced a mean of 4.2 ± 0.57
males per litter the first year and 2.4 ± 0.43 males per litter
the second year; whereas, females in Group 2 (Low:High,
n = 6) produced similar numbers of males per litter both
years, 2.0 ± 0.36 and 2.4 ± 0.44. The number of female
pups was similar for both groups for both years. This time
sequence suggested the coyote reproductive system exhib-
ited an acute down regulation in response to proximate
food stress, while displaying evidence of slower recovery
after the restoration of diet. Additionally, the sequential
results also suggested coyote females nutritionally stable
enough to produce large litters may  augment their litters
with more males. Trivers and Willard (1973) hypothesized
that mammalian parents would gain fitness if they were
able to skew offspring sex ratio as environmental factors
changed. They predicted the production of more males
during times of high maternal social dominance or good
body condition (Trivers and Willard, 1973). Although we
observed an increase in the production of male pups in
one year of the experiment, further investigation of sex-
allocation in the coyote would be needed before it could
be concluded that female coyotes exhibit sex-allocations

as predicted by Trivers and Willard (1973).

In conclusion, we found that the mean number of fetuses
implanted during a reproductive cycle was sensitive to
reduced food-intake prior to conception. Additionally, we
n Science 165 (2016) 69–75

found evidence that the effects of nutritional stress may
persist for additional breeding cycles. We  also found evi-
dence that well-fed females tended to have more male
pups. More definitive results may  have been gleaned if sev-
eral years of high nutrition were observed after the low
diet was  administered to determine if the effect did indeed
persist for both groups and for how long the effect might
persist. Also, because females typically increase litter size
until the third breeding season (Green et al., 2002), wait-
ing until the fourth reproductive year to start treatments
would have given us one untreated year (i.e., baseline)
with which to compare subsequent nutritional manipula-
tions. Understanding how environmental factors influence
reproductive output of the coyote should provide more
complete understanding and allow improved model pre-
dictions of coyote population dynamics.
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