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A B S T R A C T

We propose an individual-based energy budget model of the Greater Rhea (Rhea americana) with the

purpose of analyzing the population’s recruitment. One remarkable characteristic of this species is that

female rheas lay eggs communally and males incubate the eggs and care for the chicks without the

assistance of females.

The model is based on a system of equations daily updating the weight of each bird as a function of its

ingestion rate and the energetic cost of its activity pattern. Ingestion rate is calculated from field

experiments. Daily energetic costs are estimated from activity patterns observed in the field, taking into

account gender and factors that influence behavior (e.g., photoperiod, season). Concatenating daily

model outputs, the weight dynamics of an individual can be calculated over any given period of time.

The possible factors that affect the successful breeding of the Greater Rhea and therefore population

growth are analyzed using the model. Different reproductive strategies for each gender are analyzed and

the minimal body weight, and thus energy reserves, that an individual needs to achieve for ensuring

reproductive success is determined. Model outputs show that the reproductive success of males depends

strongly on their body weight while females exhibit low nutritional requirements for producing eggs. An

analysis of model outputs allows inferring that males in wild populations might not be able to breed in

consecutive years but could successfully breed every other year. They also allow estimating the

incidence that food availability has on population growth. Management strategies that are easy to

implement in extensive and semi-extensive farms may allow obtaining male individuals capable of

breeding every year.

� 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Populations of greater rheas have declined in the last decades as
a consequence of the high habitat transformation and poaching. At
present, it is considered a ‘‘near threatened’’ species according to
the IUCN (2013), because of its declining population trend.

Differing from that observed in most birds, female rheas lay
eggs communally and males incubate the eggs and care for the
chicks without the assistance of females (Bruning, 1974). Females
lay eggs every 48 h for 10–12 days in a communal nest (Bruning,
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1974; Fernández and Reboreda, 1998). After laying eggs for one
male, some females move on to lay eggs for another male (Muñiz,
1885; Bruning, 1974; Martella et al., 1994). Thus, the mating
system of Greater Rheas combines harem polygyny and sequential
polyandry (Oring, 1982; Handford and Mares, 1985). Female
parental investment in Greater Rheas is restricted to the
production of eggs, whereas males perform all incubation and
care of offspring for 3–6 months (Muñiz, 1885; Bruning, 1974;
Fernández and Reboreda, 1998).

In the humid pampas, less than 20% of the males attempt to nest
during the breeding season and, additionally, have a high rate of
early nest desertion (Fernández and Reboreda, 1998). Fernández and
Reboreda (1998) observed that only 5–6% of males in the wild, i.e.
living in a state of nature, are able to successfully reproduce. The
low proportion of males that attempt nesting could result from
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Fig. 1. Conceptual model: effect of the individual energy balance on population

growth. Compartments included in the individual model are shaded. Solid arrows

link compartments directly involved in the model while the dashed arrows relate to

relationships not explicitly considered.
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a low number of males that are physiologically ready to start a
nest, or a low number of females that are ready to lay eggs during
the breeding season. Greater Rhea males will require high levels
of energetic reserves to start a breeding attempt because the
incubation lasts 36–40 days, in which period they feed very little.
Later they need to care for the chicks, at which time they allocate
more time to vigilance and less time to feeding than do solitary
males or males in groups of adults (Fernández and Reboreda, 2003).
In the females’ case, the cost of parental care is associated only to
the production of eggs, which is some 50% of the energy invested
by the male during incubation but spent over a shorter period
(approximately 10–15 days) (Fernández and Reboreda, 2003).

In this work, we are interested in understanding the possible
factors that affect the successful breeding of the Greater Rhea and
therefore population growth.

It is known that the complex interactions between intrinsic and
extrinsic factors determine changes in the abundance of the animal
population (Newton, 1998; Turchin, 1999; Coulson et al., 2001;
Godfray and Rees, 2002; Berryman, 2004). Numerous studies have
shown that food availability affects the growth rate of many animal
populations (Sinclair, 1989). Food availability, the individual’s
behavior and daily energy costs of members of a population are
linked to their reproductive rate. Food availability determines the
behavior of the animals and how they spend time and energy in the
different activities. So when food availability is high, the costs
associated to foraging are reduced, allowing higher energy reserves
that can be used by the individual for growth and/or reproduction.
Also, the reproductive rate is affected by the individual’s ability to
accumulate the energy required for finding a mate and reprodu-
cing (Ricklefs, 1996). On the other hand, this energy storage
capacity is subject to evolutionary constraints that determine the
digestion and absorptive capacity of the individuals (Penry, 1993).
Furthermore, there are ecological factors that affect this storage
capacity. The increase in population density or the presence of
competitors and/or predators can negatively affect food availabili-
ty and thus the ability of individuals to store energy that they need
for reproduction (Sih, 1993). Finally this decrease of the energy
stored at the individual level could result in a reduction in the
population growth rate. Then, both the food availability in the
environment and the ability to harness and store food in form of
energy, would be regulating the reproductive capacity of
individuals. The simplified relationships between these variables
are represented in Fig. 1.

We propose an individual-based energy budget model for
Greater Rhea (Rhea americana) for analyzing the effect of individual
energy budgets on the population’s recruitment. In this model we
incorporate individual characteristics such as body weight and
behavior because they affect the field metabolic rate and feed
intake that contribute to the energy budgets (shaded compart-
ments in Fig. 1). In this species, as in many other bird species,
adults that reach maturity and are capable of reproducing have
already attained full development of the body structure, so that
any increase in weight relates to fat storage and thus to energy
availability (Kooijman, 2000)

Using the model:

� We simulate the weight of females and males considering
breeding and non-breeding individuals.
� We evaluate if the weight loss of females during the breeding

season is affected or not by the total number of eggs laid, the
number of eggs laid at each nest and/or the initial date of lay.
� We analyze if the weight loss of males during the breeding period

is affected by the date at the beginning of the incubation and/or
the length of the parental care period.
� We simulate the body weight of males during several consecu-

tive years for estimating the weight attained at begin of the next
breeding season and analyzing whether the recovery is sufficient
to allow engaging into the next breeding period.
� We analyze minimum body weight thresholds for adult males in

order to face reproduction and we estimate the percentage of
potentially reproductive males in the population.
� We evaluate the impact of food availability on population

recruitment.
� Finally, we use the model as a tool to estimate a range of food

consumption that may allow obtaining individuals capable of
breeding every year in extensive and semi-extensive farms, in
these farms the animals graze the natural or semi-natural
vegetation and the males care for the offspring.

2. Material and methods

2.1. Field observations

Field observations were conducted from 1995 to 1999 in two
adjacent cattle ranches in the eastern Pampas, in the Province of
Buenos Aires, Argentina (368250S, 568560W). These are open grass-
lands (<10 m elevation), with homogeneous short pastures grazed
mainly by cattle, and with scattered marshes and small patches of
woodlands (Soriano et al., 1991). The ranches cover an area of
approximately 4300 ha, and support a Rhea population of roughly
400 individuals (Fernández and Reboreda, 1998). In Argentine, these
cattle ranches are sites where wild populations of rheas live.

Seven behavioral categories were defined: feeding or foraging,
vigilance, walking, resting, preening, courtship, and aggression.
These categories follow those described by Raikow (1968, 1969),
Bruning (1974) and Codenotti and Alvarez (2001). The percentage
of time spent in each activity, its frequency of occurrence, and the
mean duration were thus estimated. The methodology used to
record and analyze the activity of individuals is described in Carro
and Fernández (2008).

2.2. The model

The energy that an individual can accumulate over 1 day
depends, on the one hand, on the assimilated energy and, on the
other hand, on the spent energy. The energy that an individual



Table 1
Intervals describing the proportion of each day that the parenting male spends on

foraging and vigilance respectively, depending on the offspring’s age.

Chicks age (days) Proportion of day spent on

Foraging Vigilance

<30 [0.542, 0.570] [0.254, 0.270]

30–60 [0.351, 0.397] [0.304, 0.354]

60–120 [0.478, 0.576] [0.206, 0.234]

120–180 [0.687, 0.721] [0.131,0.149]
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assimilates depends on food type, rate of consumption, and its
capacity to assimilate the different components or nutrients.
Moreover, the adult individual’s daily energetic cost (field metabolic
rate, FMR, measured in kJ/d) includes the costs of maintenance
(basal metabolic rate, BMR), and the costs of locomotion, feeding,
reproduction as well as other less intensive activities. Growth is not
considered in our computations because only adult individuals that
are capable of breeding are being modeled. Changes in weight reflect
accumulation or consumption of fat reserves and it can be estimated
from amount of food ingested and the daily energetic cost.

The energy budget model that allows estimating the rhea’s
weight is expressed by the following equations system:

EaðtÞ ¼ Em � CðtÞ (1)

FMRðtÞ ¼ R þ
X

ti � ci (2)

WgðtÞ ¼ bðEaðtÞ � FMRðtÞÞ (3)

WðtÞ ¼ Wðt � 1Þ þ WgðtÞ (4)

where Ea(t) is the amount of assimilated energy by the individual;
Em the metabolizable energy of the food, C(t) the amount of
consumed food; FMR(t) the field metabolic rate; R reproductive
costs (R 6¼ 0 during the breeding season); ti the time spent to i

activity; ci the cost associated to i activity; b the proportion of net
energy converted into mass; Wg(t) the weight gain; W(t) the
individual’s weight; t the Julian day.

The equations are used to calculate daily the weight of each
individual, based on the previous day’s weight, the activity pattern
the individual developed and the amount of food ingested during
the present day.

Eq. (1) estimates the assimilated energy during the day.
Therefore it is necessary to know not only the amount of food
ingested but also its metabolizable energy.

Eq. (2) estimates the FMR taking into account the time that the
individual assigns to each activity (walking, foraging, preening, etc.),
and the activity’s energetic cost (Simoy, 2011). Carro and Fernández
(2008) observed that the individuals exhibit distinct behavioral
patterns depending on the season and identified a post-reproductive
(January–March), a non-reproductive (April–August) and a repro-
ductive (September–December) season. Hence, we assigned to each
individual a daily behavioral pattern, randomly selected from the set
of patterns of the corresponding season. The behavioral pattern is
given in terms of proportion of the day spent in each activity, so that
it becomes necessary to multiply these proportions by the
photoperiod of the Julian day to estimate the proper time (ti) the
individual spends in each activity (Simoy et al., 2013). For modeling
purposes, the activities were grouped into five categories: (1)
preening, aggression and vigilance, (2) diurnal rest, (3) displace-
ment, (4) feeding or foraging, and (5) nocturnal rest. During the
breeding season a new activity is added for males: the incubation.

Eq. (3) estimates the daily weight gain; it is the difference
between the assimilated energy and the spent energy during 1 day
divided by a conversion factor transforming energy into weight.

Eq. (4) allows updating each day the body weight by considering
the weight of the previous day and the weight gain in the current
day. So the daily energy balance can be concatenated with the model
outputs of the previous days and from this it is possible to project the
individual’s body weight over different time periods.

2.3. The parameters

Daily food consumption was defined using consumption
intervals with the aim of incorporating variability. Because
differences in this variable can be observed between the sexes,
we considered an interval for females and other for males.

The consumption intervals were [0.79, 1.04] for females and
[0.5, 1.8] for males, both expressed in kg DM/d of alfalfa. Those
intervals were proposed using data obtained from consumption
trials with captive animals. Since the animals kept the consump-
tion pattern throughout the year, the consumption intervals were
kept constant in the simulations. All parameter values that are not
explicitly mentioned here are reported in Simoy et al. (2013) and
Simoy (2012).

As mention earlier, behavioral patterns were converted into
vectors of proportion of the day dedicated to each of the five
categories: (1) preening, aggression and vigilance, (2) diurnal rest,
(3) displacement, (4) feeding or foraging, and (5) nocturnal rest.
These proportions were taken from observations by Carro and
Fernández (2008) and a total set of more than 170 individual
patterns was thus constructed for males and females.

During the incubation and parental care periods, males reduce the
time spent on feeding and as result decrease the daily consumption
rate. This is not explicit in the model formulation but it is included
in the simulations. Field observations show that the time spent in
vigilance during the second month of parental care increases relative
to the first and the third months. The consumption rate is reduced
proportionally to the time spent on feeding. The full description of
the costs estimation can be found in Simoy et al. (2013).

The costs associated to reproduction (R in Eq. (2)) have different
expressions depending on the gender. In the case of females, R is
associated to the development of reproductive structures and the
energetic content of the egg, so that the expression for R in Eq. (2) is as
in Simoy et al. (2013). For males, R is associated to the seasonal
testicular growth, the production of sperm, and the cost of the
incubation and post-hatching parental care. However, the most
important energetic costs associated to the reproduction are
generated once the male has mated and begins incubating the eggs.
The way in which the costs associated to reproduction are
incorporated into the model is different, because the costs of
reproductive structure are negligible relative to those of incubation
and parenting (Simoy et al., 2013). Parental care could not be
considered a new activity because it is not possible to assign to it
neither a specific time nor a specific cost. Even if it affects the time
assigned to the other activities, it is not a new activity. The males with
offspring reduce the time spent on feeding and increase the time
assigned to vigilance. Moreover, the time dedicated tothose activities
depends on the age of the chicks (Fernández and Reboreda, 2003).

Based on the data published by Fernández and Reboreda (2003),
we established intervals for the proportion of days that males spent
on feeding and on vigilance depending on the chicks ages (Table 1).
Each day, the proportion of the day that the individual spends on
feeding and on vigilance is randomly chosen within the correspond-
ing interval. Finally, the proportion of the day assigned to walking is
calculated as 1 minus the sum of the two previous proportions.

Behavioral observations made during the breeding season
included some courtship activities. Courtship was incorporated as
another activity and its cost was considered to be 2RMR; this value
is equivalent to 1.4 times the cost of walking at a speed of 0.5 km/h.
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Two conversion factors were used in the model, one for weight
gain (FMR < Ea) and other for weight loss (FMR > Ea). For grater
rhea, our calculations allowed estimating that the factor b for
weight gain is 0.086 g/kcal and for the weight loss 0.128 g/kcal
(Simoy, 2012).

2.4. Model application

As mentioned earlier, this model can be used as a tool for
analyzing questions associated to the reproduction of this species.
Some management scenarios have been also included because the
species is being considered as an alternative or complementary
production for cattle farms.

Thus the model was computationally implemented for:

1. Analyzing the factors that affect the weight loss of females
during the lay;

2. Analyzing the factors that affect the weight loss of males during
breeding;

3. Analyzing the body weight dynamics of males;
4. Finding the threshold of minimum body weight for adult males

in order to become capable of facing reproduction;
5. Estimating the percentage of potentially reproductive males in

the population;
6. Evaluating the impact of food availability on population

recruitment.
7. Estimating a food consumption range that may permit obtaining

individuals able to breed every year in extensive and semi-
extensive farms.

2.4.1. Analyzing the factors that affect the weight loss of females

during the lay

A set of simulations were ran with the aim of analyzing in what
measure the dynamics of the body weight of females is affected by
(a) the beginning date of lay, (b) the total amount of eggs laid
during the season, and (c) the total amount of eggs laid at each nest
(when they change nests, there is a number of days during which
the females cease the lay, usually 7 days). In each run these three
parameters were fixed and the body weights of 100 female
individuals were projected throughout the year with initial weight
taken randomly in the interval [22.94, 15.26] (mean = 24.1 kg,
SD = 1.16 kg).

We considered 5 beginning dates of lay, 5 values of total
amount of eggs laid during the breeding season, and 2 values for
the number of eggs laid per nest. The beginning dates of lay were:
September 1st, September 15th, October 1st, October 15th, and
November 1st. The total amount of eggs laid during the season took
the values 6, 8, 12, 18, and 24. We assumed that the females could
lay either 6 or 8 eggs per nest, that is, if the female lays 24 eggs
during the season she may lay in 4 nests, 6 eggs per nest, or in 3
nests, 8 eggs per nest. When the total amount of eggs is not a
multiple of 6 or 8, for example 12, then the female may lay 6 eggs
per nest in 2 nests, or 8 eggs in one nest and 4 eggs in the other.

A variance analysis was performed for evaluating whether the
females’ average weight loss during the reproductive season (egg
laying) was different depending on the total amount of eggs laid.
Also, the possible existence of a relationship between the initial
date and the total amount of eggs was analyzed.

2.4.2. Analyzing the factors that affect the weight loss of males during

breeding

A set of simulations were ran with the aim of analyzing in what
measure the dynamics of the body weight of males is affected by
(a) by the beginning date of the incubation, and (b) the length of
the parental care period.
In wild populations the incubation begins in late September and
it extends until the end of December, so we worked with four dates
for the beginning of incubation: September 15th, October 15th,
November 15th, and December 15th. We considered that parental
care may extend for 3 months or 5 months. Parental care during 6
months is not frequent although some cases have been observed
(Fernández and Reboreda, 2003).

First, we analyzed the body weight dynamics of males over 1
year. Then we evaluated whether the mean proportion of weight
loss during the breeding season is affected by the date in which the
incubation begins or/and the length of the parental care period
carrying on a nested variance analysis. This type of analysis is
necessary when there is an interaction between variables, in this
case, the beginning dates of incubation and the length of the
parental care period. Then, in order to analyze in which way the
length of the parental care period affects the breeding cost, we
compared the weight attained at the beginning of the next
breeding season for males that bred successfully and cared for their
chicks along periods of different length. We simulated the
dynamics of the body weight from January 1st until September
1st of the following year, considering males successfully breeding
with different strategies.

2.4.3. Analyzing the body weight dynamics of males

Based on the previous items, we hypothesized that the
individuals that did not breed during the previous breeding season
would reach higher body weight than those which did breed. We
analyzed this hypothesis comparing the body weight distribution on
September 1st of the current year of individuals that had successfully
bred and of those which did not breed the year before by performing
a Kolmogorov–Smirnov test, because the variable did not meet the
assumptions that enable a parametric test. For this, we worked with
two samples of 500 individuals each. The weights’ sample of the
successfully breeding individuals was obtained randomly from the
population of weights reached by September 1st among those
individuals that began the incubation in any of the four dates
(September 15th, October 15th, November 15th, and December
15th) and reared the chicks during 3 or 5 months respectively.

Other simulations were performed with the purpose of project-
ing the body weight dynamics of males over several consecutive
years taking into account different possible scenarios: (a) individu-
als breed every year on the same date, (b) individuals breed every
year on different dates, and (c) individuals do not breed every year. In
these cases, the parental care period was 3 months.

Later on, simulations taking into account breeding every other
year and every 3 years were performed, having different beginning
dates of incubation.

Based on these output data we analyzed which strategy would
better contribute to population growth.

2.4.4. Finding the threshold of minimum body weight for adult males

in order to become capable of facing reproduction

Males that successfully breed loose between 24% and 33% of
their weight depending on beginning date of the incubation and
the duration of the parental care period (Simoy, 2012). This weight
loss could implicate a decline of their weight below 23–24 kg,
which is less than the weight that a juvenile individual attains
when 1-year-old (Vignolo, 2005) but with a much larger body
structure. In some cases this could lead to death.

With the goal of determining the minimum weight with which
males can afford the costs associated to incubation and parental
care without reaching weights below that of a 1-year-old juvenile,
we simulated the dynamics the body weight of males during the
incubation and parental care period.

We considered initial weights between 26 and 37 kg at the
beginning of the incubation. Because the beginning date of
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incubation affects the percentage of weight lost during breeding,
we assumed that the incubation could be initiated either on
September 15th, October 15th, November 15th, or December 15th.

The dynamics of the male body weight were analyzed through
simulations having as input initial body weights in the range
between 26 and 37 kg. This interval was divided into 11 one-
kilogram sub-intervals and 100 runs were made for each sub-
interval, picking initial weights at random (non integer). In the
simulations, a clutch size of 26 eggs and a period of incubation of
38 days were considered. The simulations represent a total of 1100
individuals during the breeding season.

2.4.5. Estimating the percentage of potentially reproductive males in

the population

Weight lost during breeding is not quickly recovered, thus the
possibility of an individual being able to breed on a given year will
depend of his reproductive history. Therefore, the number of males
in condition to breed is associated to the reproductive history of
the population. In order to estimate the proportion of males that
could reproduce successfully or, in other words, which have
reached the minimum weight requirement at the beginning of the
breeding season, we pose two extreme scenarios based on field
observations:

(a) a population in which no males have bred successfully on the
previous year and only 5% had bred successfully 2 years earlier;

(b) a population in which the 20% of males breed successfully each
year and they care for the chicks during 3 months.

Both situations are extreme when considering that not a single
individual breeding successfully or as many as 20% breeding
successfully in the wild are rare. The last percentage was assumed
considering the optimal situation in which all the individuals
attempting to breed could succeed.

For each scenario, we simulated the body weight dynamics
from the beginning of one breeding season until the beginning of
the next breeding season for all individuals of the population,
considering the breeding history. Then the percentage of
individuals that reached the minimum weight required was
computed.

Finally, we compared the result with data of wild populations in
the districts of Ayacucho and Rauch, in the Province of Buenos
Aires, Argentina.

2.4.6. Evaluating the impact of food availability on population

recruitment

It was mentioned earlier that studies have shown that the
population growth rate of animals is affected by food availability
(Sinclair, 1989). In wild animals, growth rate is associated to
climatic and environmental characteristics. Analyzing the impact
of food availability on the dynamics of body weight is an indirect
way of assessing the effect of environmental and/or climatic
conditions which can affect recruitment.

We hypothesize that higher food availability implies higher
consumption rate and thus, the weight gain will be greater and, as a
consequence, a higher amount of males will be able to reach the
minimum weight for breeding successfully.

In order to analyze how modifications in consumption may
affect the weight attained by males and its variability, we
simulated the body weight dynamics of males assuming different
consumption intervals, all included in the range [0.5, 1.8] kg DM/d
of alfalfa. Then, we analyzed the impact of a reduction in food
availability. For this, we simulated the dynamics of males’ body
weight along 6 years assuming that the consumption rate is below
1.8 kg DM/d of alfalfa. We considered three intervals: I1 = [0.5,
1.02], I2 = [0.5, 1.18] and I3 = [0.5, 1.35], where the upper limits of
these ranges correspond to the first quartile, the mean, and the
third quartile of our consumption data sets (Simoy, 2012). On the
other hand, we investigated through simulations the existence of a
minimal consumption interval that may allow some males to reach
weights adequate for a successful breeding, by systematically
raising the lower bound of the interval using a step of 0.05 kg. We
evaluated breeding strategies by simulating the body weight of
individuals that breed every year, every 2 years, and every 3 years
respectively. In all cases we simulated the body weight dynamics
of 500 individuals.

2.4.7. Estimating a food consumption range that may permit

obtaining individuals able to breed every year in extensive and semi-

extensive farms

Rhea extensive farms allow to increase productivity per
hectare, to preserve a threatened species and, furthermore, to
conserve the grassland biodiversity (Milano and Vidal, 2004).

With the purpose of estimating a range of food consumption
that may allow having in extensive and semi-extensive farms male
individuals able to breed every year, we performed simulations
considering the following intervals expressed in kg DM/d of alfalfa:
[1.02, 1.35], [1.18, 1.35] y [1.02, 1.18]. The lower and upper limits
were given by the first quartile, the mean, and the third quartile of
our consumption data sets (Simoy, 2012).

Because this section is focused on rhea extensive farming, we
believe it would be appropriate to incorporate management
strategies to ensure that the male does not lose much weight
during breeding. We considered two options: (a) reducing the
period of parental care to 2 months, or (b) reducing the time spent
in vigilance while increasing the time spent in feeding assuming
that parental care is provided for 3 months. This could be done by
locking up the rheas in pens where the male may feel protected
from predators. In the model, this can be implemented (a) by
considering that during the second month of parental care the
proportion of time the male spends on vigilance and feeding
remains constant throughout this period, or (b) by reducing the
time spent in vigilance and assigning the same proportion of the
day to feeding during the whole parental care period.

3. Results

3.1. Analyzing the factors that affect the loss of weight of females

during the lay

Female body weight dynamics show a peak during August (after
the winter solstice in the Southern hemisphere) both for egg laying
females and females that do not lay eggs. This could be associated
to the photoperiod length since the days become longer as from the
month of August, which implies an increase in the time that
individuals are active, which in turn increases FMR and decreases
the weight gain.

For all cases considered (varying the total number of eggs laid,
the number of eggs laid at each nest, and the initial date of lay) the
female weight at the end of the reproductive year is within the
range of initial weights. This would suggest that females are
capable of laying eggs every year, though possibly not the
maximum number all the time.

An interaction between the initial date of lay and the total
number of eggs laid during a breeding season was observed
(F14,3977 = 41.59; p < 0.0001). Hence, we considered the beginning
date of egg-laying as covariate and the total amount of eggs laid
during the reproductive season as the classification factor for a
variance analysis. Furthermore the dynamics of the female body
weight was significantly affected by the total number of eggs laid
during the breeding season (F4,3994 = 25,755.24; p < 0.0001)
(Fig. 2, Table 2).



Fig. 2. Weight lost by egg-laying females for different initial dates and number of

eggs per nest.

Table 2
Results of Fisher’s LSD test for analyzing whether the females’ mean weight loss

during the reproductive season (egg laying) was significantly affected by the total

amount of eggs laid.

Number of eggs Mean n S.E.

6 1.02 500 0.01 A

8 1.37 1000 4.8E�03 B

12 2.02 1000 4.8E�03 C

18 2.88 800 0.01 D

24 3.56 700 0.01 E

Different letters mean significant differences (p � 0.05). Differences in n are due to

the sets of simulations required.

Table 4
Results of Fisher’s LSD test for analyzing whether the males’ mean percentage

weight loss during the reproductive season was significantly affected by the date of

beginning incubation and the parental care duration.

Date of initiate

the incubation

Period of parental

care (months)

Mean n

December 15th 5 24.73 500 A

November 15th 5 27.04 500 B

October 15th 5 28.93 500 C

September 15th 5 29.91 500 D

December 15th 3 30.26 500 E

November 15th 3 31.89 500 F

October 15th 3 32.97 500 G

September 15th 3 33.15 500 G

Different letters mean significant differences (p � 0.05).
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The difference in the weight lost over 1 year by females laying
six and eight eggs per nest was always below 0.09 kg, thus the
amount of eggs laid in each nest would not implicate a significant
cost in relation to weight loss (Fig. 3 and Table 3).

3.2. Analyzing the factors that affect the loss of weight of males during

breeding

Males reach the maximum weight in August just as females do.
On the other hand, the mean proportion of weight loss during the
breeding season is significantly affected by the date in which the
incubation begins and the length of the parental care period
(Table 4). Due to an interaction between the beginning dates of
Table 3
Mean weight loss by female rheas during lay started on October 1st taking into

account different total amount of eggs laid during the season, assuming six or eight

eggs per nest.

Total amount of eggs

per breeding season

Amount of eggs

per nest

Mean weight

loss ðx̄ � S:E:Þ

6 6 1.062 � 0.0091

8 6 1.443 � 0.0113

8 1.389 � 0.0112

12 6 2.126 � 0.0138

8 2.042 � 0.0123

18 6 2.947 � 0.0150

8 2.952 � 0.0147

24 6 3.638 � 0.0176

8 3.627 � 0.0184
incubation and the length of the parental care period was observed
(F3,3992 = 94.06; p < 0.0001), a carrying on a nested variance
analysis. Based in our analysis we observed that the males that
breed successfully begin to recover their weight only after three
and half months after the hatching of eggs and by this reason the
mean proportion of weight loss during the breeding season is
lower for longer periods of parental care.

For analyzing if there are significant differences in the males’
body weight at the beginning of the next breeding season
(September 1st), the data were analyzed performing a nested
variance test because an interaction between the beginning date
of incubation and the length of the parental care period was
observed (F3,3992 = 55.60; p < 0.001). We observed that differences
in the males’ body weight at the beginning of the next breeding
season (September 1st) were significant in all cases analyzed. The
weights obtained at the beginning of the next breeding season
were significantly different for males that provided parental care to
chicks during 3 months and those caring for 5 months, independent
of the initial date of incubation (September 15th: F1,998 = 334,
p < 0.0001; October 15th: F1,998 = 522, p < 0.0001; November 15th:
F1,998 = 793, p < 0.0001; December 15th: F1,998 = 1357, p < 0.0001).
On the other hand, when considering males starting incubation at
any date, the weights obtained at the beginning of the next breeding
season were statistically different for parental care periods of 3 and
of 5 months (3 months: F3,1996 = 640, p < 0.0001; 5 months:
F3,1996 = 1408, p < 0.0001). See Fig. 4 and Table 5.

3.3. Analyzing the body weight dynamics of males

We observed significant differences in the body weight attained
at the beginning of the next breeding season between males that
successfully bred and those which did not breed (p < 0.01, non
breeding males, median = 33.77; breeding males, median = 30.56).

Simulating the body weight dynamics during several years
under different strategies, we observed that the weight of breeding
Table 5
Results of Fisher’s LSD test for analyzing whether the males’ weight at the beginning

of the reproductive season (September 1st) is significantly affected by the

reproductive strategy adopted during the previous year.

Date of initiate

the incubation

Periods of

parental care

Mean n

December 15th 5 28.52 500 A

November 15th 5 29.57 500 B

December 15th 3 30.05 500 C

October 15th 5 30.39 500 D

November 15th 3 30.77 500 E

September 15th 5 31.07 500 F

October 15th 3 31.39 500 G

September 15th 3 31.85 500 H

Different letters mean significant differences (p � 0.05).



Fig. 3. Body weight dynamics over 1 year for female rheas, (a) not laying eggs, (b) and (c) laying six eggs starting on September 1st and November 1st respectively, (d) and (e)

laying 24 eggs starting on September 1st, with 6 and 8 eggs per nest respectively.
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males suffers a great decline and generally it is not possible for
them to recover before the next breeding season starts (Fig. 5).

When simulating breeding occurring every other year, we
observed a similar weight loss, but as the males had one full year to
recover their weight, they were able to reproduce. The same occurs
when the strategy was breeding every 3 years (Fig. 6). Based on
these results, and from the viewpoint of the amount of offspring
every adult individual can produce throughout his lifetime, it may
be more advantageous for a male to reproduce every other year. It
could be interesting to corroborate this result by marking nesting
males in the wild and monitoring the population over 3 or more
years.

3.4. Finding the threshold of minimum body weight for adult males in

order to become capable of facing reproduction

The simulations output permit to observe that males that began
the incubation with weights below 30 kg finished the incubation
with weights below that of a 1-year-old juvenile, while larger
males finished with weights between 23.6 and 29.4 kg.



Fig. 4. Body weight dynamics of male rheas from January 1st to September 1st of the following year, (a) not breeding, (b) and (c) initiating incubation on September 15th and

providing parental care for 3 and 5 months respectively, (d) and (e) initiating incubation on December 15th and providing parental care for 3 and 5 months respectively.
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The weight loss during the incubation varied from 11 to 20% of
the initial body weight for the individuals beginning the incubation
in September 15th and October 15th, between 10 and 18% for those
beginning in November 15th, and between 8 and 17% for those
beginning in December 15th. The greater loss always corresponds
to the heavier animals (for all dates, r2 > 0.98).

The weight loss estimated by the model during the first month
of parental care was between a 0.7 and 5.7% of the initial weight,
being higher for heavier males. Heavier males loose more weight
because they have higher maintenance cost and thus it is more
difficult for them to meet their requirements when they are taking
care of their offspring. Furthermore, individuals that began
incubation at intermediate dates (October 15th, November 15th)
had a higher loss, always comparing similar initial weights. During
the second month of parental care a higher weight loss was
observed. It varied from 9 to 12% when the incubation began in
September 15th or in October 15th; from 8.2 to 11% if in November
15th, and from 7.8 to 10.5% if in December 15th. Then, the later the
male initiated incubation, the lesser was the weight loss. However,
the cost of parental care during the second month is always higher
for heavier males. The parental care cost for the third month was
similar to that of the first month.

This analysis allows corroborating that during incubation and
parental care, the male rhea does make a great energetic



Fig. 5. Body weight dynamics of male rheas over 5 consecutive years: (a) non breeding, (b) and (c) breeding every year initiating incubation always on September 15th and

December 15th respectively, and (d) breeding every year initiating incubation 1 year on September 15th and the other on December 15th. In all cases parental care was

provided for 3 months.
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investment. Assuming a parental care period of 3 months, males
would lose between 29 and 35% of their initial weight. Based on
these estimates, only males that exceed 34 kg at the beginning the
incubation would be able to face the cost of a parental care period
of 3 months. In many cases the male should end parental care
before reaching 3 months to prevent his weight to fall below 23 kg.

3.5. Estimating the percentage of potentially reproductive males in

the population

When we consider a scenario in which no male was capable of
breeding successfully in the previous year and only 5% did reproduce
2 years earlier, then 38 � 3.48% of adult males would be potentially
reproductive in the current year, i.e., they reach the threshold of 34 kg.
Constant environmental conditions were considered for this estima-
tion; i.e., the consumption range was the same during all 3 years.

When we consider a scenario where 20% of the adult males are
capable of breeding successfully each year and they provide care
for the chicks during 3 months, we estimated that 30.8 � 2.59% of
Table 6
Percentage of males that successfully reproduced in the monitored populations.

Site La Dorita Purtales 

Year 2006 2008 2009 2006 

Number of males 36 42 38 103 

Reproductive success (%) 2.7 4.7 5.2 4.8 

a Information obtained from partial census.
males would be able to breed. This portion of the male population
does not include any individual that had successfully bred the year
before. Then, taking a mean value for some intermediate scenario we
may conclude that around 35% of adult males would be able to reach
the 34 kg threshold condition for successfully breeding and providing
parental care for 3 months.

The fact that 35% of the adult males weight more that 34 kg
does not imply that all of them could successfully breed because
first they should mate, and for this they have to compete for the
females, form their harem, and later finish the incubation and
provide parental care. In wild populations around of 46% of rhea
nests are found deserted (Fernández and Reboreda, 1998), which
translates into only some 16% of the adult males in the population
successfully breeding.

The value thus estimated is higher than what is usually
observed in the wild given that only 5–6% of males are able to
successfully reproduce (Fernández and Reboreda, 1998). This
agrees with our observations in field (Table 6). However, among
these observations we have records of two populations in which
La Dormida La Limpia–La Porteña

2006 2007 2009 2006 2007 2009

81 130 112 229 112 205

19.8 7.7a 6.3 7.4 17a 4.8



Fig. 6. Body weight dynamics of male rheas along 5 consecutive years under different strategies: (a) breeding every other year and starting incubation the second and fourth

years on September 15th, (b) breeding every other year and starting incubation the second and fourth years on December 15th, (c) breeding every third year and starting

incubation the second and fifth years on September 15th, and (d) breeding every third year and starting incubation the second year on September 15th and the fifth year on

December 15th.

Fig. 7. Body weight dynamics for male rheas depending on the consumption rate

interval. The upper band corresponds to the interval [0.9, 1.1] and the lower band to

[0.6, 1.0], expressed in kg DM/d alfalfa.
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the proportion of males successfully breeding during one of the 3
years we monitored were 17% (La Limpia–La Porteña in 2007) and
20% (La Dormida in 2006) respectively, which are higher than what
we estimated through the model, but these values are quite
exceptional. Two possible causes for the differences observed
between census data and our model results could be, on the one
hand, that consumption rates in wildlife are lower than those
considered in the simulations and, on the other hand, that a portion
of males that attained the threshold weight were not able to mate
because they could not form a harem.

3.6. Evaluating the impact of food availability on population

recruitment

The body weight dynamics was similar for all ranges of
consumption rate considered. The maximum and minimum weights
attained depend on the limits of the interval of consumption. With a
wider range of consumption we observed more variability, i.e., the
resulting weights spanned a wider interval (Fig. 7).

For the three intervals proposed for analyzing the impact of a
reduction in food availability I1 = [0.5, 1.02], I2 = [0.5, 1.18] and
I3 = [0.5, 1.35] expressed in kg DM/d of alfalfa, we observed that
final weights were below 24, 26 and 29 kg respectively (Fig. 8). This
means that no male could successfully breed if constrained by
those consumption rates.

By means of simulations, systematically raising the lower limit,
we found that the lower limit of the interval should be 0.95 kg DM/
d of alfalfa if the goal was to obtain weights above the minimum
threshold that may allow some males to face reproduction (Fig. 9).

In the case of consumption rates within the interval [0.95, 1.35]
expressed in kg DM/d of alfalfa, the males could not breed every
year because, after they bred, they would weigh less than 33 kg



Fig. 8. Body weight dynamics for male rheas depending on the consumption rate interval: (a) [0.5, 1.81]; (b) [0.5, 1.02]; (c) [0.5, 1.18] and (d) [0.5, 1.35], expressed in kg DM/d

alfalfa.
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independently of the initial dates of lay considered in the
simulations. However, when they breed every other year, they
reach weights above 34 kg, which also occurs when they breed
every 3 years (Fig. 10). The differences at the beginning of the
Fig. 9. Body weight dynamics for male rheas over 6 years depending on the

consumption rate interval. The upper band corresponds to the interval [0.95, 1.35]

and the lower band to [0.8, 1.35], expressed in kg DM/d alfalfa.
reproductive season between weights of males that breed every
other year and those that breed every 3 years were negligible.

3.7. Estimating a food consumption range that may permit obtaining

individuals able to breed every year in extensive and semi-extensive

farms

Based on the previous paragraphs, it seems necessary to
increase the lower limit of the consumption rate interval instead of
the upper. In ecological terms, this implicates the need of a high
minimum availability of food that could be ensured by a diet
supplemented with balanced feed.

Using the first consumption rate interval, [1.02, 1.35] expressed
in kg DM/d of alfalfa, the males’ weight at the beginning of the
reproductive season was between 33 and 36 kg if they did not
breed. However, once they bred, they were not able to regain the
weight for the next breeding season. Hence, they would not be able
to breed successfully several years in a row.

When we considered a reduction in the time spent on vigilance
and assumed that parental care was provided for 3 months, we
observed that the body weight at the end of the parental care
period was in the vicinity of 24 kg and, in some cases, the weight
attained at the beginning of the next breeding season was barely
below 34 kg (Fig. 11). Therefore, although this would not be a
strategy efficient enough to recommend to farm owners or
managers, we may say that with this strategy some individuals
may successfully breed. Another option would be to reduce the



Fig. 10. Body weight dynamics for male rheas considering as consumption rate interval [0.95, 1.35] kg DM/d alfalfa, and (a) breeding every other year, and (b) breeding every 3

years.
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period of parental care to 2 months and ensure that the proportion
of time spent on vigilance and feeding remains constant
throughout this period. With this strategy the males could
successfully breed every year (Fig. 11). It may be possible that
Fig. 11. Body weight dynamics for male rheas considering as consumption rate interval [1

and (d) 3-month and 2-month parental care periods respectively, with constant activit
the weights attained by farm animals could be higher than the
weights here simulated, because the observations used in these
simulations were recorded from wild rheas, which may spend less
time feeding and more time in vigilance than farm rheas.
.02, 1.35] kg DM/d alfalfa, and (a) no breeding, (b) a 3-month parental care period, (c)

y time assignation over the whole period.



Fig. 12. Body weight dynamics for male rheas considering: (a) consumption rate interval [1.02, 1.18] kg DM/d alfalfa and no breeding, (b) consumption rate interval [1.02,

1.18] kg DM/d alfalfa and a 1-month parental care period, (c) consumption rate interval [1.18, 1.35] kg DM/d alfalfa and a 3-month parental care period, and (d) consumption

rate interval [1.18, 1.35] kg DM/d alfalfa and a 2-month parental care period.
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Reducing the upper consumption rate limit seems interesting
from an economic viewpoint and with this idea we proposed the
interval [1.02, 1.18] kg DM/d de alfalfa, but the result were not as
expected. The attained weights were below 33.5 kg even for
individuals that do not breed. The males would successfully breed
if they provided parental care to the chicks for only 1 month, but
even then they would finish this short parental care period with
weights in the vicinity of 23.5 kg (Fig. 12).

In order to find an interval that may allow males to be able to
successfully breed every year, we simulated the dynamics of body
weight considering the interval [1.18, 1.35] kg DM/d of alfalfa.
Using this interval and without implementing any management
action, we observed that males could successfully breed every year
without reducing their weight below 24–25 kg. When the parental
care period was reduced from 3 to 2 months, and the proportion of
time spent on vigilance and feeding did not change throughout
those 2 months, the minimum weights attained were above 26 kg.

Under these conditions, taking 1.18 kg DM/d of alfalfa as the
lower limit of the consumption rate interval would mean that an
adult male could reach a weight above the minimum threshold
necessary for successfully breeding.

4. Discussion

Understanding the body weight dynamics is a first step for
analyzing the cause of the low breeding success in rhea
populations. This work concatenates with two previous publica-
tions. In the first one (Simoy, 2011), we analyzed the effect of the
activity patterns on the field metabolic rate (FMR) during 1 day,
and in the second (Simoy et al., 2013) we estimated the daily
energetic demand of an adult rhea based on the activities
individuals normally develop during post-reproductive, non-
reproductive, and reproductive seasons, differentiating between
sexes. The model developed in this work includes as variables the
individual’s characteristics, as well as corporal weight, the time
spent on different activities, and the cost associated to each
activity.

An energy budget model is presented here that can enhance
understanding the body weight dynamics and that can be used for
analyzing some management strategies. It is worth noting that
even if this model was built and implemented for Greater Rhea, it is
possible to adapt it to other bird species when the data necessary
for its parameterization are available.

This model has a very simple formulation but the complexity of
the processes it models become clear as the effects of individual
characteristics and environmental conditions are visible in the
outputs. Daily energetic costs and daily weight variations are
unique to each individual in the population, and also unique for
each day, because they depend on the individual’s characteristics
and the particular activity pattern the individual chooses.

When projecting individual body weights over 1 or more years,
peak values were observed during August (after winter solstice in
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the Southern hemisphere), after which all individuals exhibited a
decrease in weight, even those that would not breed. This can be
related to variations in body weight observed in other birds. An
inverse relationship between body weight and seasonal tempera-
ture has been found in several bird species (e.g., Wiseman, 1975;
Baldwin and Kendeigh, 1938; Odum, 1949; Helms and Drury,
1960). Although our model does not include temperature, it does
consider time dedicated to activities as a function of photoperiod.
The results of body weight dynamics are consistent with the
seasonal cycles observed in birds that have sufficient food at their
disposal and gain weight during the cold season with shorter
photoperiods and lose weight during the warm season with longer
photoperiods (Baldwin and Kendeigh, 1938).

For birds, reproduction requires an investment in time and
energy that is considerably higher than normal maintenance costs
(King, 1973; Ricklefs, 1974). The relative investment of males and
females varies widely among birds, and so do reproductive costs. In
approximately 90% of bird species both parents share offspring
care, even if females invest more energy (Lack, 1968). The rest of
bird species exhibit uniparental care, but only in 1% of species
incubation and chicks rearing is exclusively a male responsibility
(Lack, 1968). Species that have male uniparental care exhibit a
wide variety of mating systems, from social monogamy to various
combinations of polyandry and polygyny (Clutton-Brock, 1991) as
seen in Greater Rheas.

For some species, the energetic demand of reproduction results
in a significant weight loss (Ricklefs, 1974; Clark, 1979). In those
cases in which the incubating individual does not leave the nest,
weight loss is high, as in the case of the emperor penguin
(Aptenodytes forsteri) which looses up to 40% of its weight (Le
Maho, 1977), the emu (Dromaius novaehollandiae) which looses
some 15% (Buttemer and Dawson, 1989) and the kiwi (Apteryx

australis) that looses some 23% of its weight even if he partially
shares the incubation with the female (Taborsky and Brugger,
1994).

The model not only allows simulating weight loss during the
incubation but also permits observing that both the initial date of
incubation and the length of the parental care period affect the
proportion of weight loss and the weight at the beginning of the
following breeding season. The model also shows that the costs of
the second month of parental care are high, due to the fact that at
that point males spend very little time feeding and long periods in
vigilance. This suggests that more field observations of Greater
Rhea’s behavior in the wild are needed for corroboration because
this may be the reason for males shortening their parental care
period or for associating with other male parents and sharing the
chicks care. In the first case they would risk the chicks’ survival by
prioritizing their own life while in the second case they would
make time for feeding by sharing vigilance. In wild populations,
large groups of chicks guarded by more than one male individual
are often observed (Codenotti and Alvarez, 1998; Lábaque et al.,
1999).

We estimated that the minimum weight that a male should
attain before being capable of facing the costs of breeding without
risking his life would be 34 kg because individuals weighing less
would end parental care with a body weight below that of a 1-year-
old juvenile. It was also estimated that non-breeding males
reached the following reproductive season weighing more than
those individuals that bred. For some species, even those having
biparental care such as albatross (Diomedea spp.), body size and
length of the parental care period seem important in defining if
reproduction occurs annually or biannually (Prince et al., 1981).
This is not known in the case of R. americana. There are no studies of
marked animals in wild rhea populations. In extensive rheas farms
there is always some form of management intended to increase
breeding success. However, it is possible to think that this could be
the case for rheas too if we consider the fact that breeding males
with chicks spend much less time on feeding that non breeding
males (Fernández and Reboreda, 2003) and also that the
proportion of successful breeding males in wild populations is
very low (Fernández and Reboreda, 1998). Spending less time on
feeding could be related to a lower weight gain than non breeding
males, – or no gain at all, – and would mean that males that provide
prolonged parental care cannot reproduce annually.

In bird species, the amount of eggs that a female can lay is
limited by the nutritional requirements of egg formation (Gill,
2007). In the case of Greater Rheas, the female contribution is
exclusively through egg production. The energy balance model for
females allowed observing that the weight lost during the
reproductive season varied considerably depending on how many
eggs were laid but not on how they were distributed among
different nests. Additionally, at the beginning of the reproductive
season there was no difference in body weight between females
that had laid eggs during the previous season and those that had
not bred. This is possibly due to the fact that females are able to
start recovering weight when males are still incubating or barely
starting the parental care period. The fact that it is the male that
incubates the eggs and later provides parental care to the offspring,
frees the female from these tasks so she has the opportunity of
increasing her reproductive success through multiple mating
partners. This fact and the low energetic cost of egg laying probably
facilitate polyandry, which in turn does not generate a long term
cost, as simulations show.

In applying the model to the analysis of breeding strategies,
simulations allowed inferring that breeding every other year could
be a good male strategy for a successful reproduction because in
skipping 1 year they can attain weights above 34 kg. Moreover,
breeding every other year means having a higher number of
descendants. Unfortunately, there are no records on how
frequently males breed in the wild. Fernández and Reboreda
(1998) suggest that less than 20% of males in a population attempt
breeding each year. They associate this to the low proportion of
males that may be physiologically ready to face the costs linked to
breeding and/or to the low numbers of females that could be
prepared to lay eggs. Based on the simulation results we believe
that the physiological condition of males accounts for the low
breeding results in wild rhea populations. Even if reproduction has
a non-negligible cost for females, they are capable of physiologi-
cally recovering before the beginning of the following reproductive
season while males cannot.

Another question that could be analyzed with this model was
the effect of food availability on the reproductive success. Usually
the carrying capacity is not taken into account for Greater Rhea
populations. In their natural habitat, rheas do not lose weight up to
the point of dying so that the effect of food shortage is not visible.
However, birds exposed to food shortage are more susceptible to
diseases or predation, which conceal the underlying cause of
deaths (Newton, 1998). Also, food shortage can reduce population
size by reducing the reproductive rate. This could be very difficult
to detect because of the natural delay between food shortage and
its effect in terms of reduced numbers of offspring (Newton, 1998).
Through the simulation of situations under different food
restriction intervals it was possible to observe how the lower
limits of the weight dynamics curves decrease independently of
the fact that the qualitative behavior remains the same. The
decrease in body weights directly affects the reproductive capacity
of individuals and hence the population growth rate.

The model was also used to simulate the effect of management
strategies in rhea farms extensive, esto es. . ., in view of increasing
the breeding success. Given that the length of the parental care
period is one variable that determines whether breeding can be
annual or biannual (Prince et al., 1981), simulations of the body
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weight dynamics when the parental care period is reduced
permitted to evaluate in what measure this needs to be
implemented to allow annual breeding.

Other management strategies that could be imagined and
analyzed using this model could be, for example, if providing males
with food close to the nest while incubating and later during the
parental care period would reduce the weight loss, or if artificially
incubating the eggs for some period could reduce the incubation
time and help the male by reducing weight loss. Thus the model
becomes an instrument for evaluating different strategies that
could be used in managing this species.

5. Conclusion

Based in our previous work, it became clear that an energy
budget model was necessary for identifying the factors that affect
the successfully breeding in rheas populations. The proposed
model is a system of equations that allows simulating the body
weight dynamics during periods of arbitrary duration. This model
estimates the daily weight gain by taking into account the
individual’s weight, its behavioral pattern, its consumption rate,
and also the photoperiod because it conditions the activity time
length. One interesting aspect of this model is that in spite of the
simplicity of its formulation it incorporates features that are
crucial in the process of gaining weight such as behavior and
consumption. This allows modeling each individual as a function of
its individual characteristics. The fact that the model is based on
individual characteristics is essential because they are fundamen-
tal in the estimation of the variation of body weight and in
consequence in the individual’s capacity of accumulating the
necessary reserves for engaging in breeding.

The model is flexible enough that it can be used to evaluate
through simulations the goodness of different management
strategies tending to ensure the conservation of the species or
even to use it as an alternative farm produce, before implementing
them in the field.
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