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Abstract

The role of nutrition, especially the role of energy and protein status, on reproductive performance of production animals has

been well documented. Comparatively, there is a true paucity of literature regarding nutritional mediation of reproductive

performance in llamas and alpacas. Following seasonal patterns of feed availability in South America, adverse effects of nutritional

deprivation on reproductive performance are well recognized, suggesting similar nutrition–reproduction interrelationships.

Camelids, with their unique metabolism, may have some peculiar interrelationships between reproduction and protein and

phosphorus nutrition. This presentation will review basic issues of energy and protein nutrition relative to reproductive performance

in llamas and alpacas, based primarily on hypotheses and extrapolation from other species. Opportunities for research on this topic

will be discussed, including preliminary data from current research.
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1. Introduction

South American camelids (SAC), primarily the

llama (Lama glama) and alpaca (Lama pacos), are being

presented with greater frequency to veterinarians for

infertility evaluations. Like most other species, inferti-

lity is a frustrating and important problem for both

producer and veterinarian. The reproductive tract of

SAC was seemingly designed by a committee, having

anatomic and physiologic characteristics in common

with multiple species [1]. Like most other domestic

species, causes of infertility may be divided into four

broad, non-exclusive categories: (1) anatomic abnorm-

alities, (2) physiologic conditions, (3) infectious agents,

and (4) management factors. Clinical research data

defining precise causes of infertility in SAC are limited

[2], though they seemingly have a higher prevalence of

congenital anatomic defects and uterine infections of

varying severity [2–7].

Nutrition is one of the most important and

controllable management factors influencing reproduc-

tion [8]. Various interactions between nutrition and

reproduction have been the subject of numerous reviews

in the beef [9,10] and dairy cattle literature [11–14].

Volumes of research studies have shown the critical

nature of energy [15–18] and protein [19–21] status,

either prior to or following parturition, on reproductive

performance. Beyond energy, protein, and their inter-

action, dietary status of many minerals and vitamins

also influences reproductive performance [22–24].

Nutrition not only has a direct effect on reproductive

performance, but it can also increase metabolic and

infectious disease susceptibility, due to aberrant

physiologic and immunologic alterations near the time

of parturition [25]. Consequently, nutrition adversely

affects reproductive performance indirectly through its
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mediation of periparturient disease prevalence [12,26–

29].

Relative to other species, there is a paucity of

published information documenting nutritional

mechanisms on reproductive performance in llamas

and alpacas. However, most authors addressing repro-

ductive problems in llamas and alpacas suggest or

hypothesize a critical role for nutrition, consistent with

associations in other species [2–4,7,30]. This presenta-

tion will review known mechanisms (using dairy cattle

as a model and extrapolate concepts to those appropriate

for SAC) as well as hypothesized mechanisms of

nutritional influences on reproductive performance in

llamas and alpacas. Potential opportunities for further

research and current studies in progress will be

highlighted.

2. Nutrition and the fertility cycle

Reproductive performance is the culmination of

many complex and integrated anatomic, developmental,

physiologic, and behavioral processes (Fig. 1). When

one truly envisions what must occur for successful, let

alone efficient reproduction, one often wonders how it is

achieved. The concept of homeorrhesis [31] suggests

reproduction has lower priority compared to other

physiologic states of maintenance, lactation, and growth

when available nutritional resources are limiting.

Consequently, there is apparently a strong underpinning

between nutritive status and reproductive performance.

Nutritional deficiencies or excesses may impede

anatomical development (puberty, embryonic or fetal

growth), hormone production (cyclicity, pregnancy

maintenance), alter immune response (disease condi-

tions, fetal and neonatal viability), or directly affect

reproductive function (folliculogenesis, ovulation, CL

function).

Camelids are equally fertile compared to other

domestic species, with 90% of females typically

conceiving within three mating attempts [32]. However,

reproductive performance, as defined by pregnancy or

birth rates, can range widely from <50% to 90%,

depending upon many factors, including nutrition [32].

Common reproductive problems and their estimated

prevalence in female camelids have been categorically

summarized as repeat breeding (75.6%), early preg-

nancy loss (18.3%), anatomic defects (4.9%), and

behavioral concerns (2.4%) [32,33]. Uterine infections

are the most commonly diagnosed problem and

probably contribute to observed repeat breeding and

early pregnancy losses [7,33,34]. Early embryonic

death is also common in camelids, with a prevalence

from 50% (through 30 d) to 58.7% (through 45 d),

though more recent prevalence data were lower (35%

through 45 d) [7,35,36]. Fetal losses (>100 d gestation)

have been estimated to occur in 2–15% of all

pregnancies [33], although there are reports of losses

as high as 25% [37]. Although camelids can be highly

fertile, the observed wide range in disease rates and

higher inherent prevalence of uterine infections and

embryonic death suggest a strong nutritional compo-

nent to the pathogenesis of reproductive disease. The

potential role of various nutritional entities as a

component in reproductive disease in camelids will

be further explored. Extrapolation from documented

nutritional relationships in dairy cattle will be the

template for forming hypothetical mechanisms in

camelids, setting the stage for further study and

providing starting guidelines for preventive programs.

3. Energy and role of body condition

Energy status has been the most intensively studied

nutritional entity relative to reproductive performance.

Both extremes of energy status, recognized as thin or

obese body condition, adversely affect the fertility

cycle, from puberty to postpartum cyclicity.

3.1. Energy status scenarios

An extensive pastoral feeding system based on

native forages is the traditional South American

management approach [38–40]. No supplements and

rarely conserved hay are fed, due to associated costs,

availability, or traditional practices [39]. Available
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Andean grassland ecosystems, i.e., altiplano, pajo-

nales, and bofedale, are traditionally used for pasture.

The Andean high plains (puna) are located at elevations

exceeding 4000 m (>13,000 feet) and are character-

ized by cool temperatures, intense solar radiation, and

seasonally intermittent rainfall [38–40]. Annual rain-

fall in this region ranges from 10 to 100 cm (3.9 and

39.4 in.), 80% of which comes between December and

April, establishing a defined wet and dry seasonal

pattern [38–40].

Seasonal growth and forage quality, and conse-

quently animal energy status, are determined by this

precipitation pattern. Plant growth is rapid and of high-

quality during the wet season, but this period is only 3–

4 mo in duration. In contrast, growing conditions for a

majority of the year are associated with minimal

precipitation and sparse plant growth. Forage avail-

ability is extremely limited during the dry season; the

forage is very mature and of low-quality [39,40]. Their

capacity for selective feeding and ability to utilize

lower-quality forages more efficiently allow llamas and

alpacas to survive and flourish under such seemingly

harsh conditions. Body weight and condition score

changes mimic seasonal forage growth patterns.

In contrast to the South American situation, North

American llamas and alpacas can potentially receive

high- or low-quality forages throughout the year, with

availability only constrained by sporadic regional

drought conditions. Consequently, energy balance

problems range the full spectrum from potential

malnutrition to obesity, with a trend toward a greater

incidence of obesity [41].

3.2. Negative energy balance effects

Adverse effects of negative energy balance (NEB) on

various components of reproduction have been well

characterized in dairy cattle. Cows with severe NEB in

early lactation, evidenced by excessive body condition

score losses (>1 score), had longer intervals to first estrus

and ovulation, lower conception risk, and lower blood

progesterone concentrations [11,12,15–17]. A follicular

memory hypothesis has been proposed to explain how

nutritional insults during the peripartum period may

adversely affect the hormonal milieu controlling

maturation and ovulation of the growing follicle,

ultimately resulting in impaired oocyte viability (con-

ception failure, embryonic loss) and CL function

(reduced progesterone secretion) [42]. Proposed media-

tors between nutritive status and reproductive regulation

include insulin, IGF-1, leptin, ghrelin, and myostatin

[12,14]. Energy or generalized nutritional deprivation

during early development will delay puberty. Postpartum

NEB has also alters immune cell function, thus

increasing infectious uterine disease susceptibility and

secondarily impeding reproductive performance [13,28].

Although camelids are not considered seasonal

breeders [32], breeding management practices in South

America are directed toward a seasonal breeding pattern

to match forage availability in an effort to maximize

reproductive efficiency. Llamas and alpacas will gain

substantial body weight and condition and will give

birth during the wet season, coincident with availability

of high-quality forages. During the dry season, animals

lose considerable weight and body condition, reflecting

varying degrees of NEB [38,39]. Survivability and

productivity will depend upon body reserves from the

previous wet season. As a consequence of this ‘‘feast

and famine’’ seasonal cycle, reproductive rates are low

(40–60%), suckling crias have high mortality rates

(30%), and growing animals have low body weight

gains [38,39]. Time to puberty is also reflected by

forage availability and time of birth relative to the wet

season [30]. As with other species, puberty is attainable

when body weight reaches 60–65% of mature weight.

Observations of impaired reproductive efficiency in

concert with NEB-associated body condition loss in

llamas and alpacas are consistent with those docu-

mented in other species. Presumably similar mechan-

isms are in place, although physiologic differences in

glucose metabolism and postpartum breeding practices

are unique to camelids compared to dairy cattle. Similar

to horses, llamas and alpacas are rebred within 30 d

after parturition, in an effort to produce a cria yearly.

However, conception risk is lower (21.4%) when

postpartum breeding occurs at 10 d compared to 20

or 30 d (77.5–84.6%) [30]. Adverse effects of a

contaminated uterine environment on sperm or embryo

may reduce fertility. Llamas and alpacas do not

experience the severe lactational energy drain similar

to dairy cattle, but may be sufficient to compromise

uterine immunologic defense mechanisms and exacer-

bate infectious conditions. Given the high prevalence of

uterine disease in camelids, further investigation into

nutritional mediation of immune response in the

postpartum period is warranted.

According to the follicular memory hypothesis [42],

NEB immediately postpartum adversely affects grow-

ing follicles destined to potentially mature and ovulate

40–60 d postpartum. This timing is not aligned with

breeding practices of llamas and alpacas, thus calling

into question the role of NEB on postpartum fertility. Of

greater concern with early postpartum breeding

practices is nutritional status during late pregnancy.
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Nutritional support of the gravid uterus has a high

priority [31], resulting in maternal tissues being

harvested as a nutrient source to support fetal

development in the face of dietary insufficiency

[43,44]. Prolonged NEB during late pregnancy could

adversely affect growing follicles destined to be

ovulated postpartum. A collaborative project among

the author and other investigators is currently underway

in Peru that is evaluating nutritional and metabolic

status of alpacas from late pregnancy through lactation,

to assess impacts on reproductive and lactational

performance. Similar to other species, NEB is an

important nutritional mediator of reproductive perfor-

mance in llamas and alpacas, although exact mechan-

isms remain to be elucidated.

3.3. Excessive body condition effects

In contrast to the South American situation, obesity

associated with excessive energy intake is of greater

concern in North American camelid management

systems [45]. Obese females may be more prone to

dystocia, which could decrease neonate viability and

reduce the efficiency of colostrum absorption. Further-

more, obese pregnant or lactating females are more

susceptible to hepatic lipidosis [46].

Although NEB is most frequently associated with

aberrant hormonal profiles and follicle or CL dysfunc-

tion, clinical observations suggest it reduces blood

progesterone concentrations, perhaps due to increased

hepatic clearance, in over-conditioned camelids (Tibary

A., personal communication). Lower progesterone

concentrations might contribute to early embryonic

loss and repeat breeding infertility in females with high

body condition. This intriguing relationship is currently

being investigated by the group at Washington State

University.

4. Protein nutrition and uterine disease—a

critical flaw?

Camelid protein nutrition is somewhat of an enigma.

First, perceptions suggest they have a low protein

requirement; however, careful evaluation of energy and

protein requirements shows a higher requirement on a

caloric basis [47]. Another unresolved issue with

camelids is the normally higher concentration of blood

urea nitrogen (BUN) in their blood compared to other

ruminants [48,49]. In ruminants, BUN concentration

reflects protein level of the diet. Low protein diets result

in low BUN, whereas high BUN is associated with high

protein diets or excessive protein breakdown. Higher

BUN concentrations in camelids suggest they are being

overfed protein relative to requirements, metabolize urea

differently from other ruminants, have an inherently high

metabolic rate of protein turnover, or some combination

[47]. Results from a llama urea metabolism study

suggested llamas have a lower rate of urea turnover, and

kidney urea excretion rate compared to other ruminants

[50]. It has been hypothesized that camelids metabolize

amino acids to support their blood glucose status, thus

accounting for higher BUN concentrations, and suggest-

ing a higher than perceived protein requirement [47].

In dairy cattle reproduction, elevated BUN concen-

trations has been negatively associated with reduced

conception rates and increased early embryonic death

[11,19,20]. Current theories suggest a negative effect of

ammonia directly on embryonic development [51] or an

alteration of uterine environment by the cleavage of

urea [52]. These observations may help to explain the

higher prevalence of early embryonic death and repeat

breeding in camelids. Higher BUN concentration can

also exacerbate NEB, as energy is required to generate

urea in excreting excess nitrogen [13]. Other data would

also suggest a greater prevalence of uterine infections

associated with higher BUN concentrations (Van Saun

R., unpublished data). This effect may result from the

altered NEB status on immune response, or a direct

effect of urea promoting bacterial growth conditions in

the uterine lumen. Given these potential issues,

camelids may be inherently more susceptible to uterine

infections as a result of their physiologic adaptations for

higher BUN concentrations. Feeding higher protein

diets will also increase BUN concentrations and may

further contribute to the problem. Clearly more

information is needed on protein requirements of

camelids and potential effects on uterine environment.

5. Minerals and vitamins

Reproductive consequences of mineral and vitamin

nutritive status are primarily mediated secondarily

through increased susceptibility to periparturient

metabolic or infectious diseases. Parturition is a

stressful event; recent information in dairy cattle

suggests a dramatic decline in immune function around

the time of calving [25]. One would expect this to occur

in other species, including camelids. Selected trace

minerals, namely copper, selenium, and zinc, as well as

fat-soluble vitamins A and E, are key nutrients

supporting immune function of the dam and neonate.

Deficiencies in these minerals and vitamins may also

play a role in reproductive losses due to pregnancy

wastage and perinatal mortality.
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5.1. Phosphorus

Historically, phosphorus deficiency has been linked

to reproductive inefficiency, primarily anestrus [53].

This implication had led to routine excessive dietary

phosphorus supplementation in the dairy industry,

which has ultimately led to environmental pollution

concerns. Recent research has not shown improved

reproductive performance with phosphorus supplemen-

tation in diets of high-producing dairy cattle [54].

Clinical observations in llamas and alpacas suggest a

role of low phosphorus in the ability to ovulate (Tibary

A., personal communication).

Phosphorus metabolism in ruminants and espe-

cially camelids is unique. Blood phosphorus is

recycled to the rumen through saliva. This physio-

logic mechanism is thought to provide needed

phosphorus to rumen microbes, as phosphorus is a

critically limiting mineral for grazing animals. In

camelids, seasonal changes in blood phosphorus

concentrations are associated with vitamin D status;

concentrations were lowest during the winter months

[55]. A clinical hypophosphatemic rickets condition

occurs in growing crias during the winter months, due

to vitamin D deficiency [56].

Metabolism of calcium and phosphorus are inter-

twined with vitamin D. There is a dynamic balance

among dietary ingestion and absorption of calcium and

phosphorus from the intestines, resorption or deposition

in the bone, recycling of phosphorus via the saliva, and

elimination of calcium and phosphorus via the urine,

feces and milk. Vitamin D is of central importance in

calcium and phosphorus metabolism, with a direct

effect on the rate of intestinal absorption, bone

deposition, and urinary loss. Of particular importance

is the role of vitamin D in stimulating intestinal

absorption and decreasing urinary losses of calcium and

phosphorus. Without sufficient vitamin D activity,

intestinal absorption efficiency of dietary phosphorus

is greatly diminished. Reduced intestinal absorption of

phosphorus resulting from vitamin D inadequacy would

potentially result in greater losses of endogenous

phosphorus from salivary recycling. This situation,

coupled with low dietary intake of phosphorus, could

potentially lead to a hypophosphatemic condition.

Further research on the potential role of phosphorus

in camelid nutrition is in progress.

5.2. Trace minerals

Trace minerals, copper, selenium, and zinc, have

been implicated in reproductive function primarily as

mediators of the immune response, but also play

important roles in conceptus viability, growth, devel-

opment, and survival [57]. The developing conceptus is

completely dependent upon the dam for provision of

essential nutrients, including minerals. Most minerals

are efficiently transferred across the placenta and stored

in the fetal liver at concentrations exceeding maternal

concentrations [58,59]. A similar relationship has been

observed in camelid fetuses (Van Saun R., unpublished

data). These fetal liver reserves are utilized by the

neonate in support of metabolic and immunologic

functions, as a milk-based diet is typically low in most

trace minerals.

In cattle, moderate to severely deficiencies of most

trace minerals are associated with early embryonic

and fetal developmental abnormalities and possibly

death [57]. A similar relationship would be expected

in camelids. Selenium deficiency has been implicated

in the ability to ovulate in llamas and alpacas (Tibary

A., personal communication). Selenium also plays a

role in iodine metabolism, through its role in a

deiodinase enzyme that converts thyroxin to the

biologically active triiodothyronine. Therefore, sele-

nium deficiency could induce hypothyroidism, with

adverse effects on many aspects of reproductive

performance. These observations emphasize the

critical role of mineral supplementation during late

pregnancy to ensure good reproductive performance.

More research on the role of trace minerals in

reproductive performance and improvement of diag-

nostic capabilities is needed.

5.3. Vitamins

Similar to the trace minerals, fat-soluble vitamins

A and E are important mediators of the immune

response and may play a role in reproductive

performance indirectly through this modality. In

contrast to the situation with microminerals, fat-

soluble vitamins like vitamins A and E do not

appreciably cross the placenta, resulting in no

gestational liver reserve [60,61]. The neonate’s

primary source of vitamins A and E comes via

colostrum ingestion supplied from an adequately

supplemented dam [61]. There are mechanisms for

placental transport of fat-soluble vitamins [61], most

likely to ensure sufficient amounts to meet fetal

metabolic needs. Deficiencies of vitamins A and E

may have a role in early embryonic death, although

this has not been documented [7]. Vitamin nutrition is

clearly another area requiring further research relative

to possible roles in reproduction.
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6. Summary

Nutrition has been substantially studied relative to its

role in controlling reproductive performance of

production animals. The role of energy balance and

body condition on all aspects of the reproductive cycle

has been well characterized, though underlying

mechanisms remain to be elucidated. Although studies

are not in complete agreement, protein effects on

reproduction have also been defined. Beyond clinical

impressions and anecdotal observations, there is a true

void of controlled studies addressing nutrition-repro-

ductive relationships in camelids. Apparently, camelids

respond in a similar fashion to other species, based on

reproductive performance in South America, where

pastorally raised camelids experience large swings in

energy status. Unique metabolic and reproductive

differences compared to other ruminants were described

for camelids that may explain their greater prevalence

of reproductive failure due to embryonic loss and

uterine infections. Potential concerns relative to the

historic issue of phosphorus status and reproduction

were highlighted. Research addressing a number of

these issues is currently underway, but clearly there are

many areas of nutritive status of llamas and alpacas that

need to be explored relative to their impact on

reproductive efficiency.
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