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Abstract

The complex, interacting influences on eating behavior and energy expenditure prevent 

elucidation of the causal role of any single factor in the current obesity epidemic. However, 

greater variety in the food supply, particularly in the form of highly palatable, energy-dense foods, 

has likely made a contribution. This study was undertaken to test the hypothesis that greater 

dietary variety is associated with greater caloric intake within individual meals consumed by free-

feeding, socially-housed female rhesus monkeys. Meal patterns were assessed during two, two-

week dietary phases. One phase consisted of a choice between a standard chow diet and a highly 

palatable diet (HPD). The other phase consisted of access to the chow only. Food intake for each 

subject was recorded continuously using previously validated, automated feeders, and a meal was 

defined based on a minimum kilocalorie requirement and a minimum inter-meal interval. During 

the choice condition, animals electively consumed mixed meals that incorporated both diets as 

well as other meals that consisted exclusively of a single diet – chow-only or HPD-only. Animals 

consumed the most calories per meal when the meal was comprised of both the chow and HPD, 

which differed in caloric density, flavor, and texture. Interestingly, however, there was no 

significant difference in the amount of calories consumed as HPD-only meals in the choice 

condition compared to meals in the chow-only, no choice condition, suggesting consumption of a 

single food during a meal, regardless of palatability, provides a constant sensory experience that 

may lead to more rapid habituation and subsequent meal cessation. Additionally, during the 

dietary choice condition, animals consumed fewer calories in the form of chow-only meals. Thus, 
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the present results suggest that limiting dietary variety, regardless of palatability, may be a useful 

strategy for weight loss in overweight and obese individuals by reducing caloric intake within 

individual meals.

Introduction

Appetitive behaviors are shaped by the interaction between the external, physical 

environment and an individual’s internal, physiologic processes. While the physical 

environment encompasses a host of influential factors including presentation, accessibility, 

and social contexts 1, internal processes refer to homeostatic and hedonic mechanisms 

governed by the central nervous system 2. Homeostatic control of appetite, regulated, in part, 

by the arcuate nucleus of the hypothalamus and the brain stem, is driven by the biological 

need to maintain energy stores. Both long-term (e.g., leptin, insulin) and short-term (e.g., 

ghrelin, cholecystokinin, peptide YY) hunger and satiety signals provide feedback to ensure 

that the body acquires the necessary nutrients for survival. Hedonic regulation, by 

comparison, is regulated by corticolimbic neural networks and is mediated by reward. These 

reward-based pathways, activated by highly palatable food, influence the cognitive, 

motivational, and emotional aspects of food intake and offer one explanation for eating in 

the absence of hunger or nutrient depletion 3.

The complex, interacting influences on eating behavior prevent elucidation of the causal role 

of any single factor in the current obesity epidemic, which affects approximately 36% of 

U.S. adults 4. However, greater variety in the food supply, particularly in the form of highly 

palatable, energy-dense foods, is likely a contributing factor 5. The basis for the hypothesis 

linking greater dietary variety with increased caloric intake is sensory-specific satiety, a 

phenomenon in which hedonic ratings of a food eaten to satiation decrease to a greater 

degree than hedonic ratings of foods not eaten to satiation. In other words, when a meal or 

diet is composed of foods that differ in at least one sensory characteristic (e.g., flavor, 

texture, color), differential experiences with the sensory characteristics of foods may 

enhance food intake. Conversely, consuming a single food during a meal provides a constant 

sensory experience that may lead to habituation, a phenomenon in which repeated 

presentation of a stimulus results in a decrease in response to that stimulus 6.

The present study was undertaken to assess the impact of dietary variety on caloric intake 

within individual meals consumed by free-feeding, socially-housed female rhesus monkeys. 

This model adds significant value to the well-established literature on animal models of 

appetite regulation 7 by providing a means to better define the socio-environmental factors 

that affect the neurobiology of food intake among pre- and postmenopausal women. To test 

the hypothesis that greater dietary variety is associated with greater caloric intake within a 

meal, a meal was defined based on a minimum kilocalorie requirement and a minimum 

inter-meal interval. Caloric intake was monitored during two dietary conditions – a “choice” 

condition in which both a standard chow diet and a more palatable high-fat, sugary diet were 

offered simultaneously and a “no choice” condition when animals only had access to the 

chow diet.
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Methods

Study subjects were ovariectomized, adult female rhesus monkeys (n=38) that were socially 

housed in groups consisting of five or six animals each (4 to 5 females and 1 male) in 

adjacent indoor-outdoor enclosures measuring 3.8 m by 3.8 m by 3.8 m at the Yerkes 

National Primate Research Center. Indoor light cycles were maintained on a 12h: 12h 

schedule; however, access to outdoor caging allowed the natural, autumnal photoperiod to 

prevail. Social groups were established approximately three years prior to the study using 

previously described methods 8. The animals formerly served as subjects in NIH-funded 

studies to determine the effects of psychosocial stress, induced by social subordination, on a 

number of behavioral, metabolic and reproductive outcomes 8–13 that required brief 

treatment with estradiol and/or progesterone. For the present study, females were not 

receiving hormone replacement. The Emory University Institutional Animal Care and Use 

Committee approved all procedures in accordance with the Animal Welfare Act and the US 

Department of Health and Human Services “Guide for the Care and Use of Laboratory 

Animals.”

Food intake for each subject was recorded continuously using previously validated 

automated feeders 14. Two feeders were placed on each housing unit. Crystal Tag RF 

microchips were implanted subcutaneously in both wrists of each animal. When an animal 

placed its hand in a feeder, a Datamars reader surrounding the food dispenser detected the 

microchip and sent a signal to a remote computer that identified the monkey and triggered 

the delivery of a single food pellet. This system allowed for continual quantification of 

caloric intake of individual monkeys embedded in social groups. As previously described 13, 

females were studied for two, two-week dietary phases separated by a three-week washout 

period when animals were maintained on standard laboratory chow and food intake was not 

monitored. One phase consisted of a choice between the standard chow diet (3.45 kcal/g, 

12% fat, 18% protein, and 4.14% sugar carbohydrate and 65.9% fiber carbohydrate; Purina 

#5038) and a highly palatable diet (HPD; 3.72 kcal/g, 36% fat, 18% protein, 16.4% sugar 

carbohydrate and 29.6% fiber-starch carbohydrate; Purina Typical American Diet #5L0P). 

The other phase consisted of access to the chow only. The order of dietary phases was 

counterbalanced so that half of the females received the choice condition first while the 

other half received the no choice, chow-only condition first. For the present analysis, diet 

order was not considered. During the choice condition, one feeder contained chow while the 

other dispensed HPD. At the midpoint of the choice trial, the diets in the feeders were 

switched to control for feeder-specific preferences.

Feeding data were processed using BioDAQ Data Viewer© (Research Diets, New 

Brunswick, NJ). For the purposes of this investigation, a meal was defined as any feeding 

bout that resulted in ingestion of a minimum of 70 kilocalories (kcal), separated from a 

previous feeding bout by a minimum time interval of 1300 seconds. This definition was 

based on empirically defined parameters described previously15 and validated using 

statistical methods from previous meal pattern analyses 16. All statistical analyses were 

performed using SPSS. The caloric content of meals was determined in the chow-only 

condition and the choice condition. Meals in the choice condition were further categorized 

as chow-only meals, HPD-only meals, and mixed meals. Differences in the frequency of 
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occurrence and caloric content of these meal categories were assessed using multivariate 

ANOVA. Post-hoc pairwise comparisons were generated to assess all main effects. Weekly 

body weights were also recorded to the nearest hundredth of a kilogram throughout the 

study, and variation in body weight across the two dietary phases was assessed using 

univariate ANOVA. To determine whether body weights predicted parameters of specific 

meals, Pearson correlations were calculated between body weight and meal size, and meal 

frequency among each individual meal category (no choice: chow-only; choice: mixed, 

HPD-only, and chow-only). Results are presented as the mean ± standard error. P-values < 

0.05 were considered significant.

Results

During the choice condition, animals consumed mixed meals most frequently (Figure 1; 

F 2,37 = 11.970, p < 0.001) compared to HPD-only meals (p = 0.002) and chow-only meals 

(p < 0.001). Although the frequency of HPD-only meals was higher than chow-only meals 

in this choice condition, the difference was not significant (p = 0.07). As illustrated in Figure 

2, the number of calories ingested within a meal differed significantly depending upon diet 

condition and meal composition (F 3,27 = 10.337, p < 0.001). Post-hoc, pairwise 

comparisons revealed that the caloric content of mixed meals (285.200 ± 24.614 kcals) was 

significantly greater than the caloric content of all other meal types: meals in the chow-only, 

no choice condition (211 ± 11.731 kcal, p = 0.005), chow-only meals in the choice condition 

(159.355 ± 9.578 kcal, p < 0.001), and HPD-only meals in the choice condition (213.086 ± 

20.171 kcals, p = 0.026). Importantly, there was no significant difference in caloric content 

of HPD-only meals in the choice condition and chow-only meals in the no choice condition 

(p = 0.96). However, the caloric content of LCD-only meals in the choice condition was 

significantly lower than meals in the chow-only, no choice condition (p = 0.001) and HPD-

only meals in the choice condition (p = 0.022). Body weights at the conclusion of the choice 

condition (8.278 ± 0.238 kg) did not differ (F 1,37 = 0.879, p = 0.355) from body weights at 

the end of the chow-only condition (8.223 ± 0.245 kg).

In order to evaluate whether body weights predicted meal parameters, Pearson correlation 

analyses were performed between body weight, meal size, and meal frequency among each 

individual meal category (no choice: chow-only; choice: mixed, HPD-only, and chow-only). 

As illustrated in Table 1, body weight was significantly correlated with mixed meal 

frequency (p = 0.024) but not the frequency of other meal types or the sizes of specific 

meals (p > 0.05). Additionally, animals that had a higher frequency of mixed meals also had 

a higher frequency of all meal types regardless of diet condition (p < 0.05). These animals 

also consumed larger mixed meals in the choice condition and larger LCD meals in the no 

choice condition (p < 0.05).

Discussion

Findings from this study indicate that female rhesus monkeys consumed significantly more 

calories per meal when the meal was comprised of two separate diets that differed in energy 

density, flavor, and texture. Further, there was no significant difference in the amount of 

calories in meals comprised entirely of the HPD in the choice condition compared to meals 
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in the chow-only, no choice condition. Not surprisingly, animals consumed fewer calories in 

the form of chow-only meals when given a choice between chow and HPD, indicating an 

expected shift in preference to the more palatable food when this dietary option was 

available. Despite these variations in meal size across the two dietary conditions, there was 

no significant change in body weights, which was likely a result of the short study duration. 

Nonetheless, Pearson correlation analyses revealed that higher body weight was associated 

with greater mixed meal frequency, and animals that consumed more frequent mixed meals 

consumed all other meal types (HPD-only, chow-only, no choice) more frequently. 

Additionally, greater mixed meal frequency was associated with larger mixed meals (kcals) 

in the choice condition and larger meals during the no choice, chow-only condition (kcals).

The finding that greater dietary variety was associated with greater caloric intake is 

corroborated by a number of investigations with animals and humans 6,17. Studies with rats 

have consistently demonstrated that flavor variety enhances food intake within the context 

of a single meal 18 even when the macronutrient composition of the foods is identical 19–21. 

Conversely, rodent studies that have not found a significant effect of variety on meal size 

have introduced variety successively across days rather than simultaneously or sequentially 

within meals 22. Human investigations have also consistently shown that sensory variety 

among available foods promotes greater intake within the context of single meals 18,23,24, 

particularly when multiple sensory properties are varied among available options17.

Although the evaluation of feeding microstructure does not permit causal conclusions 

related to total caloric intake and weight status, the aforementioned finding that animals 

consumed fewer calories within meals comprised only of HPD relative to mixed meals 

potentially challenges the idea that simply adding foods of lower energy density to one’s 

diet will displace more energy dense foods resulting in reduced energy intake and weight 

loss. While subjects demonstrated a clear preference for the HPD, it appears that within the 

context of individual feeding bouts, animals terminated meals earlier when the meal was 

comprised of a single, palatable food compared to meals that incorporated both a palatable 

food and a less palatable chow. Additionally, animals consumed essentially the same 

number of calories within meals consisting of a single diet regardless of whether the diet 

was chow-only (in the no choice condition) or HPD-only (in the choice condition), 

suggesting that sensory specific satiety may operate independently of palatability. In 

agreement with these findings, an investigation measuring weight gain among rats 

maintained on different diets concluded that restricting rats to just one palatable food 

reduces the likelihood that animals will become obese compared to animals with a more 

varied diet, including both chow and palatable food 18. Further, a review of the literature 

assessing dietary strategies for weight management reported that advising subjects to 

increase fruit and vegetable intake without emphasizing strategies to decrease total caloric 

intake and/or increase energy expenditure was associated with no change or an increase in 

body weight, suggesting that these lower energy density foods either displaced other foods 

without changing overall caloric intake or simply added extra calories 25. Thus, these 

findings combined with the present results suggest that limiting dietary variety, perhaps 

through dietary restriction to a small subset of highly preferred foods, may be a useful 

strategy for weight loss in overweight and obese individuals.
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Whereas many previous experiments, both human and animal, have assessed the impact of 

offering a variety of highly palatable foods or varying flavors of a standard chow diet, this 

study took the approach of offering a standard chow diet alongside a more palatable, slightly 

more calorically dense diet (HPD). Indeed, the present design more adequately models the 

usual dietary environment of people consuming Western diets, which consist of foods that 

vary in both sensory qualities and nutrient composition17. However, the task of 

disentangling the effects of sensory variety from energy density is complicated by the use of 

these two diets. Further, the HPD-only meals that were evaluated during this study were 

electively consumed within the context of a varied dietary environment, and the present 

analysis is limited strictly to the assessment of caloric intake within individual meals. When 

attempting to project the broader implications of these findings with regard to obesity risk, it 

is critical to realize that excess caloric intake may occur via several avenues, and both meal 

frequency and between meal snacking are equally as important as meal size in influencing 

total caloric intake. A recently published companion analysis revealed that animals in this 

study consumed more calories in the form of snacks during the dietary choice condition, and 

the majority of snack calories (57.9% ± 3.1%) were derived from HPD 15. Thus, it is 

possible that animals may compensate for the reduced meal size observed within HPD-only 

meals with greater or more frequent snacking between meals leading to greater overall 

caloric intake. Future studies are planned to assess how a no variety, HPD-only condition 

would affect not only meal patterning but also snacking and total caloric intake using this 

female monkey model.

Additionally, while the feeders and the ad libitum availability of food captured actual intake, 

we cannot assume that caloric intake during the two-week study period is fully 

representative of long-term dietary patterns. Thus, monitoring food intake for a period 

longer than two weeks is critical to assess causal relationships and longitudinal changes in 

weight status that are induced via changes in caloric intake and energy expenditure. Of final 

note, animals utilized for this study were ovariectomized and were not receiving hormone 

replacement during these experiments. Both estradiol and progesterone are known to affect 

appetite and meal size 26–28. Thus, the effects of female hormones on feeding patterns were 

eliminated and must be considered when evaluating the external validity of our results. 

Importantly, however, the present design does provide an ethologically relevant model to 

explore socio-environmental factors that affect the neurobiology of food intake among 

postmenopausal women.

In closing, it is critical to note that strategies to reduce total caloric intake by limiting the 

variety of foods in the diet may not necessarily be favorable to promote adequate intake of 

non-caloric but vital micronutrients 5, and monotonous dietary regimens may hinder long-

term compliance resulting in regression to former eating habits and regain of any weight 

lost 29. Nonetheless, investigations that have directly assessed the association of dietary 

variety with body weight have generally found positive associations between dietary variety 

and adiposity 17. While more research is needed in this area, the present results refute the 

idea that simply adding foods of lower energy density to one’s diet will displace the 

consumption of more energy dense foods. Rather, the data provide additional support for the 

notion that limiting dietary variety may assist with reducing energy intake and promoting 
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weight loss in overweight and obese individuals by reducing caloric intake within individual 

meals.
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Highlights

• The caloric content of meals was assessed in choice and no choice dietary 

environments.

• Animals consumed the most calories per meal when the meal was comprised of 

two separate diets.

• Caloric content of meals comprised of a single palatable diet did not differ from 

chow meals.

• Consumption of a single food may lead to more rapid habituation and 

subsequent meal cessation.

• Limiting dietary variety may be a useful strategy for weight loss among 

overweight individuals.

Moore et al. Page 9

Physiol Behav. Author manuscript; available in PMC 2015 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Mean meal frequency ± SEM during the two-week choice condition when both chow and 

HPD were available based on meal type: chow-only, HPD-only, or mixed. An asterisk 

indicates significant difference in the average frequency of consumption for a particular 

meal type.
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Figure 2. 
Mean kilocalories ± SEM consumed in meals during the chow-only condition as well as 

chow-only, HPD-only, and mixed meals during the choice condition when both chow and 

HPD were available. Differing alphabetic symbols indicate statistically significant 

differences in average caloric content among meal categories.
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