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Abstract
Diet is an important determinant of fitness- related traits including growth, repro-
duction, and survival. Recent work has suggested that variation in protein:lipid ratio 
and particularly the amount of protein in the diet is a key nutritional parameter. 
However, the traits that mediate the link between dietary macronutrient ratio and 
fitness- related traits are less well understood. An obvious candidate is body compo-
sition, given its well- known link to health. Here, we investigate the relationship 
between dietary and body macronutrient composition using a first- generation labo-
ratory population of a freshwater fish, the three- spine stickleback (Gasterosteus acu
leatus). Carbohydrate is relatively unimportant in the diet of predatory fish, 
facilitating the exploration of how dietary protein- to- lipid ratio affects their relative 
deposition in the body. We find a significant effect of lipid intake, rather than pro-
tein, on body protein:lipid ratio. Importantly, this was not a result of absorbing 
macronutrients in relation to their relative abundance in the diet, as the carcass 
protein:lipid ratios differed from those of the diets, with ratios usually lower in the 
body than in the diet. This indicates that individuals can moderate their utilization, 
or uptake, of ingested macronutrients to reach a target balance within the body. We 
found no effect of diet on swimming endurance, activity, or testes size. However, 
there was an effect of weight on testes size, with larger males having larger testes. 
Our results provide evidence for the adjustment of body protein:lipid ratio away 
from that of the diet. As dietary lipid intake was the key determinant of body com-
position, we suggest this occurs via metabolism of excess protein, which conflicts 
with the predictions of the protein leverage hypothesis. These results could imply 
that the conversion and excretion of protein is one of the causes of the survival 
costs associated with high- protein diets.
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1  | INTRODUCTION

Variation in diet is well known to be a critical determinant of fitness- 
related traits such as growth, reproduction, and survival (Fontana & 
Partridge, 2015; Partridge, Gems, & Withers, 2005). In particular, 
dietary restriction (DR), a reduction in the intake of calories or par-
ticular macronutrients, has been shown to extend lifespan and pro-
tect against age- related diseases in the majority of species studied to 
date (see Speakman & Mitchell, 2011; Nakagawa, Lagisz, Hector, & 
Spencer, 2012; Selman, 2014 for recent reviews). It is widely accepted 
that this lifespan extension can be achieved through a reduction in 
calorie intake (McCay, Crowell, & Maynard, 1935; reviewed Speakman 
& Mitchell, 2011). However, recent research has rejuvenated the 
suggestion that variation in the ratio of specific macronutrients, and 
in particular a reduction in the protein content of the diet, is a key 
component of the relationship between diet and lifespan (Carey et al., 
2008; Lee et al., 2008; Maklakov et al., 2008; Fanson, Weldon, Pérez- 
Staples, Simpson, & Taylor, 2009; Solon- Biet et al., 2014; Jensen, 
McClure, Priest, & Hunt, 2015; but see Speakman, Mitchell, & Mazidi, 
2016; Simpson et al., 2017 for discussion). Despite this interest, the 
traits that link dietary macronutrient intake and lifespan are not cur-
rently known. An obvious starting point is the relationship between 
dietary macronutrient ratio and body composition, especially given 
the importance of body composition and particularly fat deposition, in 
determining health and lifespan (Barzilai, Banerjee, Hawkins, Chen, & 
Rossetti, 1998; Muzumdar et al., 2008). Here, using a freshwater fish 
as our model, we investigate the relationship between macronutrient 
ratio of the diet and body composition, as well as how macronutrient 
ratio impacts on physical performance and activity, two indicators of 
health and lifespan.

Calorie restriction is well known to affect body weight (McCay 
et al., 1935) but is also suggested to affect body composition, par-
ticularly adiposity (Colman, Roecker, Ramsey, & Kemnitz, 1998; 
Hempenstall, Picchio, Mitchell, Speakman, & Selman, 2010; Mitchell 
et al., 2015; Muzumdar et al., 2008; Picard & Guarente, 2005) and rel-
ative organ size (Mitchell et al., 2015; Selman et al., 2005). In fact, it 
has been suggested that a reduction in adiposity is the primary mech-
anism through which calorie restriction acts to extend health and lifes-
pan (Barzilai et al., 1998; Muzumdar et al., 2008; Picard & Guarente, 
2005). In mice, for example, adipose loss due to calorie restriction oc-
curs in a graded manner, mirroring that of lifespan extension (Mitchell 
et al., 2015). However, contradictory evidence suggests that fat loss 
under calorie restriction provided no benefit or was detrimental to 
lifespan (Chiba et al., 2014; Liao et al., 2011; Park et al., 2017). Thus, 
although body composition appears to play a role in mediating the ef-
fect of calorie restriction on lifespan, the exact nature of this relation-
ship is currently unclear.

Similar to calorie restriction, changes in dietary macronutrient 
composition result in changes to both body composition and lifespan. 
For example, it has been shown that mice fed high protein:carbohy-
drate ratio diets have reduced body fat (Huang et al., 2013; Solon- 
Biet et al., 2014; Sørensen, Mayntz, Raubenheimer, & Simpson, 2008), 
but surprisingly not the longest lifespan (Solon- Biet et al., 2014). 

However, a different study found little to no effect of changing dietary 
protein:carbohydrate ratio on body fat mass (Mitchell et al., 2015). In 
Drosophila melanogaster, body weight and lipid- free bodyweight in-
creased with increasing protein:carbohydrate ratio of the diet, with 
carcass lipid content highest on a dietary protein:carbohydrate ratio 
of 1:2 (Lee, 2015). These flies had the second highest mean and max-
imum lifespans, with lifespan maximized on a 1:4 diet. However, ad-
ditional studies in D. melanogaster found that with increasing protein 
intake, there was a decrease in body weight, due to a decline in body 
fat (Ponton et al., 2015; Skorupa, Dervisefendic, Zwiener, & Pletcher, 
2008). Thus, as with calorie restriction, although dietary macronutrient 
ratio appears to influence body composition, the relationship between 
diet and body composition and lifespan appears complex.

Improving our understanding of how variation in dietary macronu-
trient ratio influences body composition may shed light on the causes 
of the lifespan cost of being fed imbalanced diets. An obvious candi-
date is that there are metabolic or storage costs of excess nutrients 
merely being absorbed in relation to their relative abundance in the 
diet. It is known that the body has a limited capacity for storing ex-
cess protein, with surplus nitrogen being excreted as urea (Delimaris, 
2013; Heaney, 1998; Tarnopolsky et al., 1992). However, there is a 
positive relationship between fat intake and fat storage, with inges-
tion of high- fat diets resulting in increased fat storage and obesity and 
thus potentially the associated negative consequences for health and 
survival (reviewed Hariri & Thibault, 2010; but see Liao et al., 2011; 
Chiba et al., 2014; Park et al., 2017). The protein leverage hypothesis 
suggests that individuals eat primarily to obtain a target protein level, 
with carbohydrate and fat being overconsumed on low- protein diets in 
an attempt to reach this protein level (Huang et al., 2013; Simpson & 
Raubenheimer, 2005; Sørensen et al., 2008). Although this hypothesis 
focuses on protein intake, it can be predicted that this modification of 
food intake in relation to protein availability will also affect body com-
position (Simpson & Raubenheimer, 2005). For example, when eating 
to a target protein intake, nonprotein constituents are consumed in 
relation to their abundance in the diet. Therefore, across multiple diets 
with varying ratios of protein:nonprotein, we would expect the protein 
content of the body to remain stable, but the content of other com-
ponents to vary in relation to their relative abundance. Studies from 
agriculture and aquaculture would seem to support this; when pro-
tein is limiting, individuals appear to prioritize protein ingestion and 
consequently overconsume lipid and carbohydrate, resulting in greater 
adiposity (Aletor, Hamid, Niess, & Pfeffer, 2000; Andrews & Ørskov, 
1970; Donaldson, Combs, & Romoser, 1956; Ruohonen, Koskela, 
Vielma, & Kettunen, 2003; Ruohonen, Simpson, & Raubenheimer, 
2007). If metabolic or storage costs of excess nutrients are driving the 
cost of imbalanced diets, we would expect that the protein:lipid ratio 
of the carcass would be similar to that of the diet and would have the 
same rank order of protein:lipid ratios as the diets.

An alternative explanation for the survival cost of imbalanced diets 
is that animals have the potential to selectively absorb and or excrete 
particular nutrients and that the cost of an imbalanced diet is due 
to the costs of these selective processes (Fanson, Fanson, & Taylor, 
2012). Under this scenario, body and diet macronutrient compositions 



10058  |     MOATT eT Al.

would not be expected to match, but body compositions would be 
expected to be more similar than diet compositions, as individuals se-
lectively absorb or excrete particular nutrients in attempt to reach a 
target protein:lipid ratio within the body. If individuals are targeting a 
specific carcass protein:lipid ratio, then the protein content of the car-
cass would differ across diets. Furthermore, we would expect to see 
clustering and a reduction in variability in carcass protein:lipid ratio, as 
individuals would be trying to achieve a particular protein content in 
relation to their lipid content.

In addition to body composition, physical activity and performance 
(e.g., endurance) are commonly linked with health and lifespan and are 
affected by diet. It has been suggested that an increase in activity in 
response to short- term food shortage would improve an individual’s 
ability to find new food sources, thus explaining the commonly ob-
served biphasic pattern of activity (reviewed Speakman & Mitchell, 
2011). However, recent evidence suggests that the effect of calorie 
restriction differs between different components of activity (Mitchell 
et al., 2016). Currently, there is little to no exploration of how shortage 
of a specific macronutrients, rather than overall calorie deficit, affects 
activity and endurance.

Finally, the effect of diet appears to be sexually dimorphic, 
with lifespan extension under DR greater in females than males 
(Nakagawa et al., 2012 but see Speakman et al., 2016). It is thought 
that this sex difference is a result of a differences between males and 
females in their investment in reproduction (Shanley & Kirkwood, 
2000; but see Moatt, Nakagawa, Lagisz, & Walling, 2016), but work 
exploring the effect of DR on reproduction in males is often lack-
ing (Moatt et al., 2016). One measure of reproductive investment in 
males is testes mass, but this is often difficult to study as it would 
require sacrificing males in studies where lifespan is the key trait of 
interest. In mice, it has been shown that testes mass is only reduced 
at high restriction levels, suggesting testes are protected against 
the effect of DR (Mitchell et al., 2015). The same study reported a 
marginal effect of protein restriction on testes mass (Mitchell et al., 
2015), with a further study reporting increased testes mass on high 
protein:carbohydrate ratios (Solon- Biet et al., 2015). However, very 
few other studies look at the effect of dietary macronutrients on 
testes mass.

Here, we used three- spined sticklebacks (Gasterosteus aculeatus) 
reared on diets that varied in macronutrient ratio to investigate the 
following questions: (1) what is the effect of macronutrient intake 
on growth and body composition and is this driven by variation in 
protein content of the diet; (2) how does macronutrient manipula-
tion affect activity and swimming endurance; (3) are there sex dif-
ferences in the effect of macronutrient manipulation; and (4) what 
is the effect of macronutrient manipulation on testes size? We pre-
dicted that growth would be highest on the diet with the best bal-
ance, containing high levels of both protein and lipid. In line with the 
protein leverage hypothesis, we expect the rank order of carcass 
protein:fat ratios will match that of the diet. Furthermore, we expect 
dietary protein content to predict carcass fat content but not car-
cass protein content, with little difference in carcass protein content 
across treatments. Thus, the protein content of the diet will predict 

carcass body composition. Furthermore, we expected carcass fat 
content to be higher with high lipid intake and low protein intake. 
For endurance and activity, we predicted that endurance would be 
greater on high- protein diets, as protein is important for muscle de-
velopment while activity would be higher on low- protein diets to 
allow protein- restricted individuals to locate better food sources. 
Finally, we predicted that testes size would be larger on high- protein 
diets.

2  | METHODS

2.1 | Husbandry

Experimental individuals were first- generation offspring of wild- 
caught three- spine sticklebacks. Parents were collected in the spring 
of 2014 form Inverleith Pond, Edinburgh (55.96N 3.22W). Using 
standard IVF techniques for this species (Barber & Arnott, 2000), 23 
clutches were produced, each with a unique sire and dam. Offspring 
were fed live Artemia until one month of age, after which they were 
provided live Artemia and fry powder (ZM Sytems, ZM- 100 Fry Food: 
protein 55.0%, oil 13.0% and ash 12.0%) until 3 months of age. From 
three to four months (the start of dietary manipulations), fish were 
fed standard- grade fish pellet (ZM Systems, medium granular: protein 
52.0%, oil 12.0% and ash 10.3%) to condition them to surface feeding 
on fish pellet. At 4 months of age, fish were molecularly sexed from 
fin clips and weighed. Fish were then randomly assigned to one of 
five diet treatments, such that an equal number of males and females 
were assigned to each diet. A total of 150 fish were used, giving 15 
fish per sex per diet.

Fish were housed in plastic tanks (30 × 20 × 20 cm), provisioned 
with an individual air filter and two artificial weeds. Each tank con-
tained three unrelated individuals of the same sex. Individuals were of 
a different size to enable individual identification of the fish without 
physically marking them (Lee, Monaghan, & Metcalfe, 2013). Clutches 
were evenly split between the tanks to control for both tank and fam-
ily effects. Light and temperature regimes were matched to natural 
levels in Edinburgh at that time of year.

2.2 | Diet treatments

Unlike for mice and flies, where most work on macronutrient ratio has 
been carried out, it has been shown that carbohydrate is not a key ma-
cronutrient for predatory fish, with much more importance placed on 
lipid (Ruohonen et al., 2003). Therefore, we created five diets differing 
in the ratio of protein:lipid (Table 1). We suggest that in these diets, 
protein and lipid are not strongly negatively correlated (see Fig. S1), 
and thus allow us to separate the effect of diet into the independent 
effects of protein and lipid. To achieve this lack of correlation, we used 
inert carbohydrate filler, which has been shown to be indigestible in 
teleosts (Guillaume, 2001; Kim & Kaushik, 1992). Thus, although the 
diets differ in carbohydrate content (Table 1), this was indigestible 
to the fish. To test for a correlation between protein and lipid, we 
use their relative abundance (%) in the raw diet (g). However if you 
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consider the contribution of protein and lipid to usable energy, there is 
a strong negative correlation (see Table S1). We suggest our approach 
of considering relative abundance is more appropriate, as we quan-
tify amounts of protein and lipid in body, not energy, and fat will be 
prioritized as an energy source with protein as a source of structural 
components, for example, amino acids for growth (see theory of pro-
tein sparing: De Silva, Gunasekera, & Shim, 1991; Vergara, Robainà, 
Izquierdo, & De La Higuera, 1996; Helland & Grisdale- Helland, 1998 
and below). Diets were in pellet form made of different combina-
tions of fish meal and fish oil (Table S2). Diets were manufactured at 
the Aquaculture and Fish Nutrition Centre (University of Plymouth, 
Plymouth, U.K.).

In the majority of studies where macronutrients are manipu-
lated, diets are provided ad libitum with food available at all times. 
However, as food degrades rapidly in water, this feeding regime is 
not suitable for aquatic organisms. We therefore adapted a previ-
ous feeding regime that has been successful in fish (Terzibasi et al., 
2009). Here, fish are fed to satiation twice per day, in the morning 
and in the evening. The amount of food provided for each diet was 
reassessed monthly, by feeding fish incrementally until satiated. This 
amount of food was then provided morning and evening for a month 
until the next reassessment was made. All tanks of the same diet 
were fed the maximum amount of pellet consumed by any tank on 
that diet. As a result, the majority of tanks were fed to excess with 
not all of the food ration being eaten; thus, we cannot quantify how 
much of the ration was consumed. Therefore, we do not present 
intake data on an individual or a tank level (e.g., Solon- Biet et al., 
2014). Fish were maintained on diet treatments throughout the 
course of the experiment (106 days).

2.3 | Growth and condition

From the start of diet treatments until the end of the study, fish were 
weighed and length was measured approximately once a month. 
However, as growth was roughly linear (see Fig. S2), we only analyzed 
initial weight, to check for any differences between treatments before 
the start of the experiment, and final weight, to assess differences in 
growth between diet treatment. Furthermore, a common measure of 

assessing overall health of a fish is condition index. Here, we calcu-
lated condition using residuals from an analysis of the length–weight 
relationship (see Bentley & Schindler, 2013):

with the slope (b) and intercept (a) taken from a model of the log of 
weight against the log of length for all fish measured in this study 
(Bentley & Schindler, 2013). A negative value indicates a fish in a 
poorer than average condition, and a positive value suggests a better 
than average condition.

2.4 | Swimming endurance

On one occasion between days 79 and 100, each fish was assessed 
for their swimming endurance ability. We used the same protocol as 
described in Alvarez and Metcalfe (2005). Briefly, fish were placed in a 
swim chamber (length 25 cm, internal diameter 6 cm) submerged in a 
glass- sided tank (59 × 29 × 28 cm) filled to a depth of 22 cm with room 
temperature water. Fish were exposed to two currents, generated 
within the swim chamber, initially a slow current (4 cm/s) for 5 min, 
to condition individuals to the swim chamber, after which the speed 
was increased to 20 cm/s and a timer started. At the first cessation of 
swimming, fish were prompted to return to swimming by a small tap on 
the chamber. If this failed to elicit swimming, or at the second refusal 
to swim, the current and timer were stopped. Where individuals con-
tinued to swim, the trial was allowed to run for a maximum of 30 min 
(5 min acclimatization and 25 min at 20 cm/s). Immediately following 
the trail, the fish was removed to a recovery tank and a 50% water 
change performed before another trial was initiated. Temperature was 
recorded every two hours and then converted into a daily average. 
Swimming endurance was taken as the time an individual was able to 
remain swimming while exposed to the high- speed current, and any 
fish that swam for the full trial was given a score of 25 min (23 of 118 
tested). Swimming endurance tests were performed with the observer 
blind to dietary treatment.

2.5 | Activity

To assess the effect of diet on levels of activity, activity trials were 
conducted between days 79 and 100. Activity trials were carried out 
in a glass- sided tank (45 × 25 × 25 cm), containing water to a depth 
of 8 cm following a similar protocol to Boulton, Grimmer, Rosenthal, 
Walling, and Wilson (2014). The tank was placed on a light box, sur-
rounded by white walls to prevent disturbance and a video camera 
mounted above the tank. Each fish was placed in the center of the 
tank and given a 60- s acclimatization period, followed by eight- minute 
monitoring. Fish activity was tracked using Viewer3 tracking software 
(http://www.biobserve.com/behavioralresearch/products/viewer/). 
Activity was measured as the total time spent moving during the 
eight- minute assessment window. Following the assessment period, 
the fish was removed and a 100% water change was performed prior 
to the next trial, thereby ensuring there were no chemical cues re-
maining in the water which could affect the next trial.

Condition Index= log(Weight)− log(a)−blog(Length)

TABLE  1 Table of the nutrient content of the five diets used in 
this experiment. Calories represent the usable energy in the diet, that 
is, the energy from protein and lipid only, excluding the indigestible 
carbohydrate. Macronutrient values are percentages of raw materials 
(g) in the diet (see Table S1 for details of energetic contributions of 
each nutrient)

Protein 
(%)

Lipid  
(%)

Carbohydrate  
(%)

Ratio  
P:L

Calories 
(MJ/kg)

67.5 6.6 15.8 10.2:1 13.8

33.2 3.9 53.1 8.5:1 7.1

59.3 13.0 16.1 4.6:1 14.8

51.6 20.5 17.8 2.5:1 16.3

31.2 19.2 39.7 1.6:1 12.4

http://www.biobserve.com/behavioralresearch/products/viewer/
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2.6 | Testes mass

At the end of the experiment (24/02/2015), all males were sacrificed 
through overdose of tricaine mesylate (MS222) and physical destruc-
tion of the brain. They were dried, by blotting with paper towel, and 
then both testes were removed and transferred to a preweighed 
Eppendorf. Owing to the delicate nature of the testes, they were not 
dried prior to weighing. The Eppendorf was then reweighed on a fine 
balance (±0.001 g), and testes mass was taken as the difference be-
tween the two weights (g). Testes measurements were carried out 
with the observer blind to dietary treatment.

2.7 | Body composition

On the 25/02/2015, all female fish were also sacrificed through over-
dose of MS222 and physical destruction of the brain. Carcasses of both 
sexes were frozen at −20°C until carcass composition analysis was car-
ried out. Wet and dry mass of carcasses were quantified. Soxhlet extrac-
tion was used to quantify the fat mass and fat- free mass (protein mass), 
and the remaining carcass was then ashed to determine the bone and 
mineral content of the samples. We therefore quantified body composi-
tion as protein content (g), lipid content (g), ash content (g), and the ratio 
of protein:lipid in the carcass. Analyzing three measures of body compo-
sition (ratio of protein:lipid, protein content, and lipid content) allows us 
to test whether changes in the ratio of macronutrients in the body are 
driven by variation in protein content, lipid content, or both. Body com-
position was analyzed blind of the dietary manipulations.

2.8 | Statistical analysis

All analyses were carried out in R (v3.3.1; R core team, 2016) using 
the packages Lme4 (Bates, Mächler, Bolker, & Walker, 2015) and 
MCMCglmm (Hadfield, 2010). Tank and family of origin were in-
cluded as random effects in all models. The ratio of protein:lipid 
in the carcass was analyzed via linear mixed effects (LME) models 
with diet and sex included as categorical fixed effects. Carcass pro-
tein, carcass lipid, and carcass ash contents were analyzed via LME 
models, with diet and sex included as categorical fixed effects and 
carcass dry weight included as a continuous covariate to account 
for differences in size. Protein and lipid content of the diets were 
not strongly negatively correlated (see Fig. S1); therefore, we fitted 
models to try to separate the effects of dietary protein and lipid. 
These models included the same fixed and random effects as above, 
but with dietary protein and lipid included as continuous covari-
ates in place of diet. Testes mass was analyzed via LME with diet 
as a categorical fixed effect and wet weight included as continuous 
variable. LME models for wet and dry weight contained diet and sex 
as categorical fixed effects. To assess the effect of diet on activity, 
we analyzed total time moving using LME models with diet and sex 
as factors and wet weight as a covariate. Swimming endurance was 
analyzed via a Markov chain Monte Carlo generalized linear mixed 
model (MCMCglmm) using a censored exponential distribution, be-
cause this data were exponentially distributed, with a number of 

fish swimming for the full 25 minutes. To minimize autocorrelation 
of the model, it was run for 1,300,000 iterations and a burnin of 
300,000 with 1,000 samples stored. Diet, sex, wet weight and water 
temperature were included as fixed effects, and tank was included 
as a random effect.

3  | RESULTS

3.1 | Growth

There were no significant differences in initial weight or length be-
tween the treatments (LME; weight: χ2 = 2.11; p = .716; Fig. S2; 
length: χ2 = 1.33; p = .857). However, there was a marginally nonsig-
nificant difference between the sexes in initial weight (LME; χ2 = 3.38; 
p = .066) and a significant effect of sex on initial length (LME; χ2 = 4.75; 
p = .029), with females being slightly larger than males (mean weight 
(g) ± SE: females 0.43 ± 0.02; males 0.38 ± 0.02; mean length 
(mm) ± SE: females 34.20 ± 0.64; males 32.58 ± 0.58). The marginally 
nonsignificant difference in initial weight between the sexes disap-
peared by the final weighing (LME; χ2 = 0.98; p = .323) but remained 
significant for length at final measuring (LME; χ2 = 4.21; p = .040; 
mean length (mm) ± SE: females 44.60 ± 0.64; males 42.96 ± 0.79). 
There was a significant effect of diet on final weight (LME; χ2 = 18.44; 
p = .001; Figure 1) and final length (LME; χ2 = 13.43; p = .009). Post 
hoc analysis revealed fish on the 2.5:1 diet were significantly heavier 
than those on all other diets (Table S3), but longer only than fish on 
the 8.1:1 diet (Table S4, Fig. S3). However, there was no difference 
in weight or length for all other diet comparisons (Figure 1, post hoc 
analysis Tables S3 and S4, Fig. S3). Diet also had a significant effect 
on dry weight (LME; χ2 = 28.26; p < .001), with post hoc analysis again 
revealing this difference was driven by fish on the 2.5:1 diet being sig-
nificantly heavier than fish on all other diets (post hoc analysis Table 
S5). As with wet weight, there was no effect of sex on dry weight of 
the carcass at the end of the experiment (LME; χ2 = 28.26; p = .197).

F IGURE  1 Mean final weight (g ± SE) in relation to diet 
(protein:lipid). There was an effect of diet on final weight (p = .001), 
with individuals on diet 2.5:1 significantly heavier than individuals 
reared on all other diets (all p < .040). There were no differences 
between the weight of individuals reared on the remaining four diets 
(all p > .6)
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As with final weight, there was a significant effect of diet on con-
dition index. However, the pattern of differences between treatments 
for condition index was not the same as that of weight and length. Fish 
on the 4.6:1 diet were in significantly poorer body condition than fish 
on the 8.5:1 and 2.5:1 diets, and a poorer but marginally nonsignificant 
condition to fish on the 1.6:1 diet (post hoc comparisons Table S6; 
Figs. S4 and S5). There were no significant differences in condition for 
all remaining comparisons (Table S6). As with final weight, there was 
no effect of sex on condition index (p = .260).

3.2 | Body composition

Analysis of the ratio of protein:lipid in the carcass revealed a significant 
effect of diet (LME; χ2 = 38.60; p < .001; Figure 2; post hoc Table S7). 
Interestingly, the protein:lipid ratio in the carcass did not match that of 
the diet, nor show the same rank order. The ratio of protein:lipid was 
lower in the fish than in the diet that they had consumed, with the big-
gest difference in fish from the highest protein:lipid diet (Figure 2a). 
To test this, we analyzed the difference between the protein:lipid ratio 
of the diet and that of the carcass of fish fed on that diet. There was 
indeed a significant effect of diet. Fish fed on high protein:lipid ratio 

diets had more of a difference between their body composition and 
the composition of the diet than fish fed on lower protein:lipid ratio 
diets (LME; χ2 = 118.59; p < .001; post hoc analysis Table S8; Fig. S6).

Investigating the effect of the protein and lipid content of the 
diet separately revealed that the carcass protein:lipid ratio was sig-
nificantly linearly influenced by the percentage of lipid in the diet 
(LME; χ2 = 37.16; p < .001), but not the percentage of protein (LME; 
χ2 = 1.79; p = .180; Fig. S7), with the protein:lipid ratio of the carcass 
decreasing with increasing lipid content of the diet (Figure 2b). Carcass 
protein:lipid ratio also differed between the sexes (LME; χ2 = 4.54; 
p = .033), with males having a lower ratio than females (mean ratio of 
protein:lipid ± SE: males 2.3:1 ± 0.1, females 2.9:1 ± 0.2).

Similar patterns were observed when independently analyzing the 
protein and lipid content of the carcass rather than their ratio. Diet 
had a significant effect on both protein (LME; χ2 = 53.06; p < .001; 
post hoc analysis Table S9) and lipid content (LME; χ2 = 42.59; 
p < .001; post hoc analysis Table S10) of the carcass when controlling 
for variation in dry weight (LME: Protein: χ2 = 381.52; p < .001. Lipid: 
χ2 = 261.91; p < .001), with protein content of the carcass increas-
ing and lipid content decreasing as the dietary ratio of protein:lipid 
increased (Fig. S8). However, as with carcass protein:lipid ratio, this 
was driven by a linear effect of dietary lipid content, rather than an 
effect of dietary protein content: There was a negative linear effect of 
dietary lipid on carcass protein and a positive effect on carcass lipid 
(LME; Carcass protein χ2 = 38.23; p < .001; Carcass lipid χ2 = 37.50; 
p < .001; respectively; Fig. S8), but no effect of dietary protein (LME: 
Carcass protein χ2 = 0.28; p = .600; Carcass lipid χ2 = 0.17; p = .677; 
Fig. S8). Finally, there was a significant effect of sex on carcass lipid 
content (LME; χ2 = 7.76; p = .005), with males having greater lipid con-
tent of the carcass (mean lipid content (%) ± SE: males 28.09 ± 1.10, 
females 24.72 ± 1.20). However, the effect of sex was marginally 
nonsignificant for protein content (LME; χ2 = 3.68; p = .055), suggest-
ing that ash content must differ. We therefore analyzed ash content, 
which is a measure of carcass bone and mineral content. There was a 
significant effect of sex on ash content (LME; χ2 = 5.00; p = .025), with 
females having greater ash than males (mean ash content (%) ± SE: 
males 15.09 ± 0.63, females 16.91 ± 0.63).

3.3 | Testes mass

There was a positive linear effect of final weight on testes mass 
(LME; χ2 = 13.17; p < .001; estimate ± SE (g): 0.00401 ± 0.00111). 
Accounting for final weight, there was no effect of diet on testes mass 
(LME; χ2 = 3.96; p = .412). However, despite the effect of diet on final 
weight, there was no evidence of an indirect effect of diet on testes 
mass, as diet was still nonsignificant when final weight was excluded 
from the model (LME; diet: χ2 = 0.864; p = .930).

3.4 | Swimming endurance and activity

The censored exponential model revealed no significant effect of 
diet, sex, weight, or water temperature on swimming endurance 
(MCMCglmm; all p > .08; Table S11). To assess activity, we analyzed 

F IGURE  2  (a) Mean (±SE) carcass lipid content (g) against mean 
(±SE) carcass protein content (g). Rails represent the protein:lipid 
ratios in the five diets. Colors correspond to the five diets (see key). 
There was a significant effect of diet on the degree of difference 
between carcass and dietary protein:lipid ratio (p < .001). (b) Mean 
(±SE) carcass protein:lipid ratio in relation to dietary lipid (%). Ratio in 
carcass is carcass protein (g)/carcass lipid (g). Ratio of protein to lipid 
in the carcass decreased linearly with increasing dietary lipid intake 
(p < .001) but is not significantly affected by protein intake (p = .180)
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total time spent moving during the eight- minute assessment window. 
This revealed no significant effect of diet, sex, or weight on activity 
level (LME; Diet: χ2 = 3.07; p = .547; Sex: χ2 = 0.691; p = .406; Weight: 
χ2 = 0.844; p = .358; Table S12).

4  | DISCUSSION

Diet is known to be an important determinant of key fitness traits 
(Fontana & Partridge, 2015; Partridge et al., 2005). However, what 
mediates this effect is much less well understood. Our study explores 
the relationship between dietary macronutrient ratio and the macro-
nutrient composition of the body, a key determinant of fitness traits 
such as health and lifespan. In particular, we explore the direct effect 
of dietary protein and lipid intake on protein and lipid content in the 
body. Interestingly, our findings suggest that individuals are able to 
alter their utilization or uptake of ingested macronutrients, with the 
ratio of protein:lipid in the carcass being vastly different from that 
of the diet. Furthermore, we found no effect of dietary protein in-
take on body composition, rather carcass protein and lipid content 
was predicted only by dietary lipid intake. Although the protein lev-
erage hypothesis focuses on protein intake, these results conflict 
with our predicted outcomes of this for body composition (Simpson 
& Raubenheimer, 2005). Under the protein leverage hypothesis, we 
expected the rank order of diet protein:lipid ratios to be maintained in 
the ratio of protein:lipid in the carcass. Furthermore, we expected that 
the protein content of the diet would predict carcass body composi-
tion and the relative protein content of the body would be relatively 
stable. However here, there was no effect of protein intake on body 
composition, the rank order of protein:lipid ratios was not maintained 
from the diet to the carcass, and the protein content of the body var-
ied across diets.

These findings have striking implications for studies exploring the 
relationship between diet and health or organismal fitness. It has been 
suggested that being consigned to a specific diet, but fed ad lib, al-
lows individuals to increase or decrease their intake of that diet, but 
prevents them from altering the ratio of macronutrients they ingest 
(Simpson & Raubenheimer, 1995, 2007; Simpson, Sibly, Lee, Behmer, 
& Raubenheimer, 2004). However, our results show individuals clearly 
alter their utilization or uptake of the ingested macronutrients, result-
ing in vastly different macronutrient ratios in the carcass compared 
to the body. Furthermore, the range of protein:lipid ratios was 1.4:1 
to 3.9:1 in the carcasses, but was 1.6:1 to 10.2:1 in the diets. This 
suggests a pattern of modification toward a lower and less variable 
carcass protein:lipid ratio. Previous work has suggested that lifespan is 
maximized on low protein:nonprotein intakes, with high- protein diets 
negatively affecting lifespan (Carey et al., 2008; Fanson et al., 2009; 
Jensen et al., 2015; Lee et al., 2008; Maklakov et al., 2008), which 
could imply that individuals are targeting lower protein:nonprotein ra-
tios in an attempt to increase fitness.

Previous research suggests a survival cost to being maintained on 
an imbalanced diet. Two obvious alternative explanations for this are 
the cost of storage of excess nutrients or the cost of their selective 

absorption or excretion. Our results provide some support for the lat-
ter. Individuals fed diets of vastly different macronutrient ratios ap-
peared to converge on more similar body compositions. This suggests 
that nutrients are not simply stored in proportion to their availability 
in the diet and thus that survival costs of imbalanced diets are likely 
associated with selective absorption or excretion of particular nutri-
ents. Given that here, dietary lipid content, not protein, is driving body 
composition and the positive association between dietary lipid intake 
and adiposity (Hariri & Thibault, 2010), we suggest that this modifi-
cation is achieved via metabolism of excess protein. The body has a 
limited capacity for storing excess protein, which must be converted 
into urea and excreted (Delimaris, 2013; Heaney, 1998; Tarnopolsky 
et al., 1992) which may represent one potential cost of a high- protein 
diet (Fanson et al., 2012).

Our results also provide mixed support for the well- known theory 
of protein sparing in fish, where individuals prioritize lipid use for en-
ergy expenditure and use protein for growth and muscle development 
(De Silva et al., 1991; Helland & Grisdale- Helland, 1998; Vergara et al., 
1996). The lack of an effect of protein content of the diet on protein 
content of the carcass suggests individual fish were able to maintain 
the protein content of their carcass on protein intakes as low as 31.2% 
and conforms to the theory of protein sparing. However, the negative 
linear effect of lipid intake on carcass protein content is counter to 
predictions from protein sparing.

There was little effect of diet on growth, despite diets of differ-
ing energy levels being well known to affect size (e.g., Colman et al., 
1998; McCay et al., 1935). However, in our study, food was provided 
ad libitum, meaning that despite the diets differing in energy content 
(Table 1), fish on lower energy diets could increase their intake and 
avoid caloric restriction. Only fish on the 2.5:1 diet were different 
in size, being significantly larger than all other fish in all other diets. 
Interestingly, the protein:lipid ratio in this diet is closest to the ratio 
that maximizes growth in European Whitefish, Coregonus lavaretus 
(Ruohonen et al., 2003). Ruohonen et al. (2003) suggested that growth 
was maximized on a 2.25:1 protein:lipid ratio as this feed had a high 
energy value. However, this explanation is unlikely here, as food was 
provided ad lib (see above), and there were no differences in growth 
between other diets differing greatly in energy content (e.g., 7.1 MJ/
kg to 14.8 MJ/kg). We suggest that the 2.5:1 diet resulted in the great-
est growth because it had the highest energy content in combination 
with a balance of protein and lipid and that high levels of no single 
dietary component can generate high levels of growth.

Our results also provide evidence of sexual dimorphism in body 
composition, with males being significantly shorter and having 
greater fat deposits, and females being longer and having higher 
bone and mineral deposits (indicated by the higher ash content). 
These findings fit with a previous study (Kitano, Mori, & Peichel, 
2007), where female G. aculeatus were also found to be longer 
than males. We suggest that this is likely a result of the different 
reproductive behaviors exhibited by the sexes. When reproducing, 
male three- spine sticklebacks defend territories, construct nests, 
court females, and fan eggs, which likely impacts on their ability to 
forage (Wootton, 1984). Therefore, males potentially invest in fat 
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deposition, rather than growth in length, to provide greater energy 
reserves prior to the breeding season. This would explain the higher 
fat content of males here, as our fish were culled immediately prior 
to the breeding season.

We found no effect of diet on swimming endurance or activity, 
despite calorie restriction being known to affect activity and en-
durance (reviewed Speakman & Mitchell, 2011). However, individ-
uals in the current study were fed ad libitum and could therefore 
obtain sufficient energy to maintain activity levels. Additionally, 
as discussed above, fish appeared able to selectively utilize their 
ingested macronutrients and therefore may not have been under 
major macronutrient imbalance; thus, there was no stimulation to 
increase activity levels. Alternatively, these findings could suggest 
that the effects of calorie restriction on performance are not re-
producible through macronutrient manipulations. It is also possible 
that any differences in activity and endurance were too subtle to be 
detected in the current study.

Finally, we found no direct or indirect effect of diet on testes 
mass. This could reinforce the suggestion that the testes are pro-
tected from the effect of diet (Mitchell et al., 2015). Alternatively, 
it could suggest that testes size in the three- spine stickleback is a 
low- cost reproductive trait, and thus that the effect of diet is corre-
spondingly small and therefore difficult to detect (Moatt et al., 2016).

In conclusion, we show that body macronutrient composition 
differs from that of the diet and that this pattern of variation sug-
gests individuals are attempting to achieve a particular protein:lipid 
ratio in the body rather than prioritising a single macronutrient. We 
suggest individuals are achieving a balance of protein and lipid in the 
body by excreting excess protein. In contrast to a number of recent 
studies and the protein leverage hypothesis (Huang et al., 2013; Lee, 
2015; Ponton et al., 2015; Skorupa et al., 2008; Solon- Biet et al., 
2015; Sørensen et al., 2008), our results suggest lipid intake is the 
key determinant of body composition, rather than protein. Together, 
these data suggest that the key macronutrient for determining body 
composition may differ between species, which, if this extends to 
lifespan, has striking implications for studies of DR, where effects 
have been suggested to be evolutionarily conserved (e.g., see Moatt 
et al., 2016; Nakagawa et al., 2012). The results presented here 
seem to conflict with predicted outcomes of the protein leverage 
hypothesis, but we do not directly quantify intakes of either protein 
or lipid. Given that the protein leverage hypothesis directly relates 
to intake, it would be interesting to examine the intake of the diets 
used here and see if they match the patterns observed for body com-
position. Future studies should also look to test whether a particular 
body composition is achieved via protein excretion and whether the 
costs of excreting protein could be one explanation for the emerg-
ing survival cost of being maintained on a high- protein diet (Fanson 
et al., 2012).

ACKNOWLEDGMENTS

The authors thank Daniel H. Nussey, Neil B. Metcalfe, and Colin 
Selman for their help and advice during the initial design stages of 

the experiment, as well as comments on initial manuscript drafts and 
interpretation of results. We also thank Simon Davies and David 
Peggs for their advice and technical expertise in the creation of the 
diets used in this experiment. JPM was funded by the Biotechnology 
and Biological Sciences Research Council (BBSRC) [grant number 
BB/J01446X/1] through the EASTBIO DTP. CAW was funded by a 
Natural Environment Research Council (NERC) postdoctoral research 
fellowship (NE/I020245/1) and a University of Edinburgh Chancellor’s 
Fellowship. JRS was funded by a Wolfson merit award from the Royal 
Society. All animals were housed in accordance with Home Office 
regulations under a project license held by CAW (PPL: 60/4310).

DATA ACCESSIBILITY

The datasets and materials analysed during the current study are 
available in the Dryad Repository, doi: 10.5061/dryad.k3rv4.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

JPM and CAW conceived and designed the study. Data collection was 
carried out by JPM, EH, FM, and AK. Body composition analysis was 
carried out by CH and JRS at the University of Aberdeen. Statistical 
analysis was carried out by JPM and CAW. JPM wrote the initial draft 
of the manuscript, and CAW and JPM performed revisions. All authors 
approved the final version of the manuscript.

ORCID

Joshua P. Moatt  http://orcid.org/0000-0002-2085-0438 

REFERENCES

Aletor, V., Hamid, I., Niess, E., & Pfeffer, E. (2000). Low- protein amino 
acid- supplemented diets in broiler chickens: Effects on performance, 
carcass characteristics, whole- body composition and efficiencies of 
nutrient utilization. Journal of the Science of Food and Agriculture, 80, 
547–554. https://doi.org/10.1002/(ISSN)1097-0010

Alvarez, D., & Metcalfe, N. (2005). Catch- up growth and swimming 
performance in threespine sticklebacks (Gasterosteus aculeatus): 
Seasonal changes in the cost of compensation. Canadian Journal 
of Fisheries and Aquatic Sciences, 62, 2169–2176. https://doi.
org/10.1139/f05-130

Andrews, R., & Ørskov, E. (1970). The nutrition of the early weaned lamb: I. 
The influence of protein concentration and feeding level on rate of gain 
in body weight. The Journal of Agricultural Science, 75, 11–18. https://
doi.org/10.1017/S0021859600025995

Barber, I., & Arnott, S. A. (2000). Split- clutch IVF: A technique to examine indi-
rect fitness consequences of mate preferences in sticklebacks. Behaviour, 
137, 1129–1140. https://doi.org/10.1163/156853900502484

Barzilai, N., Banerjee, S., Hawkins, M., Chen, W., & Rossetti, L. (1998). 
Caloric restriction reverses hepatic insulin resistance in aging rats 
by decreasing visceral fat. Journal of Clinical Investigation, 101, 1353. 
https://doi.org/10.1172/JCI485

https://doi.org/10.5061/dryad.k3rv4
http://orcid.org/0000-0002-2085-0438
https://doi.org/10.1002/(ISSN)1097-0010
https://doi.org/10.1139/f05-130
https://doi.org/10.1139/f05-130
https://doi.org/10.1017/S0021859600025995
https://doi.org/10.1017/S0021859600025995
https://doi.org/10.1163/156853900502484
https://doi.org/10.1172/JCI485


10064  |     MOATT eT Al.

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed- 
effects models using lme4. Journal of Statistical Software, 67, 48. https://
doi.org/10.18637/jss.v067.i01

Bentley, K. T., & Schindler, D. E. (2013). Body condition correlates with 
instantaneous growth in stream- dwelling rainbow trout and arctic 
grayling. Transactions of the American Fisheries Society, 142, 747–755. 
https://doi.org/10.1080/00028487.2013.769899

Boulton, K., Grimmer, A. J., Rosenthal, G. G., Walling, C. A., & Wilson, A. 
J. (2014). How stable are personalities? A multivariate view of be-
havioural variation over long and short timescales in the sheepshead 
swordtail, Xiphophorus birchmanni. Behavioral Ecology and Sociobiology, 
68, 791–803. https://doi.org/10.1007/s00265-014-1692-0

Carey, J. R., Harshman, L. G., Liedo, P., Muller, H. G., Wang, J. L., & Zhang, 
Z. (2008). Longevity–fertility trade- offs in the tephritid fruit fly, 
Anastrepha ludens, across dietary- restriction gradients. Aging Cell, 7, 
470–477. https://doi.org/10.1111/ace.2008.7.issue-4

Chiba, T., Tamashiro, Y., Park, D., Kusudo, T., Fujie, R., Komatsu, T., … Mori, 
R. (2014). A key role for neuropeptide Y in lifespan extension and 
cancer suppression via dietary restriction. Scientific Reports, 4, 4517. 
https://doi.org/10.1038/srep04517

Colman, R., Roecker, E., Ramsey, J. J., & Kemnitz, J. (1998). The effect of di-
etary restriction on body composition in adult male and female rhesus 
macaques. Aging Clinical and Experimental Research, 10, 83–92. https://
doi.org/10.1007/BF03339642

De Silva, S. S., Gunasekera, R. M., & Shim, K. (1991). Interactions 
of varying dietary protein and lipid levels in young red tilapia: 
Evidence of protein sparing. Aquaculture, 95, 305–318. https://doi.
org/10.1016/0044-8486(91)90096-P

Delimaris, I. (2013). Adverse effects associated with protein intake above 
the recommended dietary allowance for adults. ISRN Nutrition, 2013, 
126929. http://doi.org/10.5402/2013/126929

Donaldson, W. E., Combs, G. F., & Romoser, G. L. (1956). Studies on energy 
levels in poultry rations. The effect of calorie- protein ratio of the ration 
on growth, nutrient utilization and body composition of chicks. Poultry 
Science, 35, 1100–1105. https://doi.org/10.3382/ps.0351100

Fanson, B. G., Fanson, K. V., & Taylor, P. W. (2012). Cost of reproduction 
in the Queensland fruit fly: Y- model versus lethal protein hypothesis. 
Proceedings of the Royal Society of London B: Biological Sciences, 279, 
4893–4900. https://doi.org/10.1098/rspb.2012.2033

Fanson, B. G., Weldon, C. W., Pérez-Staples, D., Simpson, S. J., & Taylor, 
P. W. (2009). Nutrients, not caloric restriction, extend lifespan in 
Queensland fruit flies (Bactrocera tryoni). Aging Cell, 8, 514–523. 
https://doi.org/10.1111/ace.2009.8.issue-5

Fontana, L., & Partridge, L. (2015). Promoting health and longevity through 
diet: From model organisms to humans. Cell, 161, 106–118. https://doi.
org/10.1016/j.cell.2015.02.020

Guillaume, J. (2001). Nutrition and feeding of fish and crustaceans. Berlin, 
Germany: Springer Science & Business Media.

Hadfield, J. D. (2010). MCMC methods for multi- response generalized lin-
ear mixed models: The MCMCglmm R package. Journal of Statistical 
Software, 33, 1–22. https://doi.org/10.18637/jss.v033.i02

Hariri, N., & Thibault, L. (2010). High- fat diet- induced obesity in ani-
mal models. Nutrition Research Reviews, 23, 270–299. https://doi.
org/10.1017/S0954422410000168

Heaney, R. P. (1998). Excess dietary protein may not adversely affect bone. 
The Journal of Nutrition, 128, 1054–1057.

Helland, S., & Grisdale-Helland, B. (1998). Growth, feed utilization and body 
composition of juvenile Atlantic halibut (Hippoglossus hippoglossus) fed 
diets differing in the ratio between the macronutrients. Aquaculture, 
166, 49–56. https://doi.org/10.1016/S0044-8486(98)00273-7

Hempenstall, S., Picchio, L., Mitchell, S. E., Speakman, J. R., & Selman, 
C. (2010). The impact of acute caloric restriction on the meta-
bolic phenotype in male C57BL/6 and DBA/2 mice. Mechanisms of 
Ageing and Development, 131, 111–118. https://doi.org/10.1016/j.
mad.2009.12.008

Huang, X., Hancock, D. P., Gosby, A. K., McMahon, A. C., Solon, S., Le 
Couteur, D. G., … Simpson, S. J. (2013). Effects of dietary protein to 
carbohydrate balance on energy intake, fat storage, and heat produc-
tion in mice. Obesity, 21, 85–92. https://doi.org/10.1002/oby.20007

Jensen, K., McClure, C., Priest, N. K., & Hunt, J. (2015). Sex- specific ef-
fects of protein and carbohydrate intake on reproduction but not lifes-
pan in Drosophila melanogaster. Aging Cell, 14, 605–615. https://doi.
org/10.1111/acel.2015.14.issue-4

Kim, J., & Kaushik, S. (1992). Contribution of digestible energy from car-
bohydrates and estimation of protein/energy requirements for growth 
of rainbow trout (Oncorhynchus mykiss). Aquaculture, 106, 161–169. 
https://doi.org/10.1016/0044-8486(92)90200-5

Kitano, J., Mori, S., & Peichel, C. L. (2007). Sexual dimorphism 
in the external morphology of the threespine stickleback 
(Gasterosteus aculeatus). Copeia, 2007, 336–349. https://doi.
org/10.1643/0045-8511(2007)7[336:SDITEM]2.0.CO;2

Lee, K. P. (2015). Dietary protein: Carbohydrate balance is a critical mod-
ulator of lifespan and reproduction in Drosophila melanogaster: A test 
using a chemically defined diet. Journal of Insect Physiology, 75, 12–19. 
https://doi.org/10.1016/j.jinsphys.2015.02.007

Lee, W.-S., Monaghan, P., & Metcalfe, N. B. (2013). Experimental demon-
stration of the growth rate–lifespan trade- off. Proceedings of the Royal 
Society B: Biological Sciences, 280, 20122370. https://doi.org/10.1098/
rspb.2012.2370

Lee, K. P., Simpson, S. J., Clissold, F. J., Brooks, R., Ballard, J. W., Taylor, P. W., 
… Raubenheimer, D. (2008). Lifespan and reproduction in Drosophila: 
New insights from nutritional geometry. Proceedings of the National 
Academy of Sciences of the United States of America, 105, 2498–2503. 
https://doi.org/10.1073/pnas.0710787105

Liao, C.-Y., Rikke, B. A., Johnson, T. E., Gelfond, J. A. L., Diaz, V., & Nelson, 
J. F. (2011). Fat Maintenance is a predictor of the murine lifespan re-
sponse to dietary restriction. Aging Cell, 10, 629–639. https://doi.
org/10.1111/acel.2011.10.issue-4

Maklakov, A. A., Simpson, S. J., Zajitschek, F., Hall, M. D., Dessmann, J., 
Clissold, F., … Brooks, R. C. (2008). Sex- specific fitness effects of nu-
trient intake on reproduction and lifespan. Current Biology, 18, 1062–
1066. https://doi.org/10.1016/j.cub.2008.06.059

McCay, C. M., Crowell, M. F., & Maynard, L. A. (1935). The effect of re-
tarded growth upon the length of life span and upon the ultimate body 
size. The Journal of Nutrition, 10, 63–79.

Mitchell, S. E., Delville, C., Konstantopedos, P., Derous, D., Green, C. L., 
Wang, Y., … Chen, L. (2016). The effects of graded levels of calorie 
restriction: V. Impact of short term calorie and protein restriction on 
physical activity in the C57BL/6 mouse. Oncotarget, 7, 19147–19170. 
https://doi.org/10.18632/oncotarget.v7i15

Mitchell, S. E., Tang, Z., Kerbois, C., Delville, C., Konstantopedos, P., Bruel, 
A., … Goodyear, S. R. (2015). The effects of graded levels of calorie re-
striction: I. impact of short term calorie and protein restriction on body 
composition in the C57BL/6 mouse. Oncotarget, 6, 15902–15930. 
https://doi.org/10.18632/oncotarget.v6i18

Moatt, J. P., Nakagawa, S., Lagisz, M., & Walling, C. A. (2016). The effect of di-
etary restriction on reproduction: A meta- analytic perspective. BMC Evolu
tionary Biology, 16, 1–9. https://doi.org/10.1186/s12862-016-0768-z

Muzumdar, R., Allison, D. B., Huffman, D. M., Ma, X., Atzmon, G., 
Einstein, F. H., … Barzilai, N. (2008). Visceral adipose tissue mod-
ulates mammalian longevity. Aging Cell, 7, 438–440. https://doi.
org/10.1111/j.1474-9726.2008.00391.x

Nakagawa, S., Lagisz, M., Hector, K. L., & Spencer, H. G. (2012). Comparative 
and meta- analytic insights into life extension via dietary restriction. Aging 
Cell, 11, 401–409. https://doi.org/10.1111/j.1474-9726.2012.00798.x

Park, S., Komatsu, T., Kim, S. E., Tanaka, K., Hayashi, H., Mori, R., & 
Shimokawa, I. (2017). Neuropeptide Y resists excess loss of fat by lip-
olysis in calorie- restricted mice: A trait potential for the life- extending 
effect of calorie restriction. Aging Cell, 16, 339–348. https://doi.
org/10.1111/acel.2017.16.issue-2

https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1080/00028487.2013.769899
https://doi.org/10.1007/s00265-014-1692-0
https://doi.org/10.1111/ace.2008.7.issue-4
https://doi.org/10.1038/srep04517
https://doi.org/10.1007/BF03339642
https://doi.org/10.1007/BF03339642
https://doi.org/10.1016/0044-8486(91)90096-P
https://doi.org/10.1016/0044-8486(91)90096-P
http://doi.org/10.5402/2013/126929
https://doi.org/10.3382/ps.0351100
https://doi.org/10.1098/rspb.2012.2033
https://doi.org/10.1111/ace.2009.8.issue-5
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.1017/S0954422410000168
https://doi.org/10.1017/S0954422410000168
https://doi.org/10.1016/S0044-8486(98)00273-7
https://doi.org/10.1016/j.mad.2009.12.008
https://doi.org/10.1016/j.mad.2009.12.008
https://doi.org/10.1002/oby.20007
https://doi.org/10.1111/acel.2015.14.issue-4
https://doi.org/10.1111/acel.2015.14.issue-4
https://doi.org/10.1016/0044-8486(92)90200-5
https://doi.org/10.1643/0045-8511(2007)7[336:SDITEM]2.0.CO;2
https://doi.org/10.1643/0045-8511(2007)7[336:SDITEM]2.0.CO;2
https://doi.org/10.1016/j.jinsphys.2015.02.007
https://doi.org/10.1098/rspb.2012.2370
https://doi.org/10.1098/rspb.2012.2370
https://doi.org/10.1073/pnas.0710787105
https://doi.org/10.1111/acel.2011.10.issue-4
https://doi.org/10.1111/acel.2011.10.issue-4
https://doi.org/10.1016/j.cub.2008.06.059
https://doi.org/10.18632/oncotarget.v7i15
https://doi.org/10.18632/oncotarget.v6i18
https://doi.org/10.1186/s12862-016-0768-z
https://doi.org/10.1111/j.1474-9726.2008.00391.x
https://doi.org/10.1111/j.1474-9726.2008.00391.x
https://doi.org/10.1111/j.1474-9726.2012.00798.x
https://doi.org/10.1111/acel.2017.16.issue-2
https://doi.org/10.1111/acel.2017.16.issue-2


     |  10065MOATT eT Al.

Partridge, L., Gems, D., & Withers, D. J. (2005). Sex and death: What is 
the connection? Cell, 120, 461–472. https://doi.org/10.1016/j.
cell.2005.01.026

Picard, F., & Guarente, L. (2005). Molecular links between aging and ad-
ipose tissue. International Journal of Obesity and Related Metabolic 
Disorders, 29, S36–S39. https://doi.org/10.1038/sj.ijo.0802912

Ponton, F., Wilson, K., Holmes, A., Raubenheimer, D., Robinson, K. L., & 
Simpson, S. J. (2015). Macronutrients mediate the functional relation-
ship between Drosophila and Wolbachia. Proceedings of the Royal Society 
of London B: Biological Sciences, 282, 20142029.

R Core Team (2016). R: A language and environment for statistical computing. 
Vienna, Austria. http://www.R-project.org/.

Ruohonen, K., Koskela, J., Vielma, J., & Kettunen, J. (2003). Optimal diet 
composition for European whitefish (Coregonus lavaretus): Analysis of 
growth and nutrient utilisation in mixture model trials. Aquaculture, 
225, 27–39. https://doi.org/10.1016/S0044-8486(03)00275-8

Ruohonen, K., Simpson, S. J., & Raubenheimer, D. (2007). A new approach 
to diet optimisation: A re- analysis using European whitefish (Coregonus 
lavaretus). Aquaculture, 267, 147–156. https://doi.org/10.1016/j.
aquaculture.2007.02.051

Selman, C. (2014). Dietary restriction and the pursuit of effective mi-
metics. Proceedings of the Nutrition Society, 73, 260–270. https://doi.
org/10.1017/S0029665113003832

Selman, C., Phillips, T., Staib, J. L., Duncan, J. S., Leeuwenburgh, C., & 
Speakman, J. R. (2005). Energy expenditure of calorically restricted 
rats is higher than predicted from their altered body composition. 
Mechanisms of Ageing and Development, 126, 783–793. https://doi.
org/10.1016/j.mad.2005.02.004

Shanley, D. P., & Kirkwood, T. B. L. (2000). Calorie restriction and aging: A 
life- history analysis. Evolution, 54, 740–750. https://doi.org/10.1111/
evo.2000.54.issue-3

Simpson, S. J., Le Couteur, D. G., Raubenheimer, D., Solon-Biet, S. M., 
Cooney, G. J., Cogger, V. C., & Fontana, L. (2017). Dietary protein, aging 
and nutritional geometry. Ageing Research Reviews., 39, 78–86. https://
doi.org/10.1016/j.arr.2017.03.001

Simpson, S. J., & Raubenheimer, D. (1995). The geometric analysis of feed-
ing and nutrition: A user’s guide. Journal of Insect Physiology, 41, 545–
553. https://doi.org/10.1016/0022-1910(95)00006-G

Simpson, S., & Raubenheimer, D. (2005). Obesity: The protein leverage 
hypothesis. Obesity Reviews, 6, 133–142. https://doi.org/10.1111/
obr.2005.6.issue-2

Simpson, S. J., & Raubenheimer, D. (2007). Caloric restriction and aging 
revisited: The need for a geometric analysis of the nutritional bases of 
aging. The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences, 62, 707–713. https://doi.org/10.1093/gerona/62.7.707

Simpson, S. J., Sibly, R. M., Lee, K. P., Behmer, S. T., & Raubenheimer, D. 
(2004). Optimal foraging when regulating intake of multiple nutri-
ents. Animal Behaviour, 68, 1299–1311. https://doi.org/10.1016/j.
anbehav.2004.03.003

Skorupa, D. A., Dervisefendic, A., Zwiener, J., & Pletcher, S. D. (2008). 
Dietary composition specifies consumption, obesity, and lifes-
pan in Drosophila melanogaster. Aging Cell, 7, 478–490. https://doi.
org/10.1111/ace.2008.7.issue-4

Solon-Biet, S. M., McMahon, A. C., Ballard, J. W. O., Ruohonen, K., Wu, L. 
E., Cogger, V. C., … Melvin, R. G. (2014). The ratio of macronutrients, 
not caloric intake, dictates cardiometabolic health, aging, and longev-
ity in ad libitum- fed mice. Cell Metabolism, 19, 418–430. https://doi.
org/10.1016/j.cmet.2014.02.009

Solon-Biet, S. M., Walters, K. A., Simanainen, U. K., McMahon, A. C., 
Ruohonen, K., Ballard, J. W. O., … Simpson, S. J. (2015). Macronutrient 
balance, reproductive function, and lifespan in aging mice. Proceedings 
of the National Academy of Sciences of the United States of America, 112, 
3481–3486. https://doi.org/10.1073/pnas.1422041112

Sørensen, A., Mayntz, D., Raubenheimer, D., & Simpson, S. J. (2008). 
Protein- leverage in mice: The geometry of macronutrient balancing 
and consequences for fat deposition. Obesity, 16, 566–571. https://doi.
org/10.1038/oby.2007.58

Speakman, J. R., & Mitchell, S. E. (2011). Caloric restriction. Molecular Aspects 
of Medicine, 32, 159–221. https://doi.org/10.1016/j.mam.2011.07. 
001

Speakman, J., Mitchell, S. E., & Mazidi, M. (2016). Calories or protein? 
The effect of dietary restriction on lifespan in rodents is explained 
by calories alone. Experimental Gerontology, 86, 28–38. https://doi.
org/10.1016/j.exger.2016.03.011

Tarnopolsky, M. A., Atkinson, S. A., MacDougall, J. D., Chesley, A., 
Phillips, S., & Schwarcz, H. P. (1992). Evaluation of protein require-
ments for trained strength athletes. Journal of Applied Physiology, 73, 
1986–1995.

Terzibasi, E., Lefrançois, C., Domenici, P., Hartmann, N., Graf, M., & Cellerino, 
A. (2009). Effects of dietary restriction on mortality and age- related 
phenotypes in the short- lived fish Nothobranchius furzeri. Aging Cell, 
8, 88–99. https://doi.org/10.1111/ace.2009.8.issue-2

Vergara, J. M., Robainà, L., Izquierdo, M., & De La Higuera, M. (1996). 
Protein sparing effect of lipids in diets for fingerlings of gilthead 
sea bream. Fisheries Science, 62, 624–628. https://doi.org/10.2331/
fishsci.62.624

Wootton, R. J. (1984). A functional biology of sticklebacks. Berkeley, CA: 
University of California Press. https://doi.org/10.1007/978-1-4615-85 
13-8

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article. 

How to cite this article: Moatt JP, Hambly C, Heap E, et al. Body 
macronutrient composition is predicted by lipid and not protein 
content of the diet. Ecol Evol. 2017;7:10056–10065. https://doi.
org/10.1002/ece3.3529

https://doi.org/10.1016/j.cell.2005.01.026
https://doi.org/10.1016/j.cell.2005.01.026
https://doi.org/10.1038/sj.ijo.0802912
http://www.R-project.org/
https://doi.org/10.1016/S0044-8486(03)00275-8
https://doi.org/10.1016/j.aquaculture.2007.02.051
https://doi.org/10.1016/j.aquaculture.2007.02.051
https://doi.org/10.1017/S0029665113003832
https://doi.org/10.1017/S0029665113003832
https://doi.org/10.1016/j.mad.2005.02.004
https://doi.org/10.1016/j.mad.2005.02.004
https://doi.org/10.1111/evo.2000.54.issue-3
https://doi.org/10.1111/evo.2000.54.issue-3
https://doi.org/10.1016/j.arr.2017.03.001
https://doi.org/10.1016/j.arr.2017.03.001
https://doi.org/10.1016/0022-1910(95)00006-G
https://doi.org/10.1111/obr.2005.6.issue-2
https://doi.org/10.1111/obr.2005.6.issue-2
https://doi.org/10.1093/gerona/62.7.707
https://doi.org/10.1016/j.anbehav.2004.03.003
https://doi.org/10.1016/j.anbehav.2004.03.003
https://doi.org/10.1111/ace.2008.7.issue-4
https://doi.org/10.1111/ace.2008.7.issue-4
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1073/pnas.1422041112
https://doi.org/10.1038/oby.2007.58
https://doi.org/10.1038/oby.2007.58
https://doi.org/10.1016/j.mam.2011.07.001
https://doi.org/10.1016/j.mam.2011.07.001
https://doi.org/10.1016/j.exger.2016.03.011
https://doi.org/10.1016/j.exger.2016.03.011
https://doi.org/10.1111/ace.2009.8.issue-2
https://doi.org/10.2331/fishsci.62.624
https://doi.org/10.2331/fishsci.62.624
https://doi.org/10.1007/978-1-4615-8513-8
https://doi.org/10.1007/978-1-4615-8513-8
https://doi.org/10.1002/ece3.3529
https://doi.org/10.1002/ece3.3529

