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Abstract
Animals regulate their nutrient consumption to maximize the expression of fitness 
traits with competing nutritional needs (“nutritional trade-offs”). Nutritional trade-
offs have been studied using a response surface modeling approach known as the 
Geometric Framework for nutrition (GF). Current experimental design in GF studies 
does not explore the entire area of the nutritional space resulting in performance 
landscapes that may be incomplete. This hampers our ability to understand the prop-
erties of the performance landscape (e.g., peak shape) from which meaningful biologi-
cal insights can be obtained. Here, I tested alternative experimental designs to explore 
the full range of the performance landscape in GF studies. I compared the perfor-
mance of the standard GF design strategy with three alternatives: hexagonal, square, 
and random points grid strategies with respect to their accuracy in reconstructing 
baseline performance landscapes from a landmark GF dataset. I showed that stand-
ard GF design did not reconstruct the properties of baseline performance landscape 
appropriately particularly for traits that respond strongly to the interaction between 
nutrients. Moreover, the peak estimates in the reconstructed performance landscape 
using standard GF design were accurate in terms of the nutrient ratio but incomplete 
in terms of peak shape. All other grid designs provided more accurate reconstruc-
tions of the baseline performance landscape while also providing accurate estimates 
of nutrient ratio and peak shape. Thus, alternative experimental designs can maximize 
information from performance landscapes in GF studies, enabling reliable biological 
insights into nutritional trade-offs and physiological limits within and across species.
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1  |  INTRODUC TION

Animals often balance their diet to maximize life-history traits with di-
verging nutritional needs (Raubenheimer & Simpson, 2020; Simpson 
& Raubenheimer, 2012). This creates the potential for trade-offs in 
the balance and allocation of nutrients needed for optimum fitness, 
aka “nutritional trade-off” (Lee et al., 2008; Maklakov et al., 2008; 
Morimoto & Lihoreau, 2019). Nutritional trade-offs have been de-
scribed across taxa. For example, nutritional trade-offs between 
lifespan and reproduction and between immunity and reproduction 
have been described in Drosophila melanogaster (Lee et al., 2008; 
Ponton et al.,  2015), tephritid fruit flies and neriid flies (Adler 
et al., 2013; Fanson & Taylor, 2012; Fanson et al., 2012; Pascacio-
Villafán et al., 2022), crickets (Guo et al., 2022; Hawkes et al., 2022; 
Maklakov et al., 2008; Rapkin et al., 2018; Treidel et al., 2021), and 
mice (Solon-Biet et al., 2014) (see also reviews by Ponton et al., 2011; 
Schwenke et al., 2016). Nutritional trade-offs have also been de-
scribed between reproductive traits in D.  melanogaster (Morimoto 
& Wigby, 2016) and neriid flies (Sentinella et al., 2013), cockroaches 
(Bunning et al., 2015), crickets (Ng et al., 2018), and butterflies (Gage 
& Cook, 1994). Thus, nutritional trade-offs appear to be ubiquitous.

A method known as the Geometric Framework of Nutrition (GF) 
has emerged as a powerful unifying framework capable of disen-
tangling the multidimensional effects of nutrients (both ratios and 
concentrations) on life-history traits and fitness (Raubenheimer & 
Simpson, 1993; Simpson & Raubenheimer, 1993), thereby enabling 
accurate estimates of nutritional trade-offs. The GF framework 
has been used across taxa and became a cornerstone design for 
advancing our understanding of complex physiological and behav-
ioral responses to nutrition, including human health (Raubenheimer 
et al., 2009; Simpson & Raubenheimer, 2012; Simpson et al., 2017). In 
essence, GF is an application of the response surface modeling (RSM) 
approach (Box & Wilson,  1951), where a n-dimensional Euclidean 
space is used to investigate the response of the animal to the dietary 
intake of various ratios and concentrations of n nutrients. The re-
sulting n + 1 surface (known as “performance landscape”) maps the 
level of the chosen trait across the different dietary ratios and con-
centrations. However, contrary to standard applications of RSM, GF 
is not only interested in optimization (i.e., finding the “peak” in the 
performance landscape). This is because the entire landscape con-
tains valuable biological information about diet-dependent expres-
sion of traits and thus, are meaningful to biologists and ecologists. 
For example, both peaks and valleys can be important indicators of 
the overall nutritional responses and comparisons between the po-
sitions of these properties within a performance landscape can be 
useful to determine the degree of changes in life-histories with small 
dietary changes as well as quantifying obligate nutritional trade-offs 
between traits (Alton et al., 2020; Kutz et al., 2019; Morimoto & 
Lihoreau, 2019; Rapkin et al.,  2018). However, common design of 
experiments used in RSM such as full factorial or fractional designs 
and central composite designs (Myers et al., 2016) are not neces-
sarily sufficient or efficient to reveal the characteristics of the en-
tire performance landscapes (Ruohonen et al., 2001). Therefore, an 

optimum GF experimental design is a trade-off between the number 
of diets and replicates per diet to maximize resolution of the perfor-
mance landscape and the costs and feasibility risks associated with 
geometrically increasing sample sizes.

Traditionally, GF studies have been of two types: those which 
measure individual diet intake as in Fanson and Taylor  (2012), Lee 
et al.  (2008), Maklakov et al.  (2008), and those that provide diets 
with fixed ratios and do not measure intake as in Alton et al. (2020) 
and Kutz et al.  (2019). Both of these types share GF fundamental 
design of experiment which is as following: (i) the standard design of 
experiment in GF studies divides the nutritional space (i.e., Cartesian 
plane with nutrients as axes) into several “nutritional rails,” which are 
diets with fixed nutrient ratios (Figure 1a). (ii) each nutritional rail is 
subdivided into different diet concentrations. (iii) each combination 
of diet ratio and concentration (red dots in Figure  1a) are the “di-
etary treatments” which are given to replicate animals or group of 
animals, from where the measure of the traits are taken (Simpson 
& Raubenheimer, 2012); here, I will refer to the dietary treatment 
points as “anchor points” (Figure  1a). The difference between the 
two types of studies using GF is that on one type, experimenters 
measure individuals’ (or groups’) food intakes (“intake data”), whereas 
on the other type, individuals are given a fixed ratio of the diet with-
out measurements of food intake (“fixed ratio data”). The anchor 
points (diets) are the points which contain data for the performance 
traits and therefore act as data-driven points (or “anchors”) for 
the reconstruction of performance landscape, which is commonly 
done using thin-plate spline interpolation (see e.g., Morimoto & 
Lihoreau, 2020; Ponton et al., 2015). Anchor points are directly used 
for interpolation in the fixed ratio data, but only work as guidelines 
for the experimental design for intake data, since the interpolation 
is done using the final nutrient intake of each individual in each diet. 
The performance landscape has depth determined by the variance 
in food intake (for intake data) or the range of diet concentrations 
(for fixed ratio data) (Figure 1a). Importantly though, both types of 
GF approaches are insufficient to generate anchor points that cover 
the entire area of the nutrient space, requiring interpolation while 
making performance landscapes incomplete. As a result, a large area 
of the nutrient space remains unexplored or in need of extrapola-
tion for areas without anchor points (Figure 1a). While this may not 
necessarily affect our approximations of the region in which peaks 
and valleys are located, it certainly precludes us to extract meaning-
ful biological information across the entire domain of the nutritional 
space of animals. For instance, by limiting the range of the nutrient 
space that is explored, GF makes an underlying assumption about 
the a priori knowledge of the physiological limits that a species has 
or evolved in terms of diet, although this information is seldomly 
known. More recent GF studies have used ecological and field work 
data to design GF diets that are ecologically relevant and guide ex-
perimental design, incorporating not only natural dietary informa-
tion from natural populations (see e.g., Rothman et al., 2011; Vaudo 
et al., 2016; Wilder et al., 2013) but also genetics (Deans et al., 2016), 
environmental stability (Lawton et al., 2021), and land use (Le Gall 
et al., 2020). Despite this, GF studies are still inductive and do not 
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explore the full range of the nutrient space. To date, there has been 
no systematic investigation as to how the standard GF experimen-
tal design can influence the resolution of the reconstructed perfor-
mance landscapes, nor whether alternative experimental designs 
could provide more complete estimates of performance landscapes 
across the entire nutritional space.

Here, I investigated the performance of different sampling strate-
gies when reconstructing performance landscapes, using a landmark 
dataset in the field of nutritional ecology (Lee et al., 2008). I used 
the pioneering Nutrigonometry framework to identify and compare 
the peaks in the reconstructed performance landscapes and how 
congruent these estimates are across sampling strategies (Morimoto 
et al., 2021). I tested four different sampling strategies: standard GF, 
hexagonal, squared, and random points sampling grids (Figure 1a). 
As a proof-of-concept, I developed the main arguments using fixed 
ratio datasets, as this type of GF approach is conceptually easier to 
explain and allows for the understanding of the foundations of my 
argument. I then expanded the applications of the argument for GF 
studies with intake datasets in the discussion section. Overall, this is 
the first investigation of the foundations of GF experimental design, 
which can have important long-term implications to the quality of 
data collected in field of nutritional ecology. Expanding the coverage 
of performance landscapes will open up possibilities to extract bio-
logical information that is currently inaccessible, allowing for more 
complete studies on the nutritional trade-offs that animals have 
evolved to circumvent physiological and nutritional constraints.

2  |  MATERIAL AND METHODS

2.1  |  Terminology and sampling designs

Throughout the text, I used the term “anchor point” to refer to a diet 
of given nutrient ratios and “resolution” as the total number of dif-
ferent diets (anchor points) of an experiment. Anchor points in the 
performance landscapes were generated in three resolutions: 30, 
50, 250 anchor points (see Figure S1 for examples).

2.1.1  |  Standard GF

Standard GF sampling grid was used with nutritional rails and diet 
concentrations as in the original dataset (Lee et al., 2008; Figure 1a).

2.1.2  |  Hexagonal grid

The first alternative sampling strategy was the hexagonal grid 
(Figure 1b). Consider that knowledge (or “certainty”) �i about the es-
timate of the performance trait for trait i at the anchor point follows 
a (symmetric) Gaussian density function such that:

�i = C ∗ e
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F I G U R E  1 Exploration of the 
nutrient space using alternative 
sampling strategies. (a) The standard 
experimental design of a GF study (left) 
and a performance landscape generated 
form a fixed ratio dataset (reconstructed 
from Kutz et al., 2019) (right). Note the 
unexplored region in the nutritional space 
(shaded area). (b) The three alternative 
sampling strategies tested here: 
hexagonal, square, and random points 
grids. Red dots indicate anchor points (see 
Main Text). (c) The baseline performance 
landscapes for lifespan, lifetime egg 
production, and daily egg production. 
These landscapes were generated 
with the purpose of acting as the true 
performance landscape of the trait, which 
are unknown in GF experiments. These 
baselines landscapes are the standard 
upon which the reconstructed landscapes 
with alternative methods were compared 
against the GF in this study (see Methods 
section).



4 of 11  |     MORIMOTO

where C is amplitude of the distribution (e.g., determined by trait val-
ues), x0 and y0 are coordinates of the anchor points where the Gaussian 
is centered, and �2

X
 and �2

Y
 corresponds the uncertainty around the an-

chor point (Figure S2a). Note that for the purpose of this argument, I 
assume a correlation of zero between x and y and thus, a symmetric 
(circular) Gaussian. Then, the performance landscape can be seen as 
an analogous problem of circle packing in geometry, where the hexag-
onal grid is the densest circle packing in 2D Euclidean space (Chang & 
Wang, 2010) (see Figure S2b). In fact, the distance between any two 
anchor points i and j is equal to 2r, where r is the apothem of the hexa-
gons containing the anchor points (see Figure S2c). I hypothesized that 
a hexagonal grid with anchor points at the center of hexagons could 
maximize performance landscape reconstruction in the nutritional 
space while minimizing the number of anchor points and replicates.

2.1.3  |  Square grid

The second sampling strategy was the square grid (Figure 1b). The 
underlying rationale for the square grid is similar to that of the hex-
agonal grid above, where I divided the nutritional space in adjacent 
squares, with anchor points at the center of each square. The dis-
tance between any two anchor points i and j is equal to 2r if the 
squares lie in the same column or row and 2r

√

2 if the anchor points 
lie in diagonal squares, where r is the apothem of the squares con-
taining the anchor points (Figure S1c).

2.1.4  |  Random points grid

Lastly, I also investigated the accuracy of a randomly probing the 
nutritional space (Figure 1b).

2.2  |  Dataset

I used a landmark dataset which contains D. melanogaster individual 
diet intakes and diet fixed ratios, and the consequences of diet on 
lifespan and reproduction (Lee et al.,  2008). Two nutrients were 
investigated—protein and carbohydrate—such that performance 
landscapes have three dimensions. This dataset was previously 
used on my conceptualization of the Vector of Position approach 
and Nutrigonometry, having important benchmark status in the 
field (Morimoto & Lihoreau, 2019; Morimoto et al., 2021). Briefly, 
the Vector of Positions approach was developed to n-dimensional 
performance landscapes from GF experiments as vector from which 
the strength of nutritional trade-offs between traits can be esti-
mated via the angle � between vectors of two traits (Morimoto & 
Lihoreau, 2019). This approach uses a machine learning model to 
identify the peak region. More recently, I developed a conceptu-
ally simpler and computationally cheaper model to estimate peak 
regions and nutritional trade-offs in GF studies using trigonometric 
relationships (“Nutrigonometry”), which enabled the comparison of 

different statistical methods to estimate nutritional trade-offs and 
opened up new ways in which properties of performance landscapes 
can be estimated (Morimoto et al., 2021). The dataset used here was 
fundamental for the validation of these methods and is therefore 
used here.

2.3  |  Computation

2.3.1  |  Generating the baseline 
performance landscape

The baseline performance landscape is the true performance land-
scape for the response of a trait throughout the nutritional space 
(Figure 1c). In experiments, this true performance landscape is un-
known, and the GF framework aims to approximate a reconstructed 
performance landscape to the baseline landscape empirically. There 
are no available datasets in the literature which explores the entire 
nutritional space and thus, no true performance landscape have yet 
been estimated experimentally. Consequently, to obtain baseline 
performance landscapes, I created a high-resolution grid (of 4 units 
distance between points) that covered the entire nutritional land-
scape including regions beyond the original boundaries of the nu-
tritional space sampled by Lee et al., and predicted the value of the 
trait at each of the grid points using a machine learning approach 
based on the empirical values of the sampled regions obtained in Lee 
et al.  (2008). This allowed me to create high-resolution (predicted) 
baseline performance landscapes for lifespan, lifetime eggs, and 
daily eggs that can be compared with the reconstructed performance 
landscapes for the same traits using different sampling approaches 
(see below). The baseline landscapes are shown in Figure 1c.

2.3.2  |  Approach

I simulated a real-world experiment as following: (i) I sampled the 
anchor points in the nutritional space according to the four grid 
sampling approaches and three resolutions tested here (see above). 
(ii) I used a polynomial regression with the linear and quadratic ef-
fects of protein and carbohydrate (and their interactions) fitted to 
the baseline performance landscape to assign a value of the trait 
to each of the anchor points. This is equivalent to running an ex-
periment with the anchor points and obtaining the estimates for the 
performance trait at each anchor point, based on the true perfor-
mance landscape (which is unknown in real world problems). (iii) I 
reconstructed the performance landscape for each sampling grid 
and resolution using the thin-plate spline method. (iv) I applied the 
Nutrigonometry model to estimate the peak region for each sam-
pling grid and resolution on the reconstructed landscape, which 
included the calculation of the protein-to-carbohydrate (P:C) ratios 
of the estimated Nutrigonometry peak. (vi) I overlaid the identified 
peak region with the true performance landscape as well as all the 
estimates of peak region for across all resolutions and grid sampling 
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strategies. I calculated the area of the estimated peak by approxi-
mating the area to an ellipse that had coordinates determined by the 
peak estimates using Nutrigonometry.

2.3.3  |  Reconstruction accuracy

I estimated accuracy of the reconstruction vs baseline landscape by 
generating a 2D profile of the 3D landscape by using the predicted 
value of the landscape as y-axis and the multiplication of protein and 
carbohydrate content as x-axis, for all points in the landscape. This 
approach allowed for dimensionality reduction while providing top-
ological information of the structure of the data. I then binned the 
x-axis (n = 100) and calculated the average and standard deviation 
of the Euclidean distance between the points from the baseline per-
formance landscape and the reconstructed performance landscape. 
For this analysis, I used the reconstructed landscapes with highest 
resolution (i.e., 250) because of the higher density of anchor points 
(and hence, expected accuracy) used to generate these performance 
landscapes.

2.4  |  Software and packages

All simulations were performed in R version 3.6.2 (R Core Team, 2019). 
The “tidymodels version 0.1.0,” “stringr version 1.4.0,” “tidyr version 

1.1.0,” “purrr version 0.3.4,” and “dplyr version 0.8.5” packages of 
the tidyverse were used for data wrangling, as well as to generate 
the baseline performance landscape and manipulate data for visuali-
zation (Wickham et al., 2019). Performance landscapes were recon-
structed using the “Tps” function of the “fields version 10.3” package 
with lambda argument set to 0.05 in all models (Nychka et al., 2017). 
I also used the “raster version 3.1-5,” “rgeos version 0.5-3” and “sp 
version 1.4-2” packages for data manipulations for visualization and 
sampling of the nutritional space, the latter being used for the func-
tionalities in the “spsample” function (Bivand et al., 2017; Hijmans 
et al., 2022; Pebesma & Bivand, 2005). All plots were done using the 
“ggplot2 version 3.3.1” package (Wickham, 2016). The “ggnewscale 
version 0.4.5” package was used to prettify the data visualization 
(Campitelli, 2020).

3  |  RESULTS

3.1  |  Standard GF sampling strategy finds the 
correct ratio of nutrients but often with inaccurate 
peak shape estimates

The data showed that all sampling strategies provide reasonably ac-
curate estimates of the ratio in which the peak in the performance 
landscape is found (Figure 2). Note that estimates of peak P:C ratio 
were more variable for lifespan (log10-transformed in Figure 2 to aid 

F I G U R E  2 P:C ratios of the estimated 
peak in the reconstructed performance 
landscape across the grid sampling 
strategies. **Note that the y-axis of the 
lifespan plots was log-transformed to aid 
data visualization (see also Figure 3a). 
Such differences in scale for lifespan 
emerged from the fact that the peak 
lies near the boundary of the nutritional 
landscape, in a region of P:C ~ 0:1. Hex, 
hexagonal sampling; rand, random points 
sampling; sq, square sampling.
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visualization) because the peak lies near the boundary of the perfor-
mance landscape (i.e., P:C ~ 0:1). Nonetheless the visualization of the 
predicted peak region shows that all methods find peak regions in the 
correct area of the performance landscape (Figure 3a). Despite this, 
striking difference between standard GF and other sampling strategies 
were found in the shape of the predicted peak. For lifespan, where 
the peak in the performance landscape lies near the boundary of the 
nutritional space, the predictions of all sampling strategies were simi-
lar in shape (Figure 3a,b). Conversely, the shapes of the GF peaks for 
lifetime egg production and daily eggs, which are in the middle of the 
performance landscape indicating that the trait responds to the inter-
action between protein and carbohydrate, differed substantially from 
that of other sampling strategies: standard GF peaks are wider and 
semi-circular while all other sampling strategies find a defined circu-
lar peak covering the appropriate region of the baseline performance 
landscape (Figures 3a,b and S1d). The overlaid visualization of the peak 
estimates and the underlying baseline performance landscape clearly 
showed that estimates of peak region from GF sampling were inca-
pable of reflecting the true peak region of the baseline performance 
landscape relative to the other methods (Figure 3b). As a result, these 
differences are also reflected in the peak area estimates where the 
peak area using standard GF was smaller relative to other sampling 
strategies (Figure 4a). In other words, standard GF can only provide a 
partial estimate of peak area, especially for traits that are affected by 
the interaction between nutrients.

3.2  |  Reconstructed performance landscapes from 
standard GF sampling are more inaccurate in regions 
that capture responses to nutrient interactions

The topological profile of the reconstructed landscapes showed that 
standard GF sampling generates reconstructed performance land-
scapes more dissimilar (measured as the Euclidean distance) to the 
true baseline performance landscape in regions that capture the in-
teraction of nutrients on the performance trait (e.g., high protein and 
high carbohydrate values) (Figure 4b). Importantly, the inaccuracy is 
less accentuated for traits that have peak near the boundary of the 
nutritional space (i.e., lifespan), but progressively more pronounced 
for traits with peak in the middle of the nutrient space, which indi-
cates strong responses to the interaction of nutrients (Figure 4b). 
For instance, in regions of high protein and carbohydrate, the aver-
age Euclidean distance between the reconstructed and true baseline 
performance landscapes increases rapidly for standard GF sampling 
relative to other sampling strategies, particularly for the landscapes 
of lifetime eggs (with peak at P:C ~ 1:3) and daily eggs (P:C ~ 1:2) (see 
highlighted red region in Figure 4b).

4  |  DISCUSSION

I report an investigation of alternative sampling strategies of 
the nutritional space for GF studies. This is necessary so that GF 

landscapes can be made more robust, from which properties can be 
estimated and biological insights, gained. This goes above and be-
yond current efforts that integrated ecological information into the 
design of traditional GF studies as those suffer from similar limita-
tions that underpinned this work (i.e., regions of the nutrient space 
with a lack of sampling) (Rothman et al., 2011; Vaudo et al., 2016; 
Wilder et al., 2013). I tested three alternative grid sampling strate-
gies: hexagonal, square, and random points grids. Using a landmark 
dataset coupled with the pioneering Nutrigonometry method, I 
showed that all sampling strategies are able to provide reasonable 
estimates of the nutrient ratios where the peak in nutritional land-
scape is found. However, GF sampling provides incomplete estimates 
of peak region. This can have knock-on consequences for biological 
inferences when, for example, peak area is relevant to understand 
the nutritional conditions which maximize the expression of a trait. 
Importantly, GF sampling also provides inaccurate estimates of the 
performance landscape shape for performance traits that respond to 
the interaction between nutrients, highlighting additional limitations 
of the standard GF experimental design for biological insight using 
the properties of the performance landscapes. Overall, this study 
shows that to build performance landscapes with reliable shapes for 
biological inferences, alternative strategies of experimental design 
are needed in GF studies.

Why does the GF sampling find the correct information of nu-
trient ratios but not on the shape of the peaks in the landscape? 
Figure 1a (right panel) shows that the GF sampling strategy explores 
only a subset of the nutritional space. For fixed ratio datasets, this 
is usually a triangular region, whereas for intake datasets, the shape 
can vary, but never covers the entire nutrient space. As a result, the 
interpolation for the construction of the performance landscape 
becomes an extrapolation beyond the regions upon which the an-
chor points exist, which can be mathematically and computationally 
difficult to achieve even with more complete datasets (Campagna 
& Perracchione, 2021). As a result, the standard thin-plate-spline 
interpolation and subsequent algorithms to estimate peak position 
truncate the peak estimates on the boundary of the performance 
landscape that can be estimated based on the anchor points. In 
doing so, the shape and area of the peak is also truncated, losing 
important biological information (Figure 3). The alternative methods 
tested here circumvent this limitation by sampling a wider range of 
the nutrient space, with anchor points that support a more accurate 
estimate of the peak shape and area.

Why does the GF sampling lead to more inaccurate landscapes in 
regions of nutrient interactions? The first reason lies on the previous 
point: GF only covers a subset of the nutritional space. Often, the 
diagonal region of the nutrient space has less “covered area” rela-
tive to empty nutrient space (see e.g., Figure 1a). Consequently, a 
larger area of the performance landscape is missing and needs to 
be extrapolated, which can result in higher error. The second rea-
son is likely related to the curvature of the performance landscape. 
I showed that the inaccuracies increase in performance landscapes 
for traits with peaks in the middle of the nutrient space, which indi-
cates that the trait responds to the interaction between nutrients 
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rather than an additive effect. For instance, the inaccuracies were 
almost absent for the landscape of lifespan, but progressively more 
accentuated for the landscapes of lifetime eggs and daily eggs, re-
spectively (Figure 4b). The absence of anchor points (i.e., diets) cov-
ering the full diagonal region likely precludes an adequate estimate 
of the curvature of the performance landscape in regions of nutrient 
interactions. The alternative methods tested here circumvent both 
of these limitations of GF sampling by covering a wider region of the 
nutrient space, including in the diagonal region. Note, however, that 
although the alternative methods perform better than standard GF 
sampling, they still introduce inaccuracies in the performance land-
scapes in the regions of nutrient interactions, providing an important 
area for future theoretical, computational, and empirical work to un-
derstand the underlying reasons.

In this study, I used fixed ratio datasets as a proof-of-concept, 
which is the structure that has been used recently in studies of GF 
focused on development (Alton et al., 2020; Kutz et al., 2019; Ma 
et al., 2020; Silva-Soares et al., 2017), but GF sampling primarily covers 

datasets with individual nutrient intakes (e.g., Hawkes et al., 2022; 
Lee et al., 2008; Maklakov et al., 2008). Individuals' nutrient intakes 
are constrained by animal physiology and are difficult or impossi-
ble to overcome (e.g., individuals often die in overly unbalanced 
diet). Consequently, animals will unlikely eat sufficient quantities 
of food to explore the entire nutrient space, particularly in diets 
that are highly unbalanced relative to physiological constraints. As 
a result, the anchor points will be shifted in the direction of the 
physiological constraint, which can be represented by a vector �⃗𝜈 i 
(Figure 5a,b). Note that each anchor point can be represented as 
a point in a nutritional rail, which determines the direction of the 
vector �⃗𝜈 i (Figure 5b). In this case, the anchor points for any perfor-
mance landscape of the alternative sampling strategies tested here, 
if plotted using intakes, will yield a similar performance landscape 
to that generated by GF sampling because individuals will shift their 
intakes to match the physiological constraints (Figure 5b). In other 
words, the performance landscapes from all methods will tend to 
converge. This is important because nutrient intake data can reveal 

F I G U R E  3 Predicted peak region and shape across sampling strategies. (a) Predicted peak in the performance landscape of lifespan (top) 
and daily eggs (bottom) (see also Figure S1d for lifetime egg peak predictions). Performance landscapes reconstructed from resolution equal 
to 50. (b) Overlaid peak predictions mapped onto the baseline performance landscapes of lifespan, lifetime eggs, and daily eggs across the 
sampling strategies. Note that GF sampling (orange) generates incomplete peak shape predictions for traits that respond to the interaction 
of nutrients. Hex = hexagonal sampling; rand = random points sampling; sq = square sampling.
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physiological constraints as well as compensatory feeding strategies 
underpinning rules of compromise, where individuals modulate the 
intake of more (or less) concentrated diets to achieve similar P:C ra-
tios and total nutrient intake (Raubenheimer & Simpson, 1993). This 
information is unavailable in fixed ratio data where intake is not mea-
sured. Several questions could be raised, for instance: (i) how can the 
limitations of alternative methods in terms of representing nutrient 
intakes to derive rules of compromise be resolved? Or (ii) why then, 
use alternative methods, if they either fail to provide intake datasets 
or converge toward the standard GF sampling strategy? To answer 
the first question, it is important to notice that it is not mandatory 
to use nutrient intakes to define the anchor points when generat-
ing landscapes (e.g., Alton et al., 2020; Kutz et al., 2019). It is true 
that in general, GF studies have used individual nutrient intake as 
an input variable upon which the performance trait was mapped and 
the landscape built (see Simpson & Raubenheimer, 2012 for a com-
prehensive review). However, intake estimates can and have been 
used as the output (performance) variable in GF studies, opening up 
the possibility of using fixed ratios for the design of experiments and 
nutrient intake as performance traits (rather than input variables). 
For example, a GF study showed that yeast-rich diets induce higher 
water intakes in D. melanogaster (Fanson et al., 2012). That said, it 
is possible to use the alternative methods presented here as fixed 
ratios upon which nutrient intake and performance traits can be 
mapped (Figure 5c). I conjecture that this approach will enable us 
to extract the same rules of compromise and insights into physio-
logical constraints as the original GF approach. The formalization 
of this conjecture requires an extensive argument that lies beyond 

the scope of this paper as it involves introducing new concepts, 
for example, intake targets (Simpson & Raubenheimer, 2012), but 
is part of a follow-on manuscript being conceived. Importantly, the 
conjecture must be valid under the assumption that performance 
landscapes of alternative methods and GF sampling are to converge 
(as in Figure 5b). This leads to the answer of the second question: 
why then use alternative methods? Alternative methods allow for 
more complete exploration and accuracy in the representation of 
performance landscapes, as shown here. This opens up the possi-
bility to use properties of the performance landscapes as new prox-
ies for biological insights. For instance, peak area and shape could 
provide insights into the nutritional resilience of the animal in max-
imizing a trait under varying nutritional conditions (e.g., the wider 
the peak, the more nutritionally resilient the animal). The use of the 
properties of the performance landscape cannot be achieved unless 
performance landscapes explore the entire nutritional space. Thus, 
alternative sampling methods expand the scope of GF methods and 
can unlock new measurements that can provide unique insights 
into compensatory feeding strategies with biological significance 
and more broadly, the evolution of nutritional trade-offs (Fanson 
et al., 2012; Raubenheimer & Simpson, 1993).

5  |  CONCLUSION

Despite the growing integration of ecological information into ex-
perimental design, current GF studies use a design aimed at sam-
pling the nutrient space to construct performance landscapes that 

F I G U R E  4 Peak area and performance landscape topology. (a) Predicted peak area (i.e., area of the shaded polygon from the predicted 
region for lifespan and reproductive rate data), with structure containing individual intakes. (b) Distance between the underlying landscape 
(faded black) and the reconstructed landscapes from different grid sampling strategies. Note that the average distance increases for GF 
sampling strategy (orange) in regions of high nutrient intake, and this distance is particularly accentuated when the underlying landscape has 
a peak in the middle of the performance landscape indicating interactions between nutrients (red boxes).



    |  9 of 11MORIMOTO

had not been scrutinized (Deans et al., 2016; Lawton et al., 2021; 
Le Gall et al., 2020; Rothman et al., 2011; Vaudo et al., 2016; Wilder 
et al., 2013). I tested alternative sampling strategies and show that 
their performances in reconstructing landscape's properties are 
superior. From these alternative strategies, the hexagonal design 
seems the most obvious choice for empirical test as it allows for an-
chor points to be distributed such that more area is covered in the 
nutrient space per anchor point. Future studies will illuminate how 
other standard metrics calculated in GF studies (i.e., rules of compro-
mise) can be estimated and calculated from fixed ratio data with hex-
agonal (or other sampling strategy) design. This includes for instance 
regions in which the combination of nutrients are potentially lethal, 
generating holes in the performance landscapes (Blonder,  2016; 

Conceição & Morimoto, 2022). Overall, the findings shown repre-
sent an advance to current GF experimental design methodology. 
This has important consequences to the field because GF enables 
a multidimensional approach in nutrition where performance land-
scapes can provide important biological insights into the evolution 
of animal nutrition and life-histories.
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nutritional space from the hexagonal grid strategy (in a). When measuring intake, the anchor points move along nutritional rails represented 
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assist the inferences of rules of compromise which determine the amount of food and the quantity of each nutrient that individuals are 
capable of over- or under-consume in order to minimize distance between current food intake and self-balanced food intake (Raubenheimer 
& Simpson, 1993; Simpson & Raubenheimer, 1993). Rules of compromise are not dealt with in this study as it lies beyond the study’s main 
scope, and is part of a next manuscript of this series.



10 of 11  |     MORIMOTO

ACKNOWLEDG MENTS
The author thank the Riemann Center for Geometry and Physics for 
the award of the Riemann Fellowship.

CONFLIC T OF INTERE S T
The author has no conflict of interests to declare.

DATA AVAIL ABILIT Y S TATEMENT
Lee et al. 2008 dataset accompanies the R code and is also available 
in Dryad: https://doi.org/10.5061/dryad.tp7519s. R script with func-
tions for the implementation of the analysis will be made available in 
available as supplementary material.

ORCID
Juliano Morimoto   https://orcid.org/0000-0003-3561-1920 

R E FE R E N C E S
Adler, M. I., Cassidy, E. J., Fricke, C., & Bonduriansky, R. (2013). The 

lifespan-reproduction trade-off under dietary restriction is sex-
specific and context-dependent. Experimental Gerontology, 48(6), 
539–548.

Alton, L. A., Kutz, T. C., Bywater, C. L., Beaman, J. E., Arnold, P. A., 
Mirth, C. K., Sgrò, C. M., & White, C. R. (2020). Developmental 
nutrition modulates metabolic responses to projected climate 
change. Functional Ecology, 34(12), 2488–2502. https://doi.
org/10.1111/1365-2435.13663

Bivand, R., Rundel, C., Pebesma, E., Stuetz, R., Hufthammer, K. O., & 
Bivand, M. R. (2017). Package ‘rgeos’. The Comprehensive R Archive 
Network (CRAN).

Blonder, B. (2016). Do hypervolumes have holes? The American Naturalist, 
187(4), E93–E105.

Box, G. E. P., & Wilson, K. B. (1951). On the experimental attainment of 
optimum conditions. Journal of the Royal Statistical Society. Series B 
(Methodological), 13(1), 1–45.

Bunning, H., Rapkin, J., Belcher, L., Archer, C. R., Jensen, K., & Hunt, 
J. (2015). Protein and carbohydrate intake influence sperm num-
ber and fertility in male cockroaches, but not sperm viability. 
Proceedings of the Royal Society B: Biological Sciences, 282(1802), 
20142144.

Campagna, R., & Perracchione, E. (2021). Data-driven extrapolation via 
feature augmentation based on variably scaled thin plate splines. 
Journal of Scientific Computing, 88(1), 15. https://doi.org/10.1007/
s1091​5-021-01526​-8

Campitelli, E. (2020). Ggnewscale: Multiple fill and colour scales in “gg-
plot2”. R Package Version 0.4, 1.

Chang, H.-C., & Wang, L.-C. (2010). A simple proof of Thue's theorem 
on circle packing. ArXiv Preprint, 1, 1–15. https://doi.org/10.48550/​
arXiv.1009.4322

Conceição, P., & Morimoto, J. (2022). ‘Holey'niche! Finding holes 
in niche hypervolumes using persistence homology. Journal 
of Mathematical Biology, 84(1), 58. https://doi.org/10.1007/
s00285-022-01763-x

Deans, C. A., Behmer, S. T., Fiene, J., & Sword, G. A. (2016). Spatio-
temporal, genotypic, and environmental effects on plant soluble 
protein and digestible carbohydrate content: Implications for insect 
herbivores with cotton as an exemplar. Journal of Chemical Ecology, 
42(11), 1151–1163.

Fanson, B., & Taylor, P. W. (2012). Protein:Carbohydrate ratios explain 
life span patterns found in Queensland fruit fly on diets varying in 
yeast:Sugar ratios. Age (Dordrecht, Netherlands), 34(6), 1361–1368. 
https://doi.org/10.1007/s1135​7-011-9308-3

Fanson, B., Yap, S., & Taylor, P. W. (2012). Geometry of compensatory 
feeding and water consumption in Drosophila melanogaster. Journal 
of Experimental Biology, 215(5), 766–773. https://doi.org/10.1242/
jeb.066860

Gage, M. J. G., & Cook, P. A. (1994). Sperm size or numbers – Effects 
of nutritional stress upon eupyrene and apyrene sperm produc-
tion strategies in the moth Plodia interpunctella (Lepidoptera: 
Pyralidae). Functional Ecology, 8(5), 594–599. https://doi.
org/10.2307/2389920

Guo, J. W., Cui, Y., Lin, P. -J., Zhai, B. -P., Lu, Z. -X., Chapman, J. W., & Hu, 
G. (2022). Male nutritional status does not impact the reproductive 
potential of female Cnaphalocrocis medinalis moths under condi-
tions of nutrient shortage. Insect Science, 29(2), 467–477. https://
doi.org/10.1111/1744-7917.12939

Hawkes, M., Lane, S. M., Rapkin, J., Jensen, K., House, C. M., Sakaluk, 
S. K., & Hunt, J. (2022). Intralocus sexual conflict over optimal 
nutrient intake and the evolution of sex differences in life span 
and reproduction. Functional Ecology, 36, 865–881. https://doi.
org/10.1111/1365-2435.13995

Hijmans, R. J. (2022). raster: Geographic Data Analysis and Modeling. R pack-
age version 3.5-15. https://CRAN.R-project.org/package=raster

Kutz, T. C., Sgrò, C. M., & Mirth, C. K. (2019). Interacting with change: 
Diet mediates how larvae respond to their thermal environment. 
Functional Ecology, 33(10), 1940–1951.

Lawton, D., Le Gall, M., Waters, C., & Cease, A. J. (2021). Mismatched 
diets: Defining the nutritional landscape of grasshopper communi-
ties in a variable environment. Ecosphere, 12(3), e03409.

Le Gall, M., Word, M. L., Thompson, N., Manneh, B., Beye, A., & Cease, A. 
J. (2020). Linking land use and the nutritional ecology of herbivores: 
A case study with the Senegalese locust. Functional Ecology, 34(1), 
167–181.

Lee, K. P., Simpson, S. J., Clissold, F. J., Brooks, R., Ballard, J. W. O., 
Taylor, P. W., Soran, N., & Raubenheimer, D. (2008). Lifespan and 
reproduction in drosophila: New insights from nutritional geom-
etry. Proceedings of the National Academy of Sciences of the United 
States of America, 105(7), 2498–2503. https://doi.org/10.1073/
pnas.07107​87105

Ma, C., Mirth, C. K., Hall, M. D., & Piper, M. D. W. (2020). Amino acid 
quality modifies the quantitative availability of protein for repro-
duction in Drosophila melanogaster. Journal of Insect Physiology, 139, 
104050. https://doi.org/10.1016/j.jinsp​hys.2020.104050

Maklakov, A. A., Simpson, S. J., Zajitschek, F., Hall, M. D., Dessmann, J., 
Clissold, F., Raubenheimer, D., Bonduriansky, R., & Brooks, R. C. 
(2008). Sex-specific fitness effects of nutrient intake on reproduc-
tion and lifespan. Current Biology, 18(14), 1062–1066. https://doi.
org/10.1016/j.cub.2008.06.059

Morimoto, J., Conceição, P., Mirth, C., & Lihoreau, M. (2021). 
Nutrigonometry I: Using right-angle triangles to quantify nutritional 
trade-offs in multidimensional performance landscapes. BioRxiv, 
2021(11), 25.469978. https://doi.org/10.1101/2021.11.25.469978

Morimoto, J., & Lihoreau, M. (2019). Quantifying nutritional trade-offs 
across multidimensional performance landscapes. The American 
Naturalist, 193(6), E168–E181. https://doi.org/10.1086/701898

Morimoto, J., & Lihoreau, M. (2020). Open data for open questions in 
comparative nutrition. Insects, 11(4), 236.

Morimoto, J., & Wigby, S. (2016). Differential effects of male nutrient 
balance on pre-and post-copulatory traits, and consequences for 
female reproduction in Drosophila melanogaster. Scientific Reports, 
6, 35–47. https://doi.org/10.1038/srep2​7673

Myers, R. H., Montgomery, D. C., & Anderson-Cook, C. M. (2016). 
Response surface methodology: Process and product optimization 
using designed experiments. John Wiley & Sons.

Ng, S. H., Simpson, S. J., & Simmons, L. W. (2018). Macronutrients and 
micronutrients drive trade-offs between male pre-and postmating 
sexual traits. Functional Ecology, 32(10), 2380–2394.

https://doi.org/10.5061/dryad.tp7519s
https://orcid.org/0000-0003-3561-1920
https://orcid.org/0000-0003-3561-1920
https://doi.org/10.1111/1365-2435.13663
https://doi.org/10.1111/1365-2435.13663
https://doi.org/10.1007/s10915-021-01526-8
https://doi.org/10.1007/s10915-021-01526-8
https://doi.org/10.48550/arXiv.1009.4322
https://doi.org/10.48550/arXiv.1009.4322
https://doi.org/10.1007/s00285-022-01763-x
https://doi.org/10.1007/s00285-022-01763-x
https://doi.org/10.1007/s11357-011-9308-3
https://doi.org/10.1242/jeb.066860
https://doi.org/10.1242/jeb.066860
https://doi.org/10.2307/2389920
https://doi.org/10.2307/2389920
https://doi.org/10.1111/1744-7917.12939
https://doi.org/10.1111/1744-7917.12939
https://doi.org/10.1111/1365-2435.13995
https://doi.org/10.1111/1365-2435.13995
https://CRAN.R-project.org/package=raster
https://doi.org/10.1073/pnas.0710787105
https://doi.org/10.1073/pnas.0710787105
https://doi.org/10.1016/j.jinsphys.2020.104050
https://doi.org/10.1016/j.cub.2008.06.059
https://doi.org/10.1016/j.cub.2008.06.059
https://doi.org/10.1101/2021.11.25.469978
https://doi.org/10.1086/701898
https://doi.org/10.1038/srep27673


    |  11 of 11MORIMOTO

Nychka, D., Reinhard, F., Paige, J., & Sain, S. (2017). Fields: Tools for spatial 
data. R Package, 9.9. https://doi.org/10.5065/D6W957CT

Pascacio-Villafán, C., Righini, N., Nestel, D., Birke, A., Guillén, L., & Aluja, 
M. (2022). Diet quality and conspecific larval density predict func-
tional trait variation and performance in a polyphagous frugivorous 
fly. Functional Ecology, 36(5), 1163–1176.

Pebesma, E., & Bivand, R. S. (2005). S classes and methods for spatial 
data: The sp package. R News, 5(2), 9–13.

Ponton, F., Wilson, K., Cotter, S. C., Raubenheimer, D., & Simpson, S. J. 
(2011). Nutritional immunology: A multi-dimensional approach. 
PLoS Pathogens, 7(12), e1002223. https://doi.org/10.1371/journ​
al.ppat.1002223

Ponton, F., Wilson, K., Holmes, A., Raubenheimer, D., Robinson, K. L., 
& Simpson, S. J. (2015). Macronutrients mediate the functional 
relationship between Drosophila and Wolbachia. Proceedings of the 
Royal Society B: Biological Sciences, 282(1800), 20142029. https://
doi.org/10.1098/rspb.2014.2029

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.r-proje​
ct.org/

Rapkin, J., Jensen, K., Archer, C. R., House, C. M., Sakaluk, S. K., Del 
Castillo, E., & Hunt, J. (2018). The geometry of nutrient space-
based life-history trade-offs: Sex-specific effects of macronutrient 
intake on the trade-off between encapsulation ability and repro-
ductive effort in decorated crickets. The American Naturalist, 191(4), 
452–474. https://doi.org/10.1086/696147

Raubenheimer, D., & Simpson, S. (2020). Eat like the animals: What nature 
teaches us about the science of healthy eating. Houghton Mifflin.

Raubenheimer, D., & Simpson, S. J. (1993). The geometry of compensa-
tory feeding in the locust. Animal Behaviour, 45, 953–964.

Raubenheimer, D., Simpson, S. J., & Mayntz, D. (2009). Nutrition, 
ecology and nutritional ecology: Toward an integrated 
framework. Functional Ecology, 23(1), 4–16. https://doi.
org/10.1111/j.1365-2435.2009.01522.x

Rothman, J. M., Raubenheimer, D., & Chapman, C. A. (2011). Nutritional 
geometry: Gorillas prioritize non-protein energy while consuming 
surplus protein. Biology Letters, 7(6), 847–849.

Ruohonen, K., Kettunen, J., & King, J. (2001). Experimental design in 
feeding experiments. Food Intake in Fish, 88–107.

Schwenke, R. A., Lazzaro, B. P., & Wolfner, M. F. (2016). Reproduction-
immunity trade-offs in insects. Annual Review of Entomology, 61(1), 
239–256. https://doi.org/10.1146/annur​ev-ento-01071​5-023924

Sentinella, A. T., Crean, A. J., & Bonduriansky, R. (2013). Dietary pro-
tein mediates a trade-off between larval survival and the devel-
opment of male secondary sexual traits. Functional Ecology, 27(5), 
1134–1144.

Silva-Soares, N. F., Nogueira-Alves, A., Beldade, P., & Mirth, C. K. (2017). 
Adaptation to new nutritional environments: Larval performance, 
foraging decisions, and adult oviposition choices in Drosophila 
suzukii. BMC Ecology, 17(1), 1–13. https://doi.org/10.1186/s1289​
8-017-0131-2

Simpson, S. J., Le Couteur, D. G., James, D. E., George, J., Gunton, J. E., 
Solon-Biet, S. M., & Raubenheimer, D. (2017). The geometric frame-
work for nutrition as a tool in precision medicine. Nutrition and 
Healthy Aging, 4, 217–226. https://doi.org/10.3233/NHA-170027

Simpson, S. J., & Raubenheimer, D. (1993). A multi-level analysis of feed-
ing behaviour: The geometry of nutritional decisions. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 342(1302), 
381–402.

Simpson, S. J., & Raubenheimer, D. (2012). The nature of nutrition: A uni-
fying framework from animal adaptation to human obesity (1st ed.). 
Princeton University Press.

Solon-Biet, S. M., McMahon, A. C., Ballard, J. W. O., Ruohonen, K., Wu, 
L. E., Cogger, V. C., Warren, A., Huang, X., Pichaud, N., Melvin, R. 
G., Gokarn, R., Khalil, M., Turner, N., Cooney, G. J., Sinclair, D. A., 
Raubenheimer, D., le Couteur, D. G., & Simpson, S. J. (2014). The 
ratio of macronutrients, not caloric intake, dictates cardiometabolic 
health, aging, and longevity in ad libitum-fed mice. Cell Metabolism, 
19(3), 418–430. https://doi.org/10.1016/j.cmet.2014.02.009

Treidel, L. A., Clark, R. M., Lopez, M. T., & Williams, C. M. (2021). 
Physiological demands and nutrient intake modulate a trade-off 
between dispersal and reproduction based on age and sex of field 
crickets. Journal of Experimental Biology, 224(7), jeb237834.

Vaudo, A. D., Patch, H. M., Mortensen, D. A., Tooker, J. F., & Grozinger, 
C. M. (2016). Macronutrient ratios in pollen shape bumble bee 
(Bombus impatiens) foraging strategies and floral preferences. 
Proceedings of the National Academy of Sciences of the United States 
of America, 113(28), E4035–E4042.

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer.
Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D. A., 

François, R., Grolemund, G., Hayes, A., Henry, L., Hester, J., & 
Kunh, M. (2019). Welcome to the tidyverse. Journal of Open Source 
Software, 4(43), 1686.

Wilder, S. M., Le Couteur, D. G., & Simpson, S. J. (2013). Diet mediates 
the relationship between longevity and reproduction in mammals. 
Age, 35(3), 921–927.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Morimoto, J. (2022). Nutrigonometry 
II: Experimental strategies to maximize nutritional 
information in multidimensional performance landscapes. 
Ecology and Evolution, 12, e9174. https://doi.org/10.1002/
ece3.9174

https://doi.org/10.5065/D6W957CT
https://doi.org/10.1371/journal.ppat.1002223
https://doi.org/10.1371/journal.ppat.1002223
https://doi.org/10.1098/rspb.2014.2029
https://doi.org/10.1098/rspb.2014.2029
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1086/696147
https://doi.org/10.1111/j.1365-2435.2009.01522.x
https://doi.org/10.1111/j.1365-2435.2009.01522.x
https://doi.org/10.1146/annurev-ento-010715-023924
https://doi.org/10.1186/s12898-017-0131-2
https://doi.org/10.1186/s12898-017-0131-2
https://doi.org/10.3233/NHA-170027
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1002/ece3.9174
https://doi.org/10.1002/ece3.9174

	Nutrigonometry II: Experimental strategies to maximize nutritional information in multidimensional performance landscapes
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Terminology and sampling designs
	2.1.1|Standard GF
	2.1.2|Hexagonal grid
	2.1.3|Square grid
	2.1.4|Random points grid

	2.2|Dataset
	2.3|Computation
	2.3.1|Generating the baseline performance landscape
	2.3.2|Approach
	2.3.3|Reconstruction accuracy

	2.4|Software and packages

	3|RESULTS
	3.1|Standard GF sampling strategy finds the correct ratio of nutrients but often with inaccurate peak shape estimates
	3.2|Reconstructed performance landscapes from standard GF sampling are more inaccurate in regions that capture responses to nutrient interactions

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


