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a b s t r a c t 

There is generally a close relationship between a consumer’s food and its optimal nutrients. When there is a 

mismatch, it is hypothesized that mobile herbivores switch between food items to balance nutrients, however, 

there are limited data for field populations. In this study, we measured ambient plant nutrient content at two 

time points and contrasted our results with the nutrient ratio selected by wild female and male grasshoppers 

( Oedaleus senegalensis ). Few plants were near O. senegalensis’ optimal protein:carbohydrate ratio (P:C), nor were 

plants complementary. Grasshoppers collected earlier all regulated for a carbohydrate-biased ratio but females 

ate slightly more protein. We hypothesized that the long migration undertaken by this species may explain its car- 

bohydrate needs. In contrast to most laboratory studies, grasshoppers collected later did not tightly regulate their 

P:C. These results suggest that field populations are not shifting their P:C to match seasonal plant nutrient shifts 

and that mobile herbivores rely on post-ingestive mechanisms in the face of environmental variation. Because 

this is among the first studies to examine the relationship between ambient nutrient landscape and physiological 

state our data are a key step in bridging knowledge acquired from lab studies to hypotheses regarding the role 

ecological factors play in foraging strategies. 
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. Introduction 

There is generally a close relationship between a consumer’s food
nd its optimal nutrient intake ( Lee et al., 2003 ). For instance, the opti-
al diet for an aphid that feeds on sugary plant sap low in nitrogen is not

he same as the optimal diet for a carnivore that feeds on animals rich
n lipid and protein but low in carbohydrates ( Simpson and Rauben-
eimer, 2012 ). This pattern suggests that consumers have adapted to
heir host foods through post-ingestive regulation, or by adjusting phys-
ological demands through behaviors such as decreased activity, or both.
onsumers can also shift their nutrient intake by eating different foods
ased on their physiological state or environmental factors. For instance,
dult honeybees select an increasingly carbohydrate-biased diet as they
ge ( Paoli et al., 2014 ), and females and males of a given species may
ave different nutrient requirements ( Jensen et al., 2015 ; Reddiex et al.,
013 ; Solon-Biet et al., 2015 ; South et al., 2011 ). Because there are lim-
ted data for free-living populations, the relative importance of nutrient
vailability versus physiological state on nutrient selection is largely un-
nown. This is particularly true for herbivores living in highly stochastic
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nvironments where the relationships between nutrient supplies and de-
ands will change rapidly. 

There is substantial evidence that the relative amounts of dietary
acronutrients (proteins, carbohydrates, lipids) consumers eat is par-

icularly important for fitness correlates in a wide range of organ-
sms ( Harrison et al., 2014 ; Le Couteur et al., 2016 ; Simpson et al.,
015 ; Simpson and Raubenheimer, 2012 ). When given the opportunity,
onsumers select a ratio of macronutrients based on various external
nd internal factors such as toxins and pathogens ( Deans et al., 2016 ;
e Gall, 2014 ; Lee et al., 2006 ; Povey et al., 2009 ; Tessnow et al., 2018 ),
redators ( Schmitz et al., 2016 , 2010 ), activity level ( Clark et al., 2013 ;
uglielmo, 2010 ), previous dietary experience ( Behmer et al., 2001 ;
ews et al., 1992 ), temperature ( Clissold et al., 2013 ; Miller et al., 2009 ;
usten et al., 1974 ), sex ( Jensen et al., 2015 ; Maklakov et al., 2008 ;
eddiex et al., 2013 ; Solon-Biet et al., 2015 ; South et al., 2011 ), and
ge ( Paoli et al., 2014 ; Roeder and Behmer, 2014 ). However, much of
his work on consumer behavioral nutrient regulation is done in lab-
ratories with colony-reared animals. In contrast, field-based studies
racking foraging behavior usually focus on total energy consumption
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 Benoit-Bird, 2004 ; Davies, 1977 ; Lobel and Ogden, 1981 ; Nagy et al.,
984 ; Werner and Mittelbach, 1981 ) based on the assumption that
ll consumers are aiming to maximize energy gain ( MacArthur and
ianka, 1966 ; Perry and Pianka, 1997 ), which is often not the case
 Deans et al., 2015 ; Harrison et al., 2014 ; Le Couteur et al., 2016 ;
e Gall and Behmer, 2014 ; Reddiex et al., 2013 ; Solon-Biet et al.,
014 ). 

It has often been hypothesized that consumers that do not have
he possibility to switch between food items are more reliant on post-
ngestive regulation, as shown by aphids excreting excess sugars as
oneydew. However, some mobile herbivores such has grasshoppers
xhibit substantial post-ingestive regulatory capacities ( Behmer, 2009 ;
lissold et al., 2010 ; Le Gall and Behmer, 2014 ), despite their well-
nown capacity to adjust nutrient intake by switching between food
tems ( Behmer, 2009 ). For example, grasshoppers can differentially se-
rete enzymes to compensate for protein and carbohydrate deficien-
ies ( Clissold et al., 2010 ), and post-ingestively regulate phosphorus
 Cease et al., 2016 ; Zhang et al., 2014 ). This physiological flexibility
s thought to be an evolved response to the high level of nutritional
eterogeneity in the environment, although functional data describing
he multidimensional nutrient landscape of plant protein and carbohy-
rate content through space and time are scarce ( Le Gall et al., 2020b ;
enhart et al., 2015 ). Thus, we still know comparatively little about how
he relative macronutrient availability and demands of field populations
hange (for exceptions see ( Casas et al., 2005 , 2003 ; Lenhart et al.,
015 )). 

To test the potential for behavioral vs . post-ingestive regulation,
e first measured plant nutrient content at two time points and con-

rasted our results with the nutrient ratio that field-caught grasshop-
ers selected when they were offered artificial food. Grasshoppers are
 good model because they are usually very good at nutrient regula-
ion ( Behmer, 2009 ). This allowed us to create a framework to evaluate
hich strategies free-ranging animals are adopting in the field. For be-
avioral regulation to supersede post-ingestive regulation, the animal
hould be able to acquire plants that are 1) close to its optimal nutri-
nt intake, or 2) unbalanced but complementary to facilitate diet mix-
ng. If these conditions are not met in the environment, then the ani-
al must rely on post-ingestive regulation and/or face decreased per-

ormance outcomes. 
Second, we measured the plasticity of nutrient regulation for field-

aught animals collected at different times and of different sexes to de-
ermine which factors influenced nutrient selection. We hypothesize that
f a specific blend of nutrients is optimal for most physiological needs,
hen the insects would select a consistent nutrient ratio. If instead there
s a trade-off between nutrient availability and physiological demands,
hen the ratio of nutrients selected by the herbivores would be plastic to
atch the shift in plant nutrient content. Finally, we hypothesize that

f the nutrient ratio selected is influenced more by physiological needs
han nutrient availability, the ratio of nutrients ingested should corre-
ate with physiological indicators well, but poorly with changes in the
utritional landscape. 

We conducted our study in the West African Sahel. The Sahel is
 zone of ecoclimatic and biogeographic transition between the Sa-
ara to the north and the Sudanian Savanna to the south. It under-
oes a fast and dramatic shift in plant growth during the rainy sea-
on, so we expect plant nutrient content to change rapidly, as we have
lready observed in cultivated fields of millet ( Le Gall et al., 2020a ),
hich should allow us to test our hypotheses. Among herbivores liv-

ng in the Sahel, the Senegalese grasshopper ( Oedaleus senegalensis )
s described as the main pest of cereal crops in the region and is a
rass specialist. To our knowledge, this is the first study to examine
he relationship between nutrient availability in the field, physiologi-
al state, and nutrient regulation. This a critical step in bridging ad-
ancements in nutritional regulation research from lab studies and hy-
otheses regarding the role ecological factors play in shaping ingestive
rade-offs. 
b  
. Material and methods 

.1. O. senegalensis nutritional preferences and physiological variables 

ver time 

.1.1. The Senegalese grasshopper 

Oedaleus senegalensi s is a grass-feeder and a major pest of millet
nd other cereal crops of subsistence agriculture in the Sahel zone of
est Africa. The field station where we ran the experiment belongs

o the Direction de la Protection des Vegetaux (DPV), 13°49 ′ 23.8 ″ N
5°24 ′ 19.4 ″ W. It is located in the village of Nganda, in the West Cen-
ral Agricultural Region of Senegal where most millet and groundnut
roduction takes place. 

We estimated grasshopper abundance in various agricultural fields
millet, groundnut, and fallow fields) with sweep net surveys within
0 m of each plot where vegetation samples were taken. The same re-
earcher conducted all surveys by evenly sweeping 20 times, each a 180°
rc approximately one m apart along a straight line. 

.1.2. Nutrient selection, mass gain, and body lipid content 

We collected 5th instar grasshoppers at two time points in August
017 around the DPV field station. We initiated the experiments on 04-
ug-2017 (early) and 17-Aug-2017, 2017 (late). We weighed and put
rasshoppers in individual aerated plastic containers (15 ×10 cm). Each
age contained a water tube, a perch for roosting, and two dishes con-
aining artificial diet. We prepared and dried the food in our labora-
ory at Arizona State University (United States) following the method
eveloped by Simpson and Abisgold (1985) . In total, we made three
iets varying in protein to carbohydrate ratios but otherwise isocaloric:
35:c7, p28:c14, and p7:c35. These diets were chosen because they span
xtreme protein:carbohydrate ratios, therefore ensuring that the IT is
ot outside of the range offered to the grasshoppers. For each diet, “p ”
tands for percent of protein in the diet, and “c ” stands for percent of car-
ohydrates in the diet. The protein component of all foods was a 3:1:1
ix of casein, peptone, and albumen, while the digestible carbohydrate

henceforth carbohydrates) component was a 1:1 mix of sucrose and
extrin. All foods contained similar amounts of Wesson’s salt (2.4%),
holesterol (0.5%), linoleic acid (0.5%), ascorbic acid (0.3%) and vita-
in mix (0.2%) ( Dadd, 1961 ). The remainder of the diet was cellulose,
 non-nutritive bulking agent. 

We gave the grasshoppers one of two treatments of pre-weighed diet
airings: p7:c35 & p35:c7 or p7:c35 & p28:c14 and used 20–25 grasshop-
ers per treatment (approximately half males and half females). After
hree days, the diets were removed and dried for 24–36 h at 60 °C and
hen re-weighed to record consumption at the nearest 0.1 mg. Grasshop-
ers were weighed at the beginning and the end of the experiment to cal-
ulate mass gain. We extracted lipids from each individual grasshopper
y using a series of three 24 h chloroform washes on the dried carcasses.
ipid content was calculated by subtracting post-chloroform wash dry
ass from pre-chloroform wash dry mass. 

.2. Plant survey and chemical analysis 

.2.1. Plant survey 

Plant surveys and collection took place on 5-Aug-2017 (early) and
n 17-Aug-2017 (late). We randomly selected 5 quadrats of 10 m by
0 m within a fallow and millet field. We selected fallow and millet
elds because these are where grasshoppers have been shown to be the
ost abundant ( Le Gall et al., 2020b ; Toure et al., 2013 ; Word et al.,
019 ). For each quadrat, we recorded the three most abundant plant
pecies and presented the data for grasses ( O. senegalensis is a grass-
eeder). For each plant species, we collected enough plant material to
btain 20 mg of dry sample (different specimens of the same species
ere pooled together) (Fig. ESM2). We chose the most abundant species
ecause grass diversity and overall plant biomass were low (Fig ESM2)
ut grasshopper density high (Fig. ESM1), therefore the most abundant
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Table 1 

Results from the ANCOVA for protein intake, carbohydrate intake, and total 

food intake at two time points. 

Variable Source df F -ratio P -value 

Early 

Protein intake (g) Treatment 1,65 0.1928 0.6621 

Wet start mass 1,65 0.0140 0.9060 

Sex 1,65 29.3025 < 0.0001 ∗ 

Treatment 1,65 0.0395 0.8430 

Carbohydrate intake (g) Wet start mass 1,65 0.0095 0.9228 

Sex 1,65 24.4067 < 0.0001 ∗ 

Treatment 1,65 0.0085 0.9268 

Food intake (g) Wet start mass 1,65 0.0141 0.9060 

Sex 1,65 32.7863 < 0.0001 ∗ 

Late 

Treatment 1,47 0.9858 0.3262 

Protein intake (g) Wet start mass 1,47 3.6039 0.0642 

Sex 1,47 0.0731 0.7882 

Treatment 1,47 2.2871 0.1376 

Carbohydrate intake (g) Wet start mass 1,47 4.3067 0.0438 ∗ 

Sex 1,47 0.3938 0.5335 

Treatment 1,47 0.0512 0.8221 

Food intake (g) Wet start mass 1,47 4.6047 0.0374 ∗ 

Sex 1,47 0.2284 0.6351 

Whole model 

Time point 1113 0.0363 0.8492 

Protein intake (g) Treatment 1113 1.5559 0.2149 

Protein intake (g) Wet start mass 1113 1.9669 0.1636 

Sex 1113 13.4224 0.0004 ∗ 

Time point 1113 5.8485 0.0172 ∗ 

Carbohydrate intake (g) Treatment 1113 1.0840 0.3001 

Wet start mass 1113 0.2703 0.6042 

Sex 1113 15.2377 0.0002 ∗ 

Time point 1113 1.6032 0.2082 

Food intake (g) Treatment 1113 0.0056 0.9406 

Wet start mass 1113 1.0814 0.3007 

Sex 1113 17.2722 < 0.0001 ∗ 

Notes: Time point refers to the time of the testing (early or late August), Treat- 

ment refers to the food pairing (p7:c35 & p35:c7 and p7:c35 & p28:c14); wet 

start mass was used as a covariate to adjust for size differences among in- 

sects, and sex was included as a cofactor. For each treatment we used 20–35 

grasshoppers. ∗ P < 0.05. 

3

3

 

a  

w  

s  

p  

M

3

3

 

p  

t  

e  

c  

T  

t  

m  

f

3

 

n  

v  
rass were likely to be representative of the plants consumed by the
rasshoppers. 

.2.2. Chemical analysis 

Upon collection, we dried the plants in an oven at 60 °C for 48 h and
rought back the samples to our laboratory at Arizona State University
United States). We ground plant samples for 30 s at 200 rpm using a
etsch MM 400 ball mill. We measured plant protein content with a
radford assay and the non-structural carbohydrate content using the
henol-sulfuric acid method ( Deans et al., 2018 ). 

.3. Contrasting nutrient regulation with nutrient availability 

For animals to meet their optimal nutrient intake without re-
ying on post-ingestive mechanisms there are two possibilities: 1)
lant protein:carbohydrate ratio closely resembles the optimal pro-
ein:carbohydrate ratio (aka Intake Target, thereafter IT) measured
n the choice experiment or 2) unbalanced but complementary foods
re available so that by mixing among plants to achieve an optimal
atio. To test the first hypothesis, we plotted the self-selected pro-
ein:carbohydrate ratios from the choice experiment as nutritional rails
 y = mx, m = Intake Target) and calculated the Euclidian distance sep-
rating plant nutritional content from that optimal rail in the nutrient
pace for the two time points. The longer the Euclidian Distance, the
urther an animal is from the optimal P:C ratio. 

Euclidian distance = |mx plantprotein - y plantcarbohydrates |/ 
√

(1 + m 

2 )
here (x plantprotein, y carbohydrates ) are the coordinates of each plant in

he nutrient landscape. 
To test the second hypothesis, we compared the median pro-

ein:carbohydrate ratio of plants (50% of plants fall on either side of this
umber) with the self-selected protein:carbohydrate ratio measured in
he choice experiment. If the median plant protein:carbohydrate ratio
nd the self-selected number of plants are different, it means there are
ore plants on one side of the nutrient space relative to the IT, making
iet mixing for an optimal balance challenging. 

Methodological consideration: all the plants presented are accept-
ble host plants for O. senegalensis . We acknowledge that we did not ac-
ount for non-nutritional factors (e.g., plant structure or plant defenses)
hat could skew host plant selection. However, measuring and ranking
hese non-nutritional factors was not feasible in a single study, so for the
urpose of this study, we only compare variation in total plant nutrients.

.4. Statistical analysis 

.4.1. Grasshopper density in the field 

Grasshopper density in fallow, millet, and groundnut fields at the
wo time points was compared using ANOVA. 

.4.2. Choice experiment 

The amount of protein and carbohydrate eaten for each treatment
as compared using MANCOVA techniques with start mass as a covari-
te to correct for size differences among individuals. We used a Pil-
ai’s test statistic. In all grasshopper-related analyses, we included sex
s an independent variable. Protein, carbohydrate, and total food in-
akes were compared using ANCOVA techniques. Grasshopper wet start
asses were compared using ANOVA techniques. Mass gain and lipid

ontent were analyzed with ANCOVA techniques. We reported the ef-
ects of protein and carbohydrate intake on mass gain and lipid content.
o account for size differences protein and carbohydrate intakes were
lotted as mass corrected ratios. Temperatures were analyzed using an
NOVA. 

.4.3. Plant nutrient analyses and relationship to the ITs 

Plant P:C ratio was analyzed with a MANOVA and plant protein and
arbohydrate content with ANOVAs. Finally, we compared the Euclidian
istances of plant p:c to the ITs using ANOVA techniques; median plant
:c ratio and median ITs were compared using a median test score. 
. Results 

.1. O. senegalensis density in the field 

We found few O. senegalensis nymphs during our surveys as many had
lready molted, thus we presented the data for adults only. Grasshoppers
ere a lot more abundant in fallow fields at the beginning of the rainy

eason than in other field types at either time points ( ≈39 grasshoppers
er transect vs. 0–4 grasshoppers per transect, Electronic Supplementary
aterial (Fig. S1)). 

.2. O. senegalensis nutritional preferences over time 

.2.1. Early: IT, protein intake, carbohydrate intake, and food intake 

At the beginning of the rainy season (August 5th, early), grasshop-
ers (5th instar nymphs) actively regulated for a specific pro-
ein:carbohydrate ratio (Table S2). There were significant differ-
nces between males and females, with males regulating for a more
arbohydrate-biased ratio than females (P1:C1.71 vs. P1:c1.59) ( Fig. 1 ,
able S2). As a result, females ingested more protein, about twice more
han males, and males more carbohydrates, about 25% more than fe-
ales ( Fig. 1 , Table 1 ). Females also consumed proportionally 7% more

ood than males ( Fig. 1 , Table 1 ). 

.2.2. Late: IT, protein intake, carbohydrate intake, and food intake 

Later in the rainy season (August 17th, late), insects (5th instar
ymphs) did not regulate their nutrient intake as there was no con-
ergence to a statistically indistinguishable point in nutrient space and
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Fig. 1. Panel A: mass corrected protein:carbohydrate intakes by grasshoppers 

early (warm color) and panel B late (cold color). Straight lines represent the 

nutritional rails defined by the average protein:carbohydrate ratio intake. Dot- 

ted lines represent the average protein:carbohydrates ratio defined by the food 

pairings if consumption was random. Ellipses represent 95% confidence inter- 

vals for males and females (panel A) and food pairing treatments (panel B). For 

each treatment we used 20–25 grasshoppers. ∗ < 0.05. 
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Fig. 2. Mass corrected protein:carbohydrate intakes by grasshoppers on Au- 

gust 4th (early = warm color) and August 17th (late = cold color). Straight lines 

represent the nutritional rails defined by the average protein:carbohydrate ratio 

calculated from the MANCOVA analysis (see Table 1 ). Dotted lines represent the 

average protein:carbohydrates ratio defined by the food pairings if consumption 

is random. Ellipses represent 95% confidence intervals for each time point. For 

each treatment we used 20–25 grasshoppers. ∗ < 0.05. 

Table 2 

Results of ANOVA for wet start mass, and ANCOVAs for mass gain and lipid 

content. 

Variable Source df F -ratio P -value 

Wet start mass (g) Time point 1118 77.7183 < 0.0001 ∗ 

Sex 1118 128.1881 < 0.0001 ∗ 

Time point ∗ Sex 1118 74.9377 < 0.0001 ∗ 

Time point 1112 13.0561 0.0005 ∗ 

Wet start mass 1112 83.7876 < 0.0001 ∗ 

Mass gain (g) Sex 1112 0.9801 0.3244 

Protein intake 1112 14.7505 0.0002 ∗ 

Carbohydrate intake 1112 3.7335 0.0560 

Time point 1111 1.4740 0.2274 

Lipids (mg) Wet start mass 1111 17.6075 < 0.0001 ∗ 

Sex 1111 0.0751 0.7845 

Protein intake 1111 1.1578 0.2844 

Carbohydrate intake 1111 1.6167 0.2063 

Notes: Time point refers to the time of the testing (early or late August); wet 

start mass was used as a covariate to adjust for size differences among insects, 

and sex was included as a cofactor. Interactive terms are presented only when 

significant. For each treatment we used 20–35 grasshoppers. ∗ P < 0.05. 
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here were no differences between sexes ( Fig. 1 , Table S2). Insect start
ass was significant for carbohydrate and total food intakes later in the

eason ( Fig. 1 , Table 1 ). In summary, later in the season, larger insects
onsumed more food which resulted in greater nutrient intakes. 

.2.3. Whole model: ITs, protein intake, carbohydrate intake, and food 

ntake 

When we compared the two time points, we found that grasshop-
ers selected different optimal protein:carbohydrate ratios. The ratio
elected became less carbohydrate-biased later in the rainy season (P1:
1.55 vs. P1:C1.39) ( Fig. 2 . Table S2). The effect of time superseded both
he effect of sex observed early in the season and of treatment later in
he season (Table S2). For the whole model, females ate more protein,
ore carbohydrates, and overall more food than males ( Table 1 ). Insects

aught earlier ate more carbohydrates than insects caught later ( Fig. 2 ,
able 1 ). 
.3. Physiological variables over time 

.3.1. Start mass 

Initially (August 4th) there were no differences between male’s and
emale’s weights. However, the female grasshoppers we collected later
ere significantly heavier, they were about twice the mass of early fe-
ales, and twice the mass of males at either time point, roughly 0.4 g

s . 0.2 g ( Fig. 3 , panel A, Table 2 ). 

.3.2. Mass gain 

Over the course of the three-day feeding experiment, we observed
hat insects captured later gained about three times more mass than
he grasshoppers captured at the beginning of the month. We found
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Fig. 3. Panel A: start wet mass ( ± SE); panel B: mass corrected wet mass gain ( ± SE); panel C: lipid content ( ± SE) for female (dark color) and male (light color) 

grasshoppers early (warm color) and late (cold color). For each treatment we used 20–25 grasshoppers. Different letters indicate statistical differences. ∗ < 0.05. 

Table 3 

Results of MANOVA for grass protein and carbohydrate ratios at two 

time points and ANOVAs for grass protein and carbohydrate content at 

two time points. 

Variable Source df F -ratio P -value 

Grass P:C ratio Time point 1,32 25.13 < 0.0001 ∗ 

Land-use 1,32 43.67 < 0.0001 ∗ 

Grass protein (%) Time point 1,33 10.29 < 0.01 ∗ 

Land-use 1,33 70.22 < 0.0001 ∗ 

Grass carbohydrates (%) Time point 1,32 30.57 < 0.0001 ∗ 

Land-use 1,32 0.61 0.44 

Notes: Time point refers to the time of the testing (early or late August), 

and land-use to the type of field where grasses were collected (millet or 

fallow). ∗ P < 0.05. 
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hat protein intake had a significant negative effect on mass gain, but
arbohydrate intake did not ( Fig. 3 , panel B, Table 2 ). 

.3.3. Lipid content 

Lipid content was proportional to insect mass and was not affected by
ime point, sex, or nutrient intake over the course of three days ( Fig. 3 ,
anel C, Table 2 ). 

.4. Relationship between plant nutrient content and ITs 

.4.1. Plant protein: carbohydrate ratio, protein and carbohydrate content 

We found that most grasses sampled were carbohydrate biased. Over
he course of two weeks, their protein and carbohydrate shifted signifi-
antly and became increasingly less carbohydrate biased (from P1:C2.26
o P1:C1.30). We found that protein content increased over time and
arbohydrate content decreased ( Fig. 4 , Table 3 ). 

.4.2. Euclidian distance between ITs and plant P:C ratio 

We found no differences in Euclidian distances to the ITs over time,
eaning that at no time points were the insects statistically closer

o their respective IT ( Fig. 4 , Table S3). However, the p -value was
maller later compared to earlier in the rainy season, suggesting “early ”
rasshoppers were best able to find plants that contained their optimal
utrient balance (Table S3). 
.4.3. Plant distribution in regard to ITs: median test 

The median protein:carbohydrate ratio selected by the insects was
ignificantly different from the median plant protein:carbohydrate ra-
io, meaning that at no point was there an equal number of plants on ei-
her side of the optimal protein:carbohydrate ratio. That difference was
maller later compared to earlier in the rainy season (fewer plants were
kewed toward a specific nutrient), suggesting that even if grasshoppers
aught later were unable to find plants containing their optimal nutrient
atio, they could attain nutrient balance by eating from among different
lants ( Fig. 4 , Table S4). 

. Discussion 

Our data support the hypothesis that mobile herbivores rely on post-
ngestive mechanisms, in addition to behavioral selection, to regulate
utrient acquisition in the face of environmental variation. While diet
ixing is possible in this environment, it would require extensive for-

ging efforts since when insects were regulating and abundant (early
eason), few plants were more protein-biased than their optimal nutri-
nt intake (IT) ( Fig. 4 ). ITs correlated poorly with grass nutrient content
ut varied with age and sex, highlighting that behavioral nutrient reg-
lation is dynamic and likely based on physiological state rather than
hort-term shifts in nutrient availability. 

When given the choice, male and female grasshoppers collected
arly actively regulated for a specific IT. Males selected a slightly more
arbohydrate-biased ratio than females: P1:C1.71 vs. P1:C1.59 ( Fig. 1 ,
anel A). The difference between males and females may be because ac-
uisition and consumption of protein by females is a critical factor for
gg production ( Clark et al., 2013 ; Lee, 2010 ; Maklakov et al., 2008 ;
eddiex et al., 2013 ; Solon-Biet et al., 2015 ; South et al., 2011 ). Never-

heless, for both sexes, the ITs were carbohydrate biased. In a separate
tudy on adults of the same species, we found that females preferred
eaves of plants that were more carbohydrate-biased but, contrasting
ith the results obtained here with artificial diets, adult males did not
ifferentiate between leaves of different nutrient content (Le Gall et al.,
ccepted ). Later in the season, there were no differences between males
nd females, and insects ate randomly ( Fig. 1 , panel B). We found that
emales collected later were heavier than females collected earlier, as
ell as males at either time point ( Fig. 3 ), perhaps because of ovariole
evelopment ( Smith, 1964 ). To understand these sex-dependent shifts
n nutritional regulation, longer-term studies are needed ( Roeder and
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Fig. 4. Protein and carbohydrate content of 

grasses in fallow and millet fields at two 

time points (early and late). Straight lines 

represent the nutritional rails defined by the 

average protein:carbohydrate ratio calculated 

from the choice experiment (see Table 1 ). 

Dotted lines represent the average grass pro- 

tein:carbohydrate ratio. Ellipses represent the 

95% confidence intervals for each time point. 
∗ 
< 0.05. 
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ehmer, 2014 ), particularly since for hemimetabolous insects, nutrient
cquisition during both juvenile and adult stages fuels major biological
rocesses like reproduction and migration. 

Migration has substantial impacts on nutritional demands for all
nimals. This is particularly true for insects as they have the highest
ight metabolism known ( Kammer and Heinrich, 1978 ). Insect migra-
ions are usually fueled by lipid reserves acquired largely by increased
arbohydrate consumption ( Blem, 1980 ; Rankin and Burchsted, 1992 ;
varov, 1928 ; Weis-Fogh, 1956 ). Oedaleus senegalensis adults are highly
igratory: at the beginning of the rainy season, the first generation usu-

lly migrate from South to North following the Intertropical Conver-
ence Zone ( Elamin et al., 2013 ; Holt and Colvin, 1997 ; Maiga et al.,
008 ). O. senegalensis can fly up to 350 km in a night ( Cheke, 1990 ;
iley and Reynolds, 1990 , 1983 ). Despite differences in nutrient selec-

ion between sexes and collection date, all nutrient ratios selected were
arbohydrate biased, highlighting the key role of this nutrient for this
pecies. However, we found no difference in body lipid content for the
wo food pairings (p7:c35 & p28:c14 and p7:c35 & p35:c7), over time, or
etween sexes. In other grasshopper species (non-migratory) wide vari-
tions in lipid levels (2 to 5.8%) are recorded when fed different foods
n no-choice experiments ( Le Gall et al., 2020b ). We expect this species
ould have varying body lipid content if constrained to diets that vary

n protein:carbohydrate ratios in a no-choice experiment. A potential
xplanation for the lack of difference in lipid proportion between males
nd females is that flight energetics could be solely dictated by overall
ass, thus maintaining approximately 2% body lipid may be sufficient

or migration in this species ( Table 2 ). We also found a negative cor-
elation between mass gain and protein intake, perhaps because of the
trong effect that protein has on satiety ( Abisgold and Simpson, 1988 ;
osby et al., 2014 ; Simpson and Raubenheimer, 2005 ). In another study,
t appeared that carbohydrates had a positive effect on mass gain via fat
eposition ( Le Gall and Behmer, 2014 ); we did not observe an effect of
arbohydrate consumption on fat deposition, likely due to the shorter
xperimental time period (3 days vs . whole instar duration – roughly
wo weeks). 

Besides migration, another striking feature of locust density-
ependent polyphenism is a release on diet breadth constraints. Gre-
arious locusts are notorious for eating more plant species than solitar-
ous locusts and they will more readily eat plant toxins ( COPR, 1982 ;
espland and Simpson, 2005a ). In model locusts, the change in food
hoices is thought to be, in part, an antipredator strategy where eat-
ng plant toxins make the conspicuous swarms unpalatable to predators
 Despland, 2005 ; Despland and Simpson, 2005a , 2005b ; Sword, 2002 ;
word et al., 2000 ). However, in lab colonies of the desert locust, this
oes not translate in changes in nutrient regulation and similar ITs were
ecorded for gregarious and solitarious nymphs ( Simpson et al., 2002 ).
edaleus senegalensis is a non-model locust ( Song, 2010 ), and its density-
ependent polyphenism is poorly understood but appears to be less pro-
ounced than for model species. For instance, the nymphs do not ap-
ear to form large marching bands, however, the adults migrate large
istances and populations densities are highly variables with regular
utbreaks ( Abdelmanan, 2010 ; Bal et al., 2015 ; Cheke, 1990 ; El Naim
t al., 2014 ; Elamin et al., 2013 ; Riley and Reynolds, 1983 ). There was
 locust upsurge the summer we ran the experiments for the current
tudy. Insects were found at high densities in the study area, as shown
y the sweep net survey early in the season (Fig. ESM1). The adult den-
ity was lower when we recorded density the second time, likely be-
ause most had already migrated north. Thus, grasshoppers collected
ater in the season were potentially shifting into migratory status, which
ay explain their increased diet breadth and lack of nutrient regulation.
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nlike more sessile herbivores such as caterpillars, grasshoppers have
een shown to be tight nutrient regulators, at least during nymphal de-
elopment ( Behmer, 2009 ). Our new data suggest that this might not
onsistently be the case for field populations and that there may be some
ex-specific differences, although more studies are needed to demon-
trate whether this is a general phenomenon or field or species-specific.

Beyond changes in the nutritional landscape, other environmental
actors can influence feeding habits and nutrient demands. Temper-
ture variation can be important in determining consumption in Or-
hoptera ( Clissold et al., 2013 ; Miller et al., 2009 ) but there was only
3 °C variation in temperatures during the period of our study (data not
hown). Differences in predator ( Hawlena et al., 2012 ) and pathogen
 Graham et al., 2014 ) exposure can also induce a shift in foraging be-
avior. Foraging is a dangerous exercise due to the increased risk for pre-
ation ( Bernays, 1997 ) and herbivores may rely more heavily on post-
ngestive regulation when predators and pathogens are abundant. In the
urrent study, insects that were found later may have been exposed to
ore diseases due to the advancement of the rainy season supporting
ore pathogens and predators. Such increased predator and pathogen

xposure may have contributed to the herbivores having relaxed nutri-
nt selection later in the rainy season. 

Our data show that the extraordinary capacity for behavioral nutri-
nt regulation that laboratory grasshoppers and locusts exhibit is not
he only tool used by field populations to meet their nutritional require-
ents. Post-ingestive regulation (e.g., limiting nutrients can be prefer-

ntially extracted by increasing the production of digestive enzymes
 Clissold et al., 2010 ); excess carbohydrate can be respired ( Zanotto
t al., 1997 ) or stored as lipid; excess protein can be eliminated as uric
cid and in volatile form ( Harrison, 1995 ; Zanotto et al., 1993 ) or used
o produce energy via gluconeogenesis ( Thompson, 2000 )) is likely nec-
ssary for field-caught O. senegalensis grasshoppers to meet their optimal
utrient needs, which are carbohydrate-biased. The capacity to be flex-
ble by incorporating varying degrees of nutrient selection during for-
ging and post-ingestive regulation may be particularly important for
nimals inhabiting highly dynamic xeric habitats with short growing
easons. 
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