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Abstract

1. Land use changes can alter resource availability and microclimate variables in tropi-

cal ecosystems, generally altering community structure by decreasing species rich-

ness and changing its composition. These changes affect foraging activity, nutrient

preferences and consequently ecosystem functions.

2. Our aim was to assess how foraging activity and nutrient preference are influenced

by changes in land use and microclimate.

3. We sampled ants (Formicidae) at 32 sites undergoing conversion from natural habi-

tats to coffee systems in two Neotropical biomes: the Atlantic rainforest and the

Cerrado. We assessed nutrient preference (amino acids, carbohydrates, lipids and

sodium) and predation using mealworm larvae, while also measuring temperature

and humidity.

4. We found the same ants foraged for different resources, likely because generalist

species can perform these activities on the ground. Furthermore, foraging for ener-

getic resources (carbohydrates and lipids) positively correlated with foraging for lar-

vae. This indicates that the limitation of energetic resources can contribute to an

increase in foraging and predatory activity. Moreover, ant preference for amino
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acids decreases with increasing temperature, indicating that ants prefer to consume

energetic resources to support metabolic processes.

5. In conclusion, foraging is primarily carried out by generalist species. In addition, the

preference for energetic nutrients, driven by energetic limitations, is linked to pred-

atory activity. Moreover, ant species richness increases foraging for larvae, while

rising temperatures decrease the preference for amino acids. Thus, conserving spe-

cies richness and mitigating temperature increases may enhance larval foraging and

support the insect predation function in Neotropical habitats.
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disturbance, ecosystem function, macronutrients, nutrient preference, nutritional ecology,
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INTRODUCTION

Land use changes drive tropical biodiversity loss primarily through the

conversion of forest to agriculture (Jayathilake et al., 2021; Williams &

Newbold, 2020). This conversion alters environmental conditions

(Machado et al., 2023) and decreases the resources that are available

to resident species (Stein et al., 2014; Tews et al., 2004). This can

decrease species richness (McKinney & Lockwood, 1999; Wilker

et al., 2024b) and select for organisms with different ecological adap-

tations, such as modifications in their foraging activity and diet

(Castillo-Guevara et al., 2019; Manlick & Newsome, 2021). In turn,

changes in foraging activity and nutrient preference can alter ecosys-

tem functions (Dudley et al., 2012; Maisey et al., 2021). Consequently,

understanding how land use in the tropics affects foraging activity

and nutrient preference would provide a better comprehension of the

impacts of land use beyond community structure (e.g., species rich-

ness), laying the groundwork for future conservation practices.

The foraging activity of animals can be altered by microclimate

alterations resulting from land use changes. For example, as forest

vegetation is converted to open vegetation land uses, there is a reduc-

tion in available shade and an increase in solar radiation (Machado

et al., 2023). This leads to an increase in maximum temperature and a

decrease in minimum temperature and humidity (Alkama &

Cescatti, 2016; Trancoso et al., 2022). Consequently, many animals

tend to reduce their foraging activity to minimize thermal and desicca-

tion risks (Parr & Bishop, 2022). On the other hand, increased temper-

atures may enhance foraging activity on average, especially in

ectotherms. This happens because higher temperatures raise animals’

metabolic rates, thus allowing them to forage for greater durations rel-

ative to when it is cooler (Riemer et al., 2018). Therefore, changes in

foraging due to microclimatic changes can have opposite effects in

tropical habitats.

The other way in which land use change impacts foraging activity

and nutrient preference is by decreasing the quantity and variety of

resources provided by plants and animals (Adkins et al., 2023; Tilman

et al., 1996). This occurs because, according to the compensation

hypothesis, animals tend to increase their foraging activity for nutri-

ents that are scarce in their environment or diet (Kaspari et al., 2012;

Kaspari & Yanoviak, 2001). In this sense, as agricultural systems

reduce the productivity of native plant resources (Barnes et al., 2017),

a scarcity of energetic nutrients occurs. This can lead both to a

decrease in overall foraging activity due to smaller population sizes

and to an increase in the search for specific limiting energetic nutri-

ents (e.g., carbohydrates and lipids) compared to non-energetic nutri-

ents (e.g., amino acids (AA) and sodium; Lasmar et al., 2021; Peters

et al., 2014). Moreover, the decline in productivity commonly associ-

ated with anthropogenic land uses may lead to increased foraging for

energetic resources (Lasmar et al., 2021), including a greater prefer-

ence for lipids over AA among predatory groups due to energetic limi-

tations (Lasmar et al., 2023; Mayntz et al., 2005). In contrast, species

that forage on the ground in natural tropical environments are typi-

cally not constrained by sodium availability (Lasmar et al., 2021). Addi-

tionally, sodium availability may rise through practices such as

fertilization and irrigation (Hopmans et al., 2021), which could reduce

the preference for this nutrient. Thus, despite an expected decrease

in foraging activity due to the low population sizes in agricultural land

uses, animals may alter nutrient preference, focusing primarily on

energetic resources, due to there being a greater number of limiting

nutrients caused by the land use change.

Despite the negative impacts of land use on community structure,

the effects on foraging activity and nutrient preference are still poorly

evaluated (but see Lasmar et al., 2023; Moses et al., 2023). Several

studies have identified a decline in species richness due to the local

extinction of sensitive species and the survival of generalist species

(e.g., Tabarelli et al., 2012). This may lead to a reduction in overall for-

aging activity due to the positive relationship between species rich-

ness and the intensity of foraging (Lasmar et al., 2021; Noriega

et al., 2021). On the other hand, generalist species can forage for a

variety of resources in anthropogenic land uses (Dehling et al., 2021;

Manlick & Newsome, 2021), changing their patterns of nutrient pref-

erence. Additionally, the impact of land use changes can vary in mag-

nitude depending on the type of natural habitat (Carvalho et al., 2022;

López-Bedoya et al., 2022; Wilker et al., 2024b). For example, land

use changes in different biomes may select for different species based

on the original species pool (Corbelli et al., 2015). Consequently, these

species may alter their foraging patterns in various ways, influenced

by their response to changes in the microclimate and resource avail-

ability, as well as by the impacts of land use modifications on foraging
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activity and nutrient preferences. Thus, assessing the effects of land

use changes on nutrient preference, considering the biome context

and microclimatic variables, may contribute to conservation in both

natural and anthropised habitats.

Ants (Hymenoptera: Formicidae) are excellent models for asses-

sing the effects of land use changes (Andersen, 2019; Ribas

et al., 2012) on foraging effort and nutrient preference (Lasmar

et al., 2021, 2023; Peters et al., 2014). This is because ants exhibit a

high diversity of species and life histories among animals (Feitosa

et al., 2022). They also exhibit decreases in species richness and

changes in community composition in response to anthropogenic

impacts, including land use change (Andersen, 2019; Ribas

et al., 2012). Furthermore, ants forage for various nutrients such as

carbohydrates and lipids as energy sources, AA for body growth and

sodium for metabolic processes (Riemer et al., 2018). For example,

ants may exhibit increased predatory activity in anthropogenic land

uses, driven by the heightened activity of generalist groups (Wilker

et al., 2023). Moreover, the consumption of lipids has been linked to

predatory activity in ants and ground-dwelling communities (Lasmar

et al., 2023). Consequently, in predatory behaviour, which is most

exhibited by generalist ants (Cerdá & Dejean, 2011), these arthropods

may forage more for carbohydrates and lipids due to their limited

availability at the trophic level (Kaspari et al., 2012; Lasmar

et al., 2023; Wilder et al., 2013). Alternatively, the scarcity of these

nutrients in their diet can lead to increased lipid intake from prey bod-

ies (Mayntz et al., 2005). However, ant foraging activity and nutrient

preferences may be affected by changes in land use. Due to ants

being thermosensitive, microclimate changes in anthropogenic land

uses can decrease their foraging activity (Parr & Bishop, 2022). Addi-

tionally, a lower number of species associated with intensified land

use is linked to reduced foraging activity, likely due to a smaller num-

ber of foraging ants (Lasmar et al., 2021). Thus, ants may exhibit

changes in foraging patterns with alterations in land uses in tropical

ecosystems.

Here, our aim was to assess whether changes in land use and

microclimate explain the foraging activity and nutrient preference of

ants. We considered foraging activity for the following resources:

nutrients (lipids, carbohydrates, AA, sodium) and mealworm larvae

(Tenebrio molitor Linnaeus, 1758). More specifically, we asked: (i) How

similar is the species composition across land uses and resources? We

expected that ant composition would differ across land uses due to

species turnover but would be similar among ants that forage for lar-

vae, carbohydrates and lipids, indicating limiting resources for preda-

tory ants; (ii) Is foraging for larvae explained by nutrient preference?

We expected that foraging for larvae would be positively associated

with foraging for carbohydrates and lipids, as predatory ants should

increase their foraging for energy sources; (iii) How are changes in for-

aging activity (foraging for larvae and nutrient preference) explained

by ant species richness, land use and microclimate changes? We

expected that foraging activity would be positively associated with

increases in ant species richness and temperature but negatively asso-

ciated with extreme temperatures and low humidity in agricultural

systems. Moreover, we expected that foraging for lipids,

carbohydrates (energetic resources) and larvae would increase in

anthropogenic land uses due to resource limitations.

METHODS

Study site

We collected data on ant foraging activity in the state of Minas Ger-

ais, Brazil. Minas Gerais has a territory of 586,528 km2, mainly com-

posed of the Atlantic rainforest (40%) and the Cerrado (54%)

(Figure 1; Biomas, 2019). The Atlantic rainforest and Cerrado are con-

sidered global biodiversity hotspots due to their high species numbers,

endemism and the significant threat by land use changes (Trew &

Maclean, 2021). The Atlantic rainforest (tropical forest) extends into

tropical and subtropical regions, generating diverse rainforest environ-

ments. On the other hand, the Cerrado (Brazilian savannah) features

various vegetation types, ranging from open vegetation habitats to

closed forests, including grasslands, shrublands, typical savannas and

woodland savannah (cerradão). These regions are characterized by a

wet summer (October to March) and a dry winter (April to

September). In the winter, the Cerrado has an average precipitation of

23.50 mm and an average temperature of 18.25�C, while the Atlantic

rainforest has an average precipitation of 26.75 mm and an average

temperature of 18.97�C. In the summer, the Cerrado has an

average precipitation of 212.87 mm and an average temperature of

22.16�C, while the Atlantic rainforest has an average precipitation of

134.54 mm and an average temperature of 20.41�C (INMET, 2024).

Experimental design

We sampled between January and March of 2022 and 2023. In total,

we sampled 32 sites (n = 32). The sites are composed of six woodland

savannahs (cerradão), six tropical forests in Atlantic rainforest, eight

coffee plantations in Cerrado and 12 coffee plantations in Atlantic

rainforest (Figure 1; Table S1). The collections in the Cerrado were

conducted in the rural areas of the municipality of Patrocínio (14 sites),

while the collections in the Atlantic rainforest were conducted in the

rural areas in the municipalities of Lavras (4 sites) and Santo Antônio

do Amparo (SAA) (14 sites). Each site had only one transect per sam-

pling, and the sites were spaced at least 322 m apart.

We collected data from coffee plantations of the species Coffea

arabica L. All plantations were unshaded and mechanized (e.g., use of

tractors). In the Atlantic rainforest, all coffee plantations were conven-

tional (12 sites). In the Cerrado, four sites were conventional coffee

(with the use of fertilizers and insecticides), and four sites were

organic coffee (without the use of fertilizers and insecticides). Before

conducting our hypothesis tests, we assessed the possible influence

of these variables on our analyses and found that the type of coffee

management (conventional or organic) did not affect the results,

allowing us to combine the data and disregard management type in

the analyses.
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Foraging activity for resources

In each transect, we assessed ant foraging activity for resources,

including nutrients (AA, carbohydrates, lipid and sodium) and larvae.

Nutrients were offered in liquid form, and we used water as a control.

In each site, we created a transect with 25 sampling points spaced

10 metres apart (totalling 240 m). In each transect, we sampled ants

between 7 a.m. and 8 a.m., using the nutrients in Fisher 50 mL tubes.

Each tube contained 10 mL of an aqueous solution of each type of

nutrient. The nutrients included 20% AA (made with Whey Protein

Isolate and unflavoured containing L-glutamine and other AA such as

leucine, isoleucine and valine), 20% carbohydrates (CHO, made with

sucrose), lipids (100% extra virgin olive oil, without water), 1% sodium

solution (NaCl, made with salt) and tap water (Lasmar et al., 2021,

2023). The tubes were placed horizontally on the ground and closed

at the end of sampling, with the ants inside collected and stored in

70% alcohol for preservation.

After the nutrient experiment, in the same transect but only at five

sampling points spaced 50 m apart (totalling 200 m), we assessed forag-

ing for larvae as a proxy measure for insect predation by ants. At each

sampling point, we installed two beetle larvae (Tenebrio molitor). The lar-

vae were attached with hook-and-loop fastener to an ethylene-vinyl

acetate (EVA) surface to prevent them from escaping. At each sampling

point, between 8 a.m. and 12 p.m., we observed foraging activity in

four rounds of 5 min each. First, we attached the larvae to the ground

at the first sampling point and immediately observed the foraging for

larvae for 5 min. Then, we attached larvae at the second sampling point

and observed the foraging for larvae for 5 min. We repeated this pro-

cess until completing the transect and then started again for the sec-

ond, third and fourth rounds. This totalled 20 minutes per sampling

point and 100 minutes per transect. We considered the foraging activ-

ity by ants when they attacked the larvae, either by stinging or biting

(Wilker et al., 2023). The ants that engaged in predation were collected

and stored in 70% alcohol for later identification.

Microclimate measurements

We measured temperature and humidity alongside the larvae experi-

ment. Using a digital thermo-hygrometer, we measured air tempera-

ture (�C) and humidity (%) at 5 cm from the ground at the sampling

point. We took 20 temperature and humidity measurements per tran-

sect (five sampling points � four rounds) and used the average of

them in our analyses.

Ant species richness and composition

After the larvae experiment, in the same transect with five sampling

points spaced 50 metres apart (totalling 200 m), we installed pitfall

F I GU R E 1 Panel A indicates the Brazilian state of Minas Gerais, including its position in South America and the location of the biomes and
sampled municipalities. Panel B indicates some sampling points within the municipality of Patrocínio and panel C indicates the sampling points in
municipalities of Lavras and Santo Antônio do Amparo (SAA). The figure was generated using QGIS version 3.32 (QGIS.org, 2023) and adapted

biome and state data from Instituto Brasileiro de Geografia e Estatística (IBGE, 2019). The satellite image was from Google Satellite (2024).
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traps to assess ant species richness and composition. The traps con-

sisted of plastic pots with a diameter of 12 cm and a depth of 11 cm,

installed at the ground level. We added an aqueous solution com-

posed of 200 mL of water mixed with salt and detergent to capture

and preserve the collected ants. Each trap was left sampling for a

period of 48 hours. After this period, the captured ants were stored in

70% alcohol.

Ant species identification

We identified to the genus level based on Baccaro et al. (2015) and mor-

photyped them based on external morphological characters. Identification

and confirmation of species and morphospecies were made by Rodrigo

M. Feitosa and Ana Carolina A. Neundorf at the Laboratório de Sistemá-

tica e Biologia de Formigas at the Universidade Federal do Paraná

(UFPR). Specific published descriptions were used to identify species in

the genera Acromyrmex (Gonçalves, 1961), Acropyga (LaPolla, 2004),

Apterostigma (Lattke, 1997), Basiceros (Probst & Brandão, 2022), Brachy-

myrmex (Ortiz-Sepúlveda et al., 2019), Carebara (Fernández, 2004), Ecta-

tomma (Kugler & Brown Jr., 1982), Gnamptogenys (Camacho et al., 2020),

Labidus (Watkins, 1976), Linepithema (Wild, 2007), Neivamyrmex

(Watkins, 1976), Odontomachus (Brown Jr., 1976), Pheidole

(Wilson, 2003), Strumigenys (Bolton, 2000) and Wasmannia (Longino &

Fernández, 2007). Voucher specimens were deposited in the reference

collection of Laboratório de Ecologia de Formigas at UFLA and the

Coleção Entomológica Padre Jesus Santiago Moure at UFPR (DZUP).

Data analysis

Foraging activity for resources was computed in two distinct ways for

nutrients and larvae. For nutrients, we used a measure of nutrient

preference at each transect (relative resource use; Lasmar

et al., 2021). As we are primarily interested in the preference between

energy nutrients (carbohydrates and lipids) compared to AA, to calcu-

late the nutrient preference, we excluded water (control) and sodium

(NaCl) from computing nutrient preference. Moreover, as expected,

the control and sodium tubes had lower ant occurrence (Figure S2).

Nutrient preference was calculated as the number of tubes visited for

a given nutrient at a transect, divided by the total number of tubes

visited per transect. Thus, nutrient preference indicates the foraging

for a specific nutrient in relation to all others. A nutrient

foraging value of 1 indicates that all occurrences were on a single

nutrient, and a nutrient foraging value of 0 means that no ant occur-

rences were recorded for a nutrient (Lasmar et al., 2021). To do this,

we measured the nutrient preference between energy and AA, with

energy being the combination of carbohydrates and lipids data. We

transformed these proportional values using a logit transformation to

meet Gaussian assumptions in our analyses (Lasmar et al., 2021;

Warton & Hui, 2011). For larvae, foraging was calculated by the num-

ber of attacks on larvae, being a count data, and we used the Poisson

family (Wilker et al., 2023).

To assess (i) whether the species composition is similar across

land uses and resources, we calculated Sørensen dissimilarity using

the betapart package version 1.6 (Baselga, 2010; Baselga et al., 2023).

Sørensen dissimilarity ranges from 0 to 1, where 0 indicates assem-

blages with identical compositions and 1 indicates assemblages with

completely different compositions. We had 32 sites with five

resources (AA, carbohydrates, lipids, sodium and larvae), totalling

160 ‘assemblages’. However, in several sites, we collected only one

or two ant species per assemblage. Due to the low number of species

in each assemblage, we could not compute the dissimilarity between

them. As an alternative, we merged the assemblages within the same

land use type (woodland savannah, tropical forest, coffee plantation in

Atlantic rainforest and coffee plantation in Cerrado). This reduced our

sample size to 20 (five resources X four land use types) but increased

the number of species for each sample unit. Moreover, we partitioned

βsør-diversity into turnover (βsim) and nestedness (βsne). We used

βsør, βsim and βsne to perform three non-metric multidimensional

scaling (NMDS) analyses, using the function metaMDS (vegan package

version 2.6-6; Oksanen et al., 2024). We then tested the difference in

community dissimilarity with three permutational analyses of variance

(PERMANOVA), using the function adonis2 (vegan package version

2.6-6; Oksanen et al., 2024) with 9999 permutations. In all models,

we used the predictor variables of resources and land use type. As a

response variable, we used βsør, βsim and βsne, one for each model.

When we found a significant result in PERMANOVA, we used the

function pairwise.adonis2 (pairwiseAdonis package version 0.4; Marti-

nez Arbizu, 2020) to understand which pairs of assemblages were

different.

To assess (ii) whether foraging for larvae is explained by nutrient

preferences, we built two generalized linear models (GLM). As the

response variable, we used the number of foraging for larvae per tran-

sect. As predictors, we used the nutrient preference per transect (for-

aging for a specific nutrient in relation to all others). In the first model,

we used the nutrient preference for energetic nutrients, and in the

second model, the nutrient preference for AA. We considered a result

significant if p < 0.05. We used the Poisson family because the

response variable is count data (number of ants foraging for larvae per

transect). We evaluated the normality of the residuals using histo-

grams and quantile–quantile plots and the heteroscedasticity using

residuals by fitted value plots. Moreover, because the model was

overdispersed, we changed the family to negative binomial, using the

MASS package (Venables & Ripley, 2002).

To avoid multicollinearity between microclimate variables, we

tested a correlation between temperature and humidity. The Spear-

man correlation coefficient between these variables was strongly neg-

ative (ρ = �0.86; p < 0.001; Figure S1). For this reason, we used only

temperature as a microclimate variable.

To assess (iii) whether changes in foraging activity are explained

by ant species richness, land use and microclimate changes, we calcu-

lated three GLMs. In all models, we used ant species richness, land

use (natural habitat or coffee plantation) and temperature as predictor

variables. We also used biome (Atlantic rainforest and Cerrado) with a

predictor variable to assess whether the patterns were consistent

ENERGY PREFERENCE DRIVES ANT PREDATION 5



across different geographic contexts. In one model, we used foraging

for larvae as the response variable. In the other two models, we used

nutrient preference for energy and nutrient preference for AA. For

models with larvae, we used a negative binomial error family because

of the overdispersion. For the models with nutrient preference, we

used the gaussian family. In all models, we tested the residual normal-

ity and homoscedasticity. Moreover, in all models, we used the dredge

function to select the best models and identified ‘uninformative

parameters’ following Leroux (2019).

We used the dredge function (MuMIn package version 1.47.5;

Bartoń, 2023) to run all possible models. The dredge function ranked

the models based on the Akaike information criterion corrected for

small sample sizes (AICc). We considered models to be equivalent if

ΔAICc <2 (Burnham & Anderson, 2002). However, within our selected

models, there may be ‘uninformative parameters’, leading to a Type I

error (Leroux, 2019). We followed the approach proposed by Leroux

(2019) for detecting these ‘uninformative parameters’. We compared

the log-likelihoods of the top model and those models within ΔAICc

<2 that had additional parameters not in the top model. If the log like-

lihoods were different (log-likelihoods >1), we considered the addi-

tional parameters as informative. If the log likelihoods were similar

(log-likelihoods <1), we checked to see if the 95% confidence intervals

(CI) of the additional parameters overlapped zero, using the confint

function (stats package; R Core Team, 2024). If the CI overlapped

zero, we considered the parameters to be uninformative; if they did

not overlap zero, we considered them to be informative. When the

predictor overlaps zero, it probably does not explain the response var-

iable (Leroux, 2019).

All analyses were completed in R 4.3.3 (R Core Team, 2024). All

graphs were made with the ggplot2 package (Wickham, 2016).

RESULTS

We sampled 12,346 ant workers and 138 ant species, belonging to

124 ant species for pitfall data, 28 ant species foraging for larvae and

51 species for nutrient preference (more details in Tables S2–S6).

Concerning nutrient preference, we found that ant foraging was

higher for carbohydrates (ant presence in carbohydrate tubes: mean

± deviation standard = 0.50 ± 0.50) and lipids (ant presence in lipid

tubes: 0.45 ± 0.49), intermediate for AA (ant presence in amino acid

tubes: 0.19 ± 0.39) and sodium (ant presence in sodium tubes: 0.21

± 0.41) and low for control tubes (ant presence in control tubes: 0.09

± 0.29) across all transects (Figure S2; Table S6).

Regarding (i) whether the species composition is similar across

land uses and resources, we found that the ant species composition

differs between land uses (degrees of freedom (d.f.) = 3; F = 6.373;

p < 0.001), and the principal beta diversity component is turnover

(βsør = 0.918, βsim = 0.883, and βsne = 0.035; Figures S3 and S4).

However, we did not find a different ant composition across different

resources (Figure 2 and Table S7).

Regarding (ii) whether foraging for larvae is explained by nutrient

preference, we found that an increase in foraging for energy

(carbohydrates and lipids combined), relative to AA, positively explained

the foraging effort for larvae (d.f. = 30; F = 3.924; p = 0.047;

R2 = 0.11; Figure 3). However, we did not find an effect of nutrient

preference for AA compared to energy (d.f. = 30; F = 0.956;

p = 0.328).

Regarding (iii) whether changes in foraging activity are explained

by ant species richness, land use and microclimate changes, we found

predictors for both foraging for larvae and nutrient preference for AA

(Table 1). As ant species richness increased, so did the number of for-

aging for larvae. Moreover, both foraging for larvae and preference

for AA were greater in the Atlantic rainforest than in the Cerrado

F I G U R E 2 Ant species composition differs between land use
types: Natural AR (forest in the Atlantic rainforest; medium pink),
Natural Ce (woodland savannah in Cerrado; orange), Coffee AR
(coffee plantation in the Atlantic rainforest; grey) and Coffee Ce
(coffee plantation in Cerrado; purple). However, it does not differ
significantly with respect to resource types: AA (amino acids; square),
CHO (carbohydrates; empty triangle), Lipids (vegetable oil; diamond),
NaCl (sodium; circle) and Larvae (predation experiment; full triangle).
Species composition was measured using Sørensen dissimilarity (βsør).

F I G U R E 3 The y-axis indicates the number of foraging for larvae.
The x-axis indicates the nutrient preference for energetic nutrients
(carbohydrates and lipids) compared to amino acids. The increase in
foraging for energetic nutrients, and consequently the decrease in
foraging for amino acids, increases foraging for larvae.
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(Table 1; Figure 4a; Figure 5). Additionally, an increase in temperature

(�C) reduced the ants’ preference for AA (Table 1; Figure 4b). On the

other hand, we did not find any effect of microclimate or land use on

nutrient preference for energetic nutrients (Table 1).

DISCUSSION

In our study, we identified important patterns regarding changes in for-

aging activity and nutrient preference caused by land use and microcli-

mate changes. We found that ants preferred foraging for

carbohydrates and lipids, indicating the ants’ preference for energy

resources (Lasmar et al., 2021, 2023; Peters et al., 2014). We also

found that the ants foraging for different resources had the same spe-

cies composition, probably due to the presence of generalist ants on

the ground. Additionally, we found a positive relationship between ants

foraging for energetic nutrients and larvae, suggesting that limitations

in energetic resources (carbohydrates and lipids) an increase in ant for-

aging can contribute to higher insect predation, as it leads to more fre-

quent foraging on larvae. Moreover, both foraging for larvae and

preference for AA were higher in the Atlantic rainforest than in the

Cerrado, suggesting greater predatory ant activity and amino acid con-

sumption in this biome. Thus, although foraging for larvae was associ-

ated with amino acid preference in the same biome, it is possible that

nutrient limitation for energetic resources leads to increased foraging

activity for these nutrients, thereby enhancing predation events.

T AB L E 1 In the table, ‘preference for AA’ represents the preference for amino acids compared to energetic nutrients (CHO + lipids), while
‘preference for energy’ represents the preference for energetic nutrients compared to amino acid, ‘Land use’ are the land uses (natural habitat
and coffee plantation), ‘Temperature’ is the mean of temperature in�C, ‘Richness’ is the ant species richness and ‘Biome’ are the biomes (Atlantic
rainforest and Cerrado). Only models with ΔAICc ≤2 were considered. Degrees of freedom of the model (d.f.), differences in AICc values (ΔAICc),
Akaike weight (ω), Log Likelihood (LogLik) and Adjusted coefficient of determination (Adj-R2) were evaluated.

Question 3: How are changes in foraging activity explained by ant species richness, land use and microclimate changes?

d.f. AICc ΔAICc ω LogLik Adj-R2

Model (larvae)

Richness 3 198.0 0.00 0.21 �95.59 0.15

Biome + Richness 4 198.1 0.06 0.21 �94.31 0.21

Model (preference for AA)

Biome + Temperature 4 125.0 0.00 0.31 �57.73 0.31

Temperature 3 126.4 1.47 0.13 �59.78 0.15

Model (preference for energy)

Null model 2 151.4 0.00 0.22 �73.49 0.00

Biome 3 152.5 1.14 0.12 �72.84 0.04

Land use 3 152.7 1.28 0.11 �72.91 0.03

Temperature 3 152.8 1.42 0.10 �72.98 0.03

Richness 3 153.1 1.75 0.09 �73.14 0.02

F I GU R E 4 Foraging for larvae and preference for amino acids (AA) is greater in the Atlantic rainforest than Cerrado. However, ant species
richness increases foraging for larvae (panel A), while temperature decreases preference for amino acids (panel B).
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In agreement with other studies, we found that the conversion of

natural habitats to coffee systems decreases ant diversity (e.g., De la

Mora et al., 2013; Escobar-Ramírez et al., 2020) and changes species

composition (Perfecto & Snelling, 1995), making the communities

more homogeneous in this type of land use. Sun coffee plantations, as

observed in our study, tend to have more intense effects on ant

assemblages compared to shaded coffee plantations, which have a

more negative impact on ant diversity (Urrutia-Escobar &

Armbrecht, 2013). Moreover, ants are important predators in coffee

systems, contributing to the reduction of coffee berry borer

(Aristizabal & Metzger, 2019; Philpott & Armbrecht, 2006). However,

to the best of our knowledge, this is the first study to assess ant nutri-

ent preference in coffee systems, making significant advances in the

field, particularly by linking this nutrient search to insect predation, an

important ecosystem function in this type of plantation.

How similar is the species composition across land
uses and resources?

We found that ant composition differed across land use types but

was similar across all resources. At a regional scale, it was expected

that species composition would differ between biomes due to distinct

species pools and geographic distance (Schmidt et al., 2017). More-

over, with land use changes, there is a loss of sensitive species and a

gain of generalist and resistant ones, resulting in species turnover and

changes in composition (Queiroz et al., 2020; Wilker et al., 2023). The

similarity in ant composition across different resources is likely due to

the presence of omnivorous and opportunistic species. Most ants in

our study belonged to the genus Pheidole (Tables S2–S5), which is

dominant in Brazilian biomes and forages broadly on the ground

(Feitosa et al., 2022; Sarnat et al., 2015). Thus, while ant composition

varies across land use types due to species turnover, it remains similar

within each land use type because the same opportunistic species

exploit available resources.

Is foraging for larvae explained by nutrient
preference?

We found that an increase in foraging for energetic nutrients (carbo-

hydrates and lipids) positively explained foraging for larvae. Energetic

nutrients are scarce in prey, leading predators to increase foraging for

carbohydrates and lipids despite the low energy gain from AA (Jensen

et al., 2012; Lasmar et al., 2023; Wilder et al., 2013). Thus, our results

suggest a positive link between the search for energetic nutrients (car-

bohydrates and lipids) and the predatory activity of ants compared to

AA. Additionally, the lower correlation coefficient (R2 = 0.11) can be

explained by the greater number of generalist ants in our experiments,

and this pattern could be stronger for strictly predatory animals.

(iii) How are changes in foraging activity explained by ant species

richness, land use and microclimate changes?

Regionally, foraging for larvae and preference for AA were higher

in the Atlantic rainforest than in the Cerrado. This may be due to a

greater limitation of AA in Atlantic rainforest ecosystems compared to

the Cerrado, leading predatory ants to seek these nutrients more in

the bodies of their prey. The Cerrado is known for presenting high

levels of AA that are present in extrafloral nectaries (Leal et al., 2017;

Ribas et al., 2010). Although we collected data only from the ground,

and extrafloral nectaries are found in arboreal strata, many ground-

dwelling ants forage in both strata to search for resources (Passos &

Leal, 2019; Rezende et al., 2024). Thus, ants are more limited by

resources from nectaries, including AA, in the Atlantic rainforest than

in the Cerrado, leading to increased predation in this biome. There-

fore, the predatory activity of animals may depend on the biome con-

text, where nutrient limitations can enhance this function.

We also found a positive effect of ant species richness on forag-

ing for larvae. Several studies indicate a positive relationship between

ant species richness and predatory activity (e.g., De la Mora

et al., 2015; Philpott & Armbrecht, 2006). This occurs because ant

predatory activity involves various species, including both specialists

and generalists (Wilker et al., 2023). Thus, an increase in the number

of species elevates foraging activity and, consequently, insect preda-

tion (Frizzo et al., 2020). Therefore, strategies aimed at conserving

more species may consequently benefit the conservation of ecosys-

tem functions such as predation.

In addition, we found that increasing temperature decreases the

preference for AA compared to energetic nutrients. This is likely

because, in ants and other ectothermic animals, rising temperatures

lead to an increase in metabolic processes (Riemer et al., 2018). As

F I GU R E 5 Right-angled mixture triangle (Raubenheimer, 2011),

for AA (y-axis), carbohydrates (x-axis) and lipids (z-axis). This graph
represents relative preference in three nutrients: AA, CHO and Lipids.
For the x-axis, the higher the preference in CHO, the lower the
preference in AA and Lipids. For the y-axis, the higher the preference
in AA, the lower the preference in CHO and Lipids. For relative lipid
preference, the points are graphically represented in relation to the
diagonal lines, with the values indicated in relation to the z-axis. The
lowest lipid preference occurs when the point touches the diagonal
0, and the highest occurs when the point touches the diagonal 1 for
the z-axis. In the Atlantic rainforest, ant assemblages tend to forage
more for amino acids than in the Cerrado.
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metabolism increases, there is a greater demand for energetic

resources such as carbohydrates and lipids, which are essential for

energy production and metabolic function (Prather et al., 2018). On

the other hand, the consumption of AA tends to be higher during

periods of lower seasonality and cooler temperatures, which are typi-

cally associated with reproduction and body growth (Lasmar

et al., 2021).

Study limitations and future directions

In our study, there are some methodological limitations and sugges-

tions. The similarity in ant composition foraging for different

resources may be due to our collection being limited to above-ground

strata. These strata are dominated by omnivorous and opportunistic

species that forage for a wide variety of resources. Therefore, it would

be important to assess changes in species composition in other habi-

tat strata, such as subterranean and arboreal (Lasmar et al., 2023).

Moreover, we collected our data only during the summer, when tem-

perature and humidity tend to be higher in the Atlantic rainforest and

Cerrado biomes. Therefore, we encourage further studies to evaluate

seasonal differences, as they may affect ant communities (Queiroz

et al., 2023) and consequently influence the search for and use of

resources. Additionally, although we found a positive relationship

between foraging for energetic nutrients (carbohydrates and lipids)

with larvae, we sampled these nutrients separately. However, arthro-

pod prey typically contains these nutrients together in varying con-

centrations (Wilder et al., 2013; Wilder & Eubanks, 2010). Therefore,

it may be important for future studies to evaluate combinations of

these nutrients in relation to predation to understand this relationship

more comprehensively (Wilder et al., 2019).

CONCLUSION

Here, we found that land use, species richness, biome and microcli-

mate changes affect ant foraging activity and nutrient preference. Ant

species composition varied with land use type but remained similar

across different foraging resources. This suggests that generalist ants

may forage on a variety of resources, helping to maintain ecosystem

functions. More specifically, we observed a positive relationship

between foraging for energetic nutrients (carbohydrates and lipids)

and foraging for larvae, indicating that predatory ants are limited by

energetic nutrients and forage for these nutrients, which can enhance

predation. In addition, we found that both foraging for larvae and

preference for AA were greater in the Atlantic rainforest than in the

Cerrado, which may indicate higher predatory activity aimed at

consuming AA in environments where these nutrients are less avail-

able. Moreover, species richness was positively associated with forag-

ing for larvae, while higher temperatures reduced preference

for AA. Therefore, we suggest that conserving species richness and

mitigating high temperatures could help enhance predatory activity in

tropical environments.
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