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Abstract

:

Carbohydrates and proteins are essential to maintain the basic functions of animals. Over the course of one year we conducted a factorial experiment to determine the influence of carbohydrate (sucrose) and protein supplementation on the thermal tolerance, trophic position, overall abundance, species richness and composition, and on the strength of the protective effects of arboreal ants on their host tree (Caryocar brasiliense). Using Azteca ants as a model we found evidence of dietary and thermal plasticity among arboreal ants as colonies supplied with protein increased their trophic level relative to colonies that received no protein. Colonies that received sucrose increased their thermal tolerance on average by 1.5 °C over a six-month period, whereas those that did not receive sucrose did not change their thermal tolerance. Overall ant abundance was lower in control trees than in those that received any nutrient addition treatment. Species richness was also lower in control trees, but those receiving sucrose presented more species than those receiving only protein. There was greater similarity in species composition between the trees that received sucrose than between these and those receiving only protein or just water as control. Trees whose ant colonies received sucrose presented lower levels of leaf damage than those that did not. Overall, these results indicate that food resources can modulate the population and community ecology of arboreal ants as well as their interaction with the host trees. Interestingly, although arboreal ants are thought to be N-limited, it was the supplementation of sucrose—not protein—that elicited most of the responses.
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1. Introduction


Nutrition influences every aspect of an animal’s life, either directly by building the components of the organisms and affecting their performance, or indirectly by influencing the interaction between species and the environment at multiple scales [1]. Rather than simply maximizing food intake, consumers must regulate foraging in a way that matches the optimal mixture of macronutrients and micronutrients required for survival [2,3], and this becomes even more challenging when considering that nutrient availability varies between and within habitats [4]. Nutritional interactions between organisms and the environment might influence species physiology and behavior, working as a bottom-up force that alters species relations and the structure of biological communities [5,6,7].



Carbohydrates and proteins are essential compounds that act in a complementary way to maintain the basic functions of animals, such as growth, survival, and reproduction [8,9]. The availability of carbohydrates and protein depends on the type of food resource, which, in turn, varies temporally and spatially. For example, for organisms in the canopy of tropical forests there is often a greater availability of carbohydrates than of proteins [10]. According to the Compensation Hypothesis [11,12], the attractiveness and utility of a food resource to a given organism is conditional to its availability in the environment in question. Thus, for consumers in the forest canopy, protein may be more attractive than the abundant carbohydrate [13,14].



Ants are one of the most ubiquitous and diverse groups of arthropods in the canopy of tropical forests and savannas [15]. In general, arboreal ants have a carbohydrate-based diet that follows the high availability of sugary plant and insect exudates in the canopy [16,17,18]. However, most arboreal ants are omnivorous [17,19,20], whose foraging behavior and trophic level can vary according to the availability of different food sources in the environment [21]. Although some studies suggests that ants are more constrained by protein sources in the canopy, and, therefore, more attracted to it [10,20], there is also evidence that, in fact, the most limiting resource for arboreal ants are carbohydrates [22]. It has been suggested that if selective pressures across ants’ evolutionary history favored species that feed on the most abundant resource, then carbohydrates could be a limiting nutrient for arboreal ants, even considering its high abundance in the canopy [22].



Carbohydrates fuel the more energetically costly activities of the colonies and is related to the maintenance of the workers’ body functions, whereas protein is fundamental for the growth and development of larvae and pupae [23]. In this sense, both nutrients act in complementary ways to ants’ colony growth and survival, which ultimately could affect species interactions and the structure of communities [24,25]. Moreover, both carbohydrates and protein can interact and influence numerous other aspects of an ant’s life. For example, carbohydrates can provide energy for thermoregulation [26] and increase evaporative cooling effects [27], while protein can influence the production of heat shock proteins, which are essential to cope with thermal stress [28,29]. Therefore, nutrition can alter the critical thermal maximum (CTmax) of ant workers [6] which, in turn, can affect their foraging schedules, disrupt transitive hierarchies [30,31] and/or affect their mutualistic interactions with plants [32].



Many species of arboreal ants nest or forage on plants that have extrafloral nectaries (non-reproductive organs and plant tissues that produce carbohydrate-rich nectar, EFNs hereafter). This interaction can be considered mutualistic when ants prey on herbivores and, thus, increase plant fitness, while benefiting from nesting and food resources [18]. Several non-exclusive hypotheses have been proposed to explain why ants defend EFN-producing plants. The Fuel for Foraging Hypothesis [33,34,35] proposes that the ant visitors are fueled by carbohydrates provided in the EFNs, increasing ant’s foraging and aggressiveness. The Ownership Hypothesis [36,37] proposes that a valuable resource elicits ownership behavior, so that ants would defend the plant against its natural enemies while protecting and dominating the food resource. Lastly, the Deficit Hypothesis [38] proposes that the nutritional imbalances of EFNs (high C:N) increases the ants’ need for protein, increasing the chance that they attack an herbivore on the plant.



Although there are studies showing how the availability of carbohydrates alters the foraging behavior and aggressiveness of ants [39,40], ultimately benefiting the plant [41,42], none of these studies have explored how protein availability (and its interaction with carbohydrates) affects the outcome of the interaction between ants and plants. Furthermore, relatively few studies have evaluated how nutrient supplementation affects the thermal tolerances and trophic position of individual colonies, as well as the structure of the ant communities foraging on trees.



Here, we evaluated the influence of nutrient supplementation on the ecology of arboreal ants. For this, we performed a one-year long field experiment in which carbohydrate (sucrose) and protein were supplied to ants associated with an EFN-producing savanna tree species. We addressed four questions. At the level of individual ant colonies we asked: (1) What are the individual and combined effects of carbohydrate and protein supplementation on the thermal tolerance of arboreal ants? We expected that thermal tolerance would vary among colonies subject to different nutrient supplementation treatments, since carbohydrates and protein are known to influence the thermal tolerances of insects in different ways [28,29]. In addition, (2) we evaluated what are the individual and combined effects of carbohydrate and protein supplementation on the trophic position of arboreal ants? According to the Compensation Hypothesis, which states that animals tend to forage in a way to correct nutritional imbalances [11,12], we expected that colonies supplemented with the most limiting resource would have the greatest change in their trophic positions.



At the community level we asked: (3) What are the individual and combined effects of carbohydrate and protein supplementation on the overall abundance, species richness, and composition of arboreal ants on trees? Given that competition over food resources is a strong structuring force among arboreal ant communities [43,44,45,46], we would expect that both protein and sucrose would generate an increase in the overall abundance and species richness of ants on trees. Furthermore, considering that the attractiveness of food resources varies between species [20], we also expected that species composition would be different across the nutrient supplementation treatments. Finally, we asked: (4) Does nutrient supplementation affect the protective effects of ants against the herbivores of their host tree (level of foliar damage)? We expected that, if the Ownership Hypothesis [34,36,37] is correct, then colonies receiving complementary food resources (i.e., both carbohydrate and protein) would better protect their host trees. On the other hand, if the Deficit Hypothesis [38] is correct, then the supplementation of protein should diminish the ants’ need for protein and, therefore, their predatory activities. In this sense, the most protected trees would be those in which colonies receive carbohydrates only. Similarly, if the Fuel for Foraging Hypothesis [33,34,35] is correct, access to carbohydrates would fuel foraging and aggressive behavior of ants, increasing protection on trees supplemented with carbohydrates.




2. Materials and Methods


2.1. Study Area


This study was conducted at the Reserva Ecológica do Panga, a 404 ha reserve located 30 km south of Uberlândia, Minas Gerais, Brazil (19°10′ S, 48°23′ W). The mean annual temperature of the region is 22 °C and the mean annual rainfall is 1650 mm. All observations and experiments were performed on Caryocar brasiliense trees located within an area of approximately five hectares covered by the dominant vegetation type of the reserve (woodland savanna, locally known as cerrado sensu stricto), and which is characterized by a superior layer of trees and shrubs and a ground layer formed by grasses, herbs, and small shrubs [47]. Caryocar brasiliense is a common and widespread species in the savannas of central Brazil which produces EFNs on its leaves and inflorescences.




2.2. Supplementation Experiment


We selected and marked 67 medium sized (3–4 m in height) C. brasiliense trees that were separated from each other by at least 12 m. This distance was large enough to ensure that ants from a given experimental tree were not foraging in another tree. In fact, foraging by predominantly arboreal species was largely restricted to the host tree. This was because the savanna where our experiment took place was relatively open and, therefore, there was very little connectivity between the crowns of different trees [48]. Each of the selected trees received one of the following nutrient supplementation treatments, (1) carbohydrate only (20% water solution of sucrose) (n = 17 trees); (2) protein only (20% water solution containing equal parts of isolate whey protein, calcium caseinate and egg white powder) (n = 16); (3) carbohydrate and protein (mixture containing equal parts of the carbohydrate and protein solutions) (n = 19); and (4) control trees (water only) (n = 15). The amounts of carbohydrate and protein added to the water solutions are similar to those used in previous studies [20,25] and were chosen because they mimic the concentration of these two elements in natural food sources [49,50]. A total of six sealed plastic cups (6 cm high, 5 cm in diameter), with access holes (five 6 mm diameter holes, drilled on the sides of each cup), were wired onto the branches of each experimental tree. Each cup was filled with 60 mL of water, sugar, protein, or sugar and protein solution. A piece of folded tissue paper in the cup served both as a feeding platform and a structure that ants could use to escape the liquid if they fell in. Solutions and tissue platforms were changed weekly. The experiment had a duration of one year (August 2020–July 2021).




2.3. Critical Thermal Maximum (CTmax)


To evaluate the influence of the nutrient supplementation treatments on ant’s resistance to heat, we measured the CTmax of 21 colonies of an unidentified Azteca species (hereafter Azteca) just prior to and again six months after the beginning of the experiment. The CTmax of the ants was determined using dry bath equipment (Kasvi Dry Bath model K80-S01/02). In each test, 20 workers of the same colony were placed individually in Eppendorf tubes sealed by cotton and placed randomly in the dry bath equipment. The initial temperature of the test was 36 °C, which was increased by two degrees every 10 min of exposure until death or permanent loss of muscle coordination in the workers. Tests were carried out within a maximum period of up to four hours after the collection of the ants in the field. We considered the CTmax of the species as the average temperature of death or permanent loss of muscle coordination of the 20 workers.




2.4. Stable Isotope Analyses


We determined the isotopic signature (δ15N) and the carbon and nitrogen ratios (C:N ratio) of ants from 18 Azteca colonies. For this, we collected approximately 20 workers from each colony 10 months after the beginning of the experiment. We removed the gaster of each worker during sample preparation to avoid the effect from recently ingested food items on the analysis [16,51]. Ant samples were dried in an oven at 60 °C for 48 h and then crushed with an agate mortar and pestle. The dried samples were put into small tin capsules in precisely weighed amounts (1.25–1.5 mg) then molded into a spherical shape, put on ELISE dishes, and sent to the University of California Stable Isotope Facility, in Davis, CA, USA, for analysis. The results were expressed in delta notation per thousand, with an internationally acknowledged standard as reference.




2.5. Sampling of the Ant Fauna


To estimate the abundance and diversity of arboreal ants in the experimental trees (n = 67), two observers counted the number and determined the identity of the ants foraging on the main trunk and branches of each tree for a period of two minutes during the morning (7:00 a.m.–9:30 a.m.), and again in the afternoon (12:00 a.m.–2:30 p.m.), and evening (7:00 p.m.–9:30 p.m.) of the same day. This was done once in May 2021, and again one month later by the same two observers. When necessary, ant specimens were collected and stored in alcohol for later identification in the laboratory. Voucher of all species collected are deposited at the Zoological Collection from the Federal University of Uberlândia (UFU) in Uberlândia, Brazil.




2.6. Artificial Nests


We also assessed the effect of nutrient supplementation on the occupation of artificial wooden nests by arboreal ants. For this we wired six nests to the branches of about half of the experimental trees (32 of the 67 trees). The nests were made of bamboo (~100 mm in length and 10 mm in diameter). Three of the bamboo nests had an opening of 6 mm2 and the other three an opening of 8 mm2, which were the most used nest entrance sizes in an experiment conducted earlier [48]. The bamboo nests were installed in October 2020 and removed in August 2021. Each nest was sealed with adhesive tape and transported to the laboratory, where they were opened and the identity and number of ants was recorded, as well as the presence of eggs, larvae, pupae, and alates.




2.7. Herbivory Measurements


We estimated the level of leaf damage on 59 of the 67 experimental trees. For this, one branch from each tree was randomly selected and 10–14 newly initiated leaves (with no signs of damage) from this branch were marked using plastic-coated wires placed around the leaf petiole. This was done in September 2020 when C. brasiliense was flushing new leaves. After 90 days, we collected the marked leaves and produced a scanned image of each one. The area damaged by chewing insects and the total area of each leaf was determined using the ImageJ software [52].




2.8. Statistical Analyses


We analyzed the individual and interactive effects of the nutrient supplementation treatments on the isotopic signature (δ15N) and on the carbon to nitrogen ratio (C:N) of Azteca ant workers using two-way ANOVAs, in which the predictor variables were carbohydrate (with or without) and protein (with or without). The same model was used to evaluate the magnitude of change (the effect size) of the CTmax of the Azteca ants. The magnitude of change was calculated as the logarithm of the response ratio using the formula log (CTmax after supplementation/CTmax before supplementation). Similarly, two-way ANOVAs were employed to evaluate the effects of nutrient supplementation on the species richness and overall abundance (i.e., the abundance of all species combined) of ants foraging on trees, as well on the proportion of artificial nests colonized by ants and the abundance of ants in nests. Finally, a two-way Anova was run to evaluate effects on leaf herbivore damage in C. brasiliense trees. When a significant interaction between the effects of carbohydrate supplementation and protein supplementation was detected, we performed a posteriori, pairwise multiple comparisons among individual treatments using the Tukey method.



Data on ant abundance were log (x + 1) transformed prior to the analyses to meet the assumption of data normality and homoscedasticity. Similarly, data on leaf herbivory was arcsine square root transformed prior to the analysis. A Gaussian error distribution was assumed in most models, except the one on species richness in which a quasi-Poisson model was run, and the one on the proportion of artificial nests colonized by ants in which a binomial distribution was assumed. Model assumptions were checked by evaluating the plot of the residuals against the fitted values and the normal probability plot. Analyses were performed in R v.4.1.1 [53], using the packages “car” [54] and “emmeans” [55].



To evaluate the differences in ant species composition among trees subject to different nutrient addition treatments we performed a two-way cluster analysis. For this, we first built a matrix containing information about the total number of trees (from each nutrient addition treatment) in which each ant species was recorded. The analysis was run in PCORD 7.0 (MJM Software Design, Gleneden Beach, OR, USA) using the Bray–Curtis index of similarity (with individual species data relativized by the species total) and the group average linkage method [56]. In this analysis, we used only data for those species that occurred in at least three of the 67 trees sampled, since the occurrence of a rare species in a giving treatment could be more related to its low abundance in the community than to its nutritional requirements.





3. Results


3.1. Effects on the Trophic Position and Thermal Tolerance of Azteca


Protein supplementation presented a significant effect on the δ15N and C:N ratio of the Azteca colonies, whereas the supplementation of carbohydrate (sucrose) did not have an effect (Figure 1). Colonies that received protein (i.e., only protein or protein together with carbohydrate) presented, on average, a δ15N 4% greater and a C:N ratio 7.2% lower than those that did not. Conversely, while sucrose supplementation affected the critical thermal maxima (CTmax) of Azteca, protein did not have an effect (Figure 2). On average, colonies receiving sucrose (sucrose only or sucrose together with protein) increased their CTmax in 1.59 °C, whereas the mean absolute change in the CTmax of the colonies that did not receive sucrose was close to zero (−0.022 °C).




3.2. Effects on Overall Ant Abundance, Species Richness and Composition


There was a significant interaction between the effects of carbohydrate and protein supplementation on ant species richness per tree. Control trees had fewer ant species than those that received carbohydrate, protein, or both (Tukey test, p ≤ 0.008). In addition, there was a difference between those that received only carbohydrate or only protein, with the former presenting more species than the latter (Tukey test, p = 0.042) (Figure 3). Similarly, there was a significant interaction between the effects of carbohydrate and protein on the overall abundance of foraging ants per tree. Overall ant abundance in control trees was significantly lower than in trees from all the remaining treatments (Tukey test, p ≤ 0.006) (Figure 3).



We recorded a total of 43 ant species from 19 genera in the 67 experimental trees (Table S1). In total, 23 species were rare being recorded in just one or two trees. Excluding the rare species, we found that the similarity in species composition was comparatively greater between trees that received sucrose only and those that received sucrose and protein than between these two and those that received protein only or the control trees (Figure 4). Five species (Azteca sp. 1, Camponotus senex, C. bonariensis, Pseudomyrmex gracilis, P. curacaensis and Tapinoma sp. 7) were relatively widespread being found in trees from any treatment. Brachymyrmex nr. aphidicola, Camponotus melanoticus, C. fastigatus, Dorymymrex sp. 10, Ectatomma tuberculatum and Pheidole radoszkozwskii, were found mainly in trees receiving sucrose (alone or in combination with protein) whereas Atta laevigata, Camponotus blandus, Camponotus substitutus, Neoponera villosa and Solenopsis basalis in trees that received protein (alone or in combination with sucrose) (Figure 4).




3.3. Colonization of the Artificial Nests


From 192 artificial nests, 44 (22.9%) were colonized by a total of four species of ants, Camponotus senex, Camponotus melanoticus, Camponotus bonariensis and Pseudomymex gracilis. From these 44 occupied nests, 6 had only ant workers, and 38 contained workers and ant brood (eggs, larvae and/or pupae). Neither carbohydrate nor protein supplementation affected the proportion of artificial nests colonized by ants (Figure 5). However, nests in tree supplemented with carbohydrates had significantly more ant workers per nest than those in trees without carbohydrates, whereas protein supplementation did not affect the abundance of ants in the artificial nests (Figure 5).




3.4. Leaf Herbivory


Damage by leaf chewing insects was 1.5 times lower in trees that received carbohydrates than in those that did not, whereas leaf damage in trees receiving protein was not significantly different from those that did not (Figure 6).





4. Discussion


4.1. Colony Level Effects


The results of this study showed that colonies of Azteca that received protein had a lower C:N ratio and a higher δ15N than those that were not supplemented with protein. These findings reinforce the notion that omnivorous ants, such as Azteca, have some degree of dietary plasticity, depending on the relative availability of different nutrients in the environment [21,57]. Ants of the genus Azteca are numerically and behaviorally dominant, with polydomous nests that commonly are distributed through numerous branches of the same plant [58,59,60]. They are usually associated with coccoid Hemipterans in the vegetation from which they obtain carbohydrate-rich honeydew [17,61], which may help to explain why only the experimental supplementation of protein—but not that of sucrose—affected the trophic level of Azteca.



In addition, we found evidence of thermal plasticity in Azteca since colonies increased their CTmax after receiving sucrose for six months. These results support earlier findings with laboratory colonies of Azteca chartifex [6], which showed that Azteca support higher temperatures when fed with carbohydrates. The observed increase in the CTmax of Azteca colonies can be explained because, in insects, carbohydrates is stored in the hemolymph as disaccharides [62], and thus can be used to generate ATP [63], which is essential to cope with thermal stress [64]. In addition, carbohydrates can also be stored as glycogen in muscle and fat bodies [65], and this can generate ATP and metabolic water, and increase evaporative cooling effects through the releasing of bound water, thus improving desiccation resistance [27]. Irrespective of the exact mechanism, it is clear that a carbohydrate-rich diet can help arboreal ants to expand their thermal niche and tolerate higher temperatures, potentially increasing foraging performance and competitive ability [cf. 6]. On the other hand, although protein is necessary to the production of heat shock proteins [28,29], a higher content of protein over carbohydrates on an insect diet is also related to reduced performance and increased mortality [66,67,68,69], since the elimination of nitrogenous waste products is highly costly [66,69] and can increase physiological stress [70].




4.2. Community Level Effects


Relative to control trees, trees receiving carbohydrate and/or protein had more ant species and more ant workers foraging on their leaves and branches. Surprisingly however, and in contrast to a similar study that involved the supplementation of these same nutrients to arboreal ants over the short term (7 days) [20], we found that trees receiving only sucrose had more species than those receiving only protein. Nevertheless, in agreement with this same study [20], we found significant variation in species composition between trees subject to different nutrient addition treatments, reinforcing the view that different ant species present different levels of attractiveness to carbohydrates or protein sources. In fact, predatory arboreal ants like Neoponera villosa and Solenopsis basalis [71] were more much frequent in trees supplemented with protein than in those receiving sucrose only.



Contrary to expected, the nutrient addition treatments did not affect the rate of occupancy of the artificial nests placed in the experimental trees. However, nests in trees that were supplemented with carbohydrates had more ants than those that did not receive carbohydrates. This result is in line with a laboratory study in which Cephalotes pusillus colonies provided with a diet rich in extrafloral nectar had five times more individuals per colony as compared to control colonies [72]. One possibility is that the increased availability of carbohydrates on trees has reduced the mortality of ant workers [35,69], ultimately increasing colony size. The fact that protein supplementation did not elicit a similar response can perhaps be explained because all the species (three Camponotus and one Pseudomyrmex) that colonized the artificial nests can overcome their N-deficiencies by means of endosymbiotic bacteria [73,74].




4.3. Effect on the Host Tree


We detected significant lower levels of leaf damage in trees that received sucrose, whereas protein supplementation did not have an effect. These results lend some support to the Fuel for Foraging Hypothesis, since, according to this hypothesis, carbohydrates can fuel more metabolically expensive behavior, increasing aggression and improving foraging performance by ants, which ultimately can lead to an increase in the protection of the host plants [33,35]. Carbohydrate supplementation also increased the number of ant workers occupying the artificial nests, and thus this may well have enhanced the level of protection provided by ants, given that larger colonies are more effective in defending their partner plants against herbivores than smaller ones [75]. Similarly, it is relatively well known that some ant species are more aggressive towards insect herbivores than others (e.g., [76,77]), and in this sense the larger number of ant species foraging in trees supplemented with carbohydrates may have increased the chances that the more aggressive ants were present in these trees [78]. It is also possible that carbohydrate supplementation, by increasing the CTmax of arboreal ants, may have allowed these ants to forage in hotter periods (when, otherwise, they would probably not be active), thus increasing the chances of encountering potential herbivores and ultimately benefiting the host plant [32]. Finally, it is important to mention that herbivory levels were very low among all surveyed trees, and, in this sense, it is likely that the differences in leaf damage we detected may not have a significant influence on plant fitness. However, considering that herbivory pressure can vary temporally and spatially [79,80] and that ant–plant mutualisms are highly facultative [81], the relevance of carbohydrate availability to the strength of ant–plant interactions may be more important in other contexts, like just after an intense fire [80] or across the different ontogenetic stages of the host-plants [57].





5. Conclusions


Overall, the results of this study indicate that the availability of food resources can modulate the population and community ecology of arboreal ants as well as the mutualistic interaction between these ants and their host trees. The supplementation of carbohydrates as well as of protein increased the number of ant workers and the number of ant species foraging on trees. However, and although arboreal ants are thought to be N-limited [18,82,83], it was the supplementation of sucrose—not protein—that elicited most of the responses. Only sucrose-supplemented colonies had an increase in their thermal tolerance, and trees with more carbohydrate available were visited by more ant species, had larger colonies, and were better protected than those that did not receive carbohydrates. In this sense, our results give further support for the idea that carbohydrates can be more important than protein for arboreal ants despite the higher availability of sources of carbohydrate than of protein in the tree canopy [22].
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Figure 1. Effects of carbohydrate and protein supplementation on the δ15N (A) and the carbon to nitrogen ratio (B) of Azteca sp. colonies. Circles represent outlier values. 
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Figure 2. Effect of carbohydrate and protein supplementation on the thermal tolerance of Azteca sp. Values represent the magnitude of the difference (effect size) in the CTmax of ant workers prior and six months after the beginning of the experiment. The dashed line represents the null expectation. 
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Figure 3. Effects of carbohydrate and protein supplementation on the species richness (A) and overall abundance (B) of ants (log transformed) foraging in Caryocar brasiliense trees. Since there was a significant interaction between the main effects, a multiple comparison test was performed. Different letters above box plots indicate significant differences among mean values. 
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Figure 4. Two-way cluster dendrogram showing the relative frequency of different ant species in trees subject to different nutrient supplementation treatments. 
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Figure 5. Effects of carbohydrate and protein supplementation on the proportion of artificial nests colonized by ants (A) and the overall abundance of ants in the colonized nests (B). Circles represent outlier values. 
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Figure 6. Indirect effect of carbohydrate and protein supplementation on the amount of leaf damage by chewing insects in Caryocar brasiliense. Circles represent outlier values. 






Figure 6. Indirect effect of carbohydrate and protein supplementation on the amount of leaf damage by chewing insects in Caryocar brasiliense. Circles represent outlier values.



[image: Diversity 15 00786 g006]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Magnitude of change
—0.02 0.00 0.02 0.04 0.06 0.08

CHO: F =5.95; p = 0.0026
Protein: F =1.21;, p=0.28
CHOxProtein: F =0.15; p=0.72

CI-'|O CHO +'Protein Prlotein Cor'1trol






nav.xhtml


  diversity-15-00786


  
    		
      diversity-15-00786
    


  




  





media/file2.png
(A)

CHO: F =3.14; p = 0.098
Protein: F =7.57; p=0.015
CHOxProtein: F = 0.35; p = 0.56

5.0

(B)

CHO: F=0.84; p=0.37
Protein: F = 9.05; p = 0.009
CHOxProtein: F = 0.56; p = 0.47

CIlIO CHO +'Protein Pr'otein

Cor'1trol

LN
o

CFIO CHO +'Protein Pr'otein Corlltrol






media/file5.jpg
B i@ e -
g R
82 @
£ 8 2
o | I3
2ol g
e £
g 3
ol z
Eet <
<

ol -

CFIO CHO + Protein_Protein_Cortrol CHO GHO +'Protein Protein_Cotrol





media/file3.jpg
ICHO: F = 5.95; p
Protein: F 2
ICHOxProtein: F

Magnitude of change

-0.02 0.00 0.02 0.04 0.06 0.08

CHO CHO + Protein Protein  Control





media/file1.jpg
o=

rotom 7 = 74f.p= 0015
BB 42285205

CHO_CHO +'Protein Protein _Cotrol

CHO_CHO +'Protein_Protein

Coftrol






media/file7.jpg
Speciesfequencies
Nin [

| Camponotus senex
Azteca sp01

Pseudomyrmex curacaensi

Tapinoma sp07 —J

Brachymyrmex aphidicola

| Camponotus melanoticus b

| Camponotus fastigatus H
ul

Dorymyrmex sp10.
Pheidole radoszkowskii
Ectatomma tuberculatum
Forelius maranhaoensis

dull
il

Pseudomyrmex urbanus.
Solenopsis substituta






media/file10.png
1 1 1 1 1=O

0.2 04 0.6 0.8

Proportion of nests with ants

0.1

A CHO: x>=0.38; p=0.53 B CHO: F = 4.89; p = 0.035
( ) Protein: x?=0.85; p = 0.35 ( ) Protein: F = 0.10; p = 0.75
CHOxProtein: x>=0.11; p = 0.74 - CHOxProtein: F = 0.56; p = 0.45

B p—
|

I
—_—

|

100 150 200 250

Ants per nest

50

]
]
]
]
I
]
]
]
]
]
]
]
1
[o]
]
]
—_— ]
1 1
I D 1
I 1 1
1 1
1
1
L
I 1
' |
o- —

CI—IIO CHO+IProtein P;*otein Coﬁtrol C|l|O CHO+'Protein P;'otein COI’lltr0|





media/file12.png
6 8 10 12

i

Herbivory (% of leaf damage)
2

0

CHO: F =5.95; p =0.026
Protein: F = 1.21: ;p=0.28
CHOxProtein: F =0.12; p = 0.72

!
!
|
|
—_—
' |
1 ! |
1
1
1
1
1
1
|
PR E—
! 1
e 1
_—

|
——

CI-'IO CHO+'Protein P;'otein Cor'1trol






media/file9.jpg
® ERrmre

1,0

N

100150 200 250

Ants per nest

Proportion of nests with ants
02 04 06 08

01

CHO CHO + Protein Protein Control CFIO CHO + Protein Protein Control





media/file0.png





media/file8.png
Species frequencies
Min T Max

-
—

5

|0JJU0D

uls)old
uIa}o.
+ OH

OHO

Camponotus senex
Aztecasp01
Camponotus bonariensis--
Pseudomyrmex gracilis

Pseudomyrmex curacaensis
Tapinoma sp07-—— —
Brachymyrmex aphidicola -
Camponotus melanoticus

Camponotus fastigatus -
Dorymyrmex sp10-———- |

Pheidole radoszkowskii-— F
Ectatomma tuberculatum
Forelius maranhaoensis-—————

Neoponera villosa -
Solenopsis basalis ]
Camponotus blandus

Camponotus substitutus ]
Atta laevigata -

Pseudomyrmex urbanus -

Solenopsis substituta






media/file11.jpg
12

h

10

8

6

4

2

Herbivory (% of leaf damage)

0

X

CHO:
Proteil

CHO CHO + Protein Protein Control






media/file6.png
Ant species richness

6 8 10 12

¢

Z

0

(A)

R T

CHO: x*= 30 7; p<0.001
Protein: x —223 p=0.13
CHOxProtein: x —849 p =0.004

ab

I
I
I
: ! b
I
_
1
1
1
1
I
|
I I
I I
I I
I I
I I
I 1
I I
I I
—_—— —_—

C

CHO CHO + Protein Protein Control

Ant abundance

3

2

!

(B) CHO: F=7.74; p = 0.007
Protein: F = 14.68; p = 0.0003
CHOxProtein: F =10.19; p = 0.002

!
1
I
I
a :
I
—_— !
B e ' !
| I
| I
| !
1 !
| -
[
!
- ! .
1 !
—_— —_—
I
I
—_—

1
— e

CHO CHO + Protein Protein Control






