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Predator-prey interactions can have important consequences for the flow of nutrients through food webs and ecosystems. Given the diversity of predator-prey interactions, it is infeasible to directly measure predator nutrient intake when feeding on each potential prey. Elements are an important measure of nutrient flow through food webs but do not fully account for variation in the quality of nutrients in which they are present. The overall goal of this study was to test if measures of macronutrients, metabolizable protein and lipid, could be used to improve measures of elemental ingestion by predators when feeding on prey. This experiment used two prey that differed widely in exoskeleton content (i.e., larval vs. adult mealworms) because arthropod prey vary widely in this trait and it has the potential to complicate nutritional measurements since it contains nitrogen but is indigestible to most predators. Our results show that the elemental content of whole prey was a poor predictor of elemental consumption by predators. Macronutrient content of whole prey was a strong predictor of macronutrient ingestion by predators, which suggested that it may be a useful measure of predator consumption. Using macronutrient data to create a hybrid element-macronutrient measure of whole prey resulted in better predictions of total elemental ingestion by predators. These results suggest that combining elemental and macronutrient approaches in the study of trophic transfers of nutrients, especially during predator-prey interactions, has the potential to increase our ability to understand and predict the flow of nutrients through food webs and ecosystems.
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INTRODUCTION

Food webs describe the network of feeding interactions in ecological communities (McCann, 1996; Polis and Winemiller, 1996; Thompson et al., 2012). At each consumer-resource interaction, a fraction of the resources is transferred to the consumer as new biomass while the remaining resources are released into the environment (i.e., respiration, egestion, and excretion). Understanding the efficiency through which nutrients (i.e., including molecules and the elements contained therein) are assimilated vs. respired/excreted/egested by consumers is critical for understanding and modeling the pathways through which nutrients flow through ecosystems (McCann, 1996; Polis and Winemiller, 1996; Thompson et al., 2012). Given the complexity of most food webs, it is not feasible to empirically study each pairwise trophic interaction. Hence, it is important to develop methods that can be used to predict the fates (e.g., assimilation, excretion) of nutrients during trophic interactions.

Elements have been the primary currency used to follow the flow of nutrients through food webs and ecosystems. Elements are a useful currency because they cannot be broken down and, hence,allow for the use of mass balance approaches to studying the flow of nutrients (Sterner and Elser, 2002). Particular elements are often assumed to be associated with molecules that can limit growth, reproduction, or other measures of fitness in animals (e.g., macronutrients, nucleic acids) (Fagan et al., 2002; Sterner and Elser, 2002). However, a constraint on using elements is that elements alone do not provide any information on the quality or digestibility of the molecules in which they are found (Bell, 1990; Mitra and Flynn, 2005; Wilder and Eubanks, 2010). This is especially problematic when significant amounts of elements are contained in non-metabolizable, structural tissues of food items (Klowden, 2007; Chapman, 2013). For example, studies of terrestrial trophic dynamics sometimes distinguish between structural (e.g., cellulose, lignin) and non-structural (e.g., sugar, starch) carbohydrates as both have nearly identical elemental composition but differ dramatically in digestibility for most herbivores (Lincoln et al., 1993). Similar problems may exist for terrestrial predator-prey interactions as significant amounts of N and P may be bound in indigestible exoskeleton or skeleton, respectively (Evans, 1938; Finke, 2007; Chapman, 2013). Yet, it remains unclear whether or not distinguishing between structural and non-structural molecules in prey would aid in understanding the transfer of nutrients from prey to predator.

Arthropods constitute a large amount of the biomass of food webs and are abundant and common prey for a wide range of predators including both invertebrates and vertebrates (Bell, 1990; Mooney et al., 2010). Exoskeleton is a key trait of arthropods and the amount of exoskeleton can vary widely among species (e.g., 18–60% of dry mass; Kaspari and Joern, 1993; Lease and Wolf, 2010). While exoskeleton is commonly regarded as a chitin-rich compound, it can contain significant amounts of non-metabolizable protein (e.g., up to half by mass) that are bound within the chitin matrix to increase strength of the exoskeleton (Klowden, 2007; Chapman, 2013). Exoskeleton is indigestible to the majority of predators (e.g., excluding seabirds, Weiser et al., 1997; Finke, 2007). Yet, it is not uncommon for studies of the quality of arthropods as prey to quantify total nutrient content of prey bodies (e.g., total C and N content of arthropods) without differentiating between digestible nutrients in soft tissue and indigestible nutrients in exoskeleton (Wilder and Eubanks, 2010; Wilder, 2011). Measures of nutrients that do not account for exoskeleton content of prey may not provide an accurate measure of nutrients available to predators (Bell, 1990; Wilder and Eubanks, 2010; Jonas-Levi and Martinez, 2017).

The overall goal of this study was to test if combining elemental and macronutrient data could improve predictions of the transfer of nutrients from prey to predator during predation. Metabolizable protein and exoskeleton are two abundant tissues in arthropods and both can contain significant amounts of carbon and nitrogen. Lipid is also an important nutrient for predators and source of carbon. When spiders and many other predators feed on arthropod prey, the macronutrients present in prey are digested while the exoskeleton is discarded. Hence, we predicted that estimates of the C and N present in the macronutrients of prey (i.e., lipid and metabolizable protein) would be a better measure of the amount of C and N ingested by predators than would the total elemental content of prey, which includes both macronutrients and exoskeleton. Identifying a measure of prey that predicts predator nutrient ingestion will aid in better understanding and modeling the flow of nutrients through food webs and ecosystems without having to conduct feeding trials on every potential prey item.

For this study, we used two prey of the same species that differed significantly in exoskeleton content: larval and adult mealworm beetles (Tenebrio molitor). Our analyses included prey treatment (larval vs. adult beetle) and nutrient category (nutrients present vs. nutrients ingested) and their interaction as main effects. This type of analysis was used rather than ratios or proportion of nutrients ingested given the statistical problems associated with analyzing ratios (Raubenheimer and Simpson, 1992; Raubenheimer, 1995). Presenting results in this way also provides a clear comparison between what is present in whole prey and what is actually consumed by a predator feeding on that prey. A significant interaction effect would indicate that the proportion of nutrients ingested from prey differed by prey type.

METHODS

Study Species

Mealworm (T. molitor) larvae were purchased (Fluker Farms, Louisiana) and used to create a breeding population in the lab that produced a constant supply of larvae and adults. The mealworm colony was maintained on a diet of wheat germ and provided potatoes as a source of water. The colony was maintained on a 14L:10D light regime at constant 25 ± 1°C.

Female wolf spiders (Hogna carolinensis) were collected from mowed fields in Stillwater, Oklahoma during summer 2016. The spiders were maintained on a 14L:10D light regime at a constant 25 ± 1°C in the lab. They were lightly misted with water and fed crickets (Acheta domesticus) twice per week. The spiders were housed in 1,420 mL (48oz), clear plastic containers.

Feeding Trials

Our study used a standardized starvation period to clear the spider gut of previous meals and to ensure that spiders were motivated to consume all of the edible tissue from prey. Spiders were fasted for 14 days prior to each feeding trial. In the field, spiders often experience starvation periods greater than 1 week (Bilde and Toft, 1998). Data on another species of wolf spider also suggest that they are frequently food limited in nature as body condition of individuals collected from the field was not significantly different from laboratory individuals that were completely deprived of food for 3 months (Wilder and Rypstra, 2008). Hence, this starvation period was appropriate for studying nutrient transfer during trophic interactions involving spiders and other food-limited predators. Future studies of trophic transfer by other organisms should adjust laboratory feeding regimes to be similar to those experienced by animals in nature.

On day 9 of the fast, we transferred spiders to 946 mL respiration chambers, measured spider body masses (±1 mg), and ordered them by mass. Even numbers were assigned to mealworm larvae and odd numbers were assigned to adult beetle treatment groups. This assignment ensured similarity of spider mass between prey treatment groups.

Following the 14-day fasting period, spiders were fed a single pre-weighed prey item (i.e., larval or adult beetle). Each spider was only used once and there were 9 spiders each in the larvae and adult beetle treatments. We controlled for prey mass such that the average wet mass of larvae (80.9 ± 3.2 mg) and beetles (78.0 ± 3.1 mg) were not significantly different [t(1, 27) = 0.65, p = 0.52]. Meal size (i.e., prey mass relative to the spider mass) also did not differ between treatments [larvae: 25.8 ± 1.9% and beetles: 24.0 ± 1.8% of the spider mass; t(1, 27) = 70, p = 0.49]. The mass of late-development larval insects such as mealworms is often similar to or larger than that of recently eclosed adults as metamorphosis involves the metabolism of a significant amount of energy reserves.

During feeding trials, spiders were observed every 3 h and the time at which prey were discarded was recorded. All spiders had finished feeding by 9 h. At this time the discarded prey remains were removed and weighed. Spiders generally captured prey within 30 s, completed extra-oral digestion in 6 h, and produced most of their excreta within 24 h.

Nutritional Analyses

We froze the whole prey and prey remains until analyses. Whole prey and remains were then dried at 60°C for 24 h, bisected to produce two equal portions, and weighed. Then, each half was randomly assigned to either macronutrient or elemental analysis.

We measured lipid content as the change in mass of the dry prey following sequential soaking and extraction in chloroform over the course of 3 days (Wilder et al., 2013). Metabolizable protein content was measured in triplicates using the Bradford Assay modified for use in 96-well microplates on lean, ground samples (Wilder et al., 2013). In preparation for the Bradford Assay, subsamples of prey were treated with 0.1 M sodium hydroxide, which readily dissolves soft tissues but cannot dissolve exoskeleton. Hence, protein analysis using the Bradford Assay on these samples only measured the metabolizable protein present in the soft tissues of the prey (Wilder et al., 2013). Exoskeleton can have considerable protein content; however, proteins present within the exoskeleton are non-metabolizable and, hence, unavailable to consumers because they are bound within the inedible matrix of chitin (Klowden, 2007; Chapman, 2013). Hence, non-metabolizable proteins bound in the exoskeleton are not included in our measures of metabolizable protein. Carbohydrates were not measured as they are typically present at low levels in arthropods (Raubenheimer and Rothman, 2013).

Measurements of carbon and nitrogen content were taken on lipid-extracted whole prey, lipid from prey, and uneaten remains of prey. We removed lipid from prey items before elemental analysis because high lipid content of prey, especially mealworm larvae, can make it difficult to homogenize samples into a powder. Hence, to calculate total carbon content of whole prey we also measured the carbon content of the purified lipids that were extracted from prey and factored this back in to the calculation of prey total carbon content based on the lipid content of the prey. To measure purified lipids, we placed all chloroform used in the lipid extraction procedure into a glass beaker, evaporated the chloroform, and sampled the lipid residue. The C and N in samples were quantified by combustion in an elemental analyzer (Elementar Americas, Inc., Mt. Laurel, New Jersey). We calculated nutrient ingestion by spiders as the difference between what was present in whole prey items and what was left over in the uneaten prey remains. We used wet mass and nutrient content of control larvae and beetles to develop linear regression equations to predict the mass of nutrients present in the whole prey that were fed to spiders. From the linear equations, we were able to use the wet mass of prey fed to spiders to estimate the masses of each nutrient contained in the prey before it was fed to a spider.

Elements and macronutrients are two direct measures of prey nutrient content. We also calculated hybrid measures of the elemental content of the macronutrient portion of each prey for both carbon and nitrogen. Measures of elements found in macronutrients of whole prey were compared with total elemental ingestion by predators. These allowed us to test if measures of only those elements found in the macronutrient portions of prey were better predictors of total elemental ingestion than all elements found in prey. For carbon, we calculated “macronutrient-based C” as the amount of carbon present in the lipid and metabolizable protein tissues of prey based on the mass and carbon content of lipid and metabolizable protein in prey. The carbon content of lipid was measured as part of this study and the carbon content of metabolizable protein (53%) was taken from the literature (Rouwenhorst et al., 1991). For nitrogen, we calculated “macronutrient-based N” as the metabolizable protein present in prey multiplied by 0.118, as our empirical data showed that 11.8 ± 0.05% of lean (i.e., lipid free) mealworm tissue (larvae = 11.78 ± 0.08; adults = 11.83 ± 0.06) was nitrogen. It is commonly assumed that protein has an average N concentration of 16% (Jones, 1941). However, the N content of individual amino acids varies from 8 to 32% and, hence, the N content of proteins will vary depending upon their amino acid composition. Two-factor analysis of variance (ANOVA) with prey type (larvae vs. adult), nutrient type (present in whole prey vs. ingested), and the interaction was used to analyze nutrient measures.

RESULTS

For prey dry mass, there was a significant interaction between prey type (larval vs. adult beetle) and nutrient category (nutrients present vs. ingested) (Table 1, Figure 1). While there was no difference in the dry mass present in whole larval and adult mealworms, there was a significant difference in the amount of dry mass consumed by spiders feeding on the two prey types. Spiders consumed 86 % of the dry mass of larvae but only 51% of the dry mass of adult beetles.


Table 1. Results of the statistical analysis (2-factor analysis of variance) comparing nutrients present in whole prey bodies with nutrients ingested by predators feeding on those prey for larval and adult mealworm beetles.
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FIGURE 1. Comparison of the total dry mass present vs. ingested by spiders when feeding on larval and adult mealworm beetles. Boxplots display the interquartile range (the box), median (line in the box), mean (x in the box), minimum (lower whisker), maximum (upper whisker), and any outliers (additional points). Treatments with different letters are significantly different from each other in post hoc analyses.



There were also significant interaction effects for total carbon and total nitrogen (Table 1, Figure 2). There was significantly more total carbon present in the whole bodies of larvae than adults. Spiders also ingested significantly more carbon when feeding on larvae than adults. In addition, spiders ingested a significantly higher proportion of the total carbon of larvae (89%) than adult beetles (60%), which explains the significant interaction term (Figure 2A). For total nitrogen, adult mealworms had significantly higher total nitrogen content in their bodies than larvae but spiders ingested significantly more nitrogen when feeding on larvae than adult beetles (Figure 2B). This was because spiders ingested a much higher proportion of nitrogen in larvae (83%) than adult beetles (56%).
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FIGURE 2. Comparison of the (A) total carbon and (B) total nitrogen present vs. ingested by spiders when feeding on larval and adult mealworm beetles. Boxplots display the interquartile range (the box), median (line in the box), mean (x in the box), minimum (lower whisker), maximum (upper whisker), and any outliers (additional points). Treatments with different letters are significantly different from each other in post hoc analyses.



In contrast to dry mass, total carbon and total nitrogen, the macronutrient content of whole larval and adult mealworm bodies was a strong predictor of macronutrients ingested by spiders (Table 1, Figure 3). There was significantly more lipid present in larval than adult mealworm beetles. However, there was no significant difference between the amount of nutrients present and the amounts ingested, which means that spiders ingested nearly all the lipid present in prey bodies (Figure 3A). There was no interaction between prey treatment and nutrient category for lipid. For metabolizable protein, there was significantly more protein in larval than adult mealworm beetles. However, unlike lipid, there was also a significant effect of nutrient category, which indicates that spiders did not extract all of the metabolizable protein present in prey. Yet, there was no interaction between prey type and nutrient category, which indicates that the proportion of metabolizable protein that spider consumed from larval (95%) and adult beetles (86%) was not significantly different (Figure 3B).
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FIGURE 3. Comparison of the (A) lipid and (B) protein present vs. ingested by spiders when feeding on larval and adult mealworm beetles. Boxplots display the interquartile range (the box), median (line in the box), mean (x in the box), minimum (lower whisker), maximum (upper whisker), and any outliers (additional points). Treatments with different letters are significantly different from each other in post hoc analyses.



We then calculated the mass of carbon present in the metabolizable protein and lipid tissues of each whole prey (macronutrient-based C) and compared that with the total mass of carbon ingested from each prey (Table 1, Figure 4A). There was a significant interaction between prey type and nutrient category. For adult beetles, the total mass of carbon ingested by spiders was not significantly different from the mass of carbon present in the lipid and metabolizable protein tissues of the beetle. However, for larval mealworms, the total amount of carbon ingested by spiders was slightly but significantly less than the total amount of carbon estimated to be present in the lipid and metabolizable protein tissues of the larval mealworm.
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FIGURE 4. Comparison of the (A) carbon present in lipid and protein of whole prey (i.e., macronutrient-based C) vs. total carbon ingested, and (B) nitrogen present in protein of whole prey (i.e., macronutrient-based N) vs. total nitrogen ingested by spiders when feeding on larval and adult mealworm beetles. Boxplots display the interquartile range (the box), median (line in the box), mean (x in the box), minimum (lower whisker), maximum (upper whisker), and any outliers (additional points). Treatments with different letters are significantly different from each other in post hoc analyses.



We also calculated the mass of nitrogen present in the metabolizable protein tissue of each prey (macronutrient-based N) and compared that with the total mass of nitrogen ingested from each prey (Table 1; Figure 4B). There was a significant interaction between prey type and nutrient category. The total mass of nitrogen ingested by predators feeding on adult beetles was not significantly different from the amount of nitrogen estimated to be in the metabolizable protein tissues of the adult beetles. However, for larval mealworms, the total amount of nitrogen ingested by spiders was slightly but significantly less than the total amount of nitrogen estimated to be present in the metabolizable protein tissues of the larval mealworm.

DISCUSSION

Given the diversity of pairwise trophic interactions in food webs, it would be useful to have a way of predicting predator nutrient intake based solely on the body composition of prey without having to perform feeding assays with each potential prey item. Our results demonstrate that the total elemental (carbon and nitrogen) content of prey is a poor predictor of the amounts of elements ingested by predators feeding on those prey. When we combined elemental and macronutrient currencies, our results show that macronutrient-based C and N in whole prey were better than elements alone at predicting C and N consumption by predators. These results provide evidence that combining macronutrient and elemental perspectives may provide a more accurate understanding of the trophic transfer of nutrients from prey to predators. Further refining macronutrient-based elemental measures may provide an even better ability to predict trophic transfers of nutrients during predator-prey interactions.

The data on N presence vs. ingestion provided some of the most striking data that total elemental content of prey can be a poor predictor of elemental consumption by predators. Adult beetles had significantly more nitrogen in their bodies than larvae but spiders ingested significantly more nitrogen when feeding on larvae relative to adults. This is likely because, while adult mealworm beetles had significantly more N than larvae, the adults also had significantly less metabolizable protein than larvae and metabolizable protein is the primary form of N that is ingested by predators. As a result, the common assumption that N content is a predictor of metabolizable protein content is not supported in this system (e.g., the assumption that protein = N × 6.25) (Jones, 1941; Sterner and Elser, 2002). Opposing patterns of N and metabolizable protein in larvae vs. adults is likely due to the large differences in indigestible exoskeleton content of larval (i.e., more metabolizable protein and less exoskeleton) and adult (i.e., less metabolizable protein and more exoskeleton) mealworms.

Exoskeleton can contain significant amounts of non-metabolizable proteins (i.e., up to half the mass of exoskeleton; Klowden, 2007; Chapman, 2013) that are bound within a chitin matrix. The non-metabolizable proteins in the exoskeleton of prey are not digested by predators or by the chemicals used in the protein assay protocol (i.e., the protein assay only measures protein in the soft tissues of prey). Exoskeleton is a key molecule that can decouple the relationship between N and metabolizable protein. Given the wide variation in the exoskeleton content of arthropod species, it is likely that N is a poor predictor of metabolizable protein content of arthropods and the amounts of metabolizable protein or N ingested by predators feeding on arthropods more generally. Further work conducting feeding assays on a wider range of arthropod prey is needed to better understand which measures of whole prey best predict the amounts of nutrients transferred to predators feeding on those prey.

Macronutrient-based C and N in prey bodies was a closer approximation of the total amount of nutrients ingested by predators than was the total elemental content of the prey (i.e., compare Figures 2, 4). But, macronutrient-based C and N in prey were still not perfect measures of total C and N consumption by predators. One factor that may explain the lack of perfect correspondence between the measures is that we did not measure all digestible sources of C and N in prey. There are a range of other common biomolecules that could have contributed to digestible sources of C and N, the most abundant of which may include carbohydrates (e.g., glycogen, trehalose) and nucleic acids (e.g., DNA, RNA). It remains unknown if quantification of these additional molecules would improve predictions of nutrient transfers during predator-prey interactions. There are likely declining benefits of increasing the resolution of chemical analyses. The measures of lipid and metabolizable protein used in the present study were relatively simple and inexpensive measures of prey that, when conducted in addition to standard elemental analysis, appeared to have a significant benefit for predicting predator nutrient intake. Yet, further work is needed to test whether adding even more detailed chemical analyses would improve the accuracy of macronutrient-based C and N measures enough to justify the increased time and cost of these analyses.

The ecological importance of studying the trophic transfer of nutrients from prey to predators was highlighted in a series of studies that compared elemental content of arthropod herbivores and predators (Fagan et al., 2002; Denno and Fagan, 2003; Fagan and Denno, 2004). These studies documented significantly higher N and lower C:N in predators relative to herbivores. Based on these differences, it was argued that predators may be N-limited and motivated to engage in intraguild predation to increase the N content of their diet (Denno and Fagan, 2003). A later study of elements and macronutrients in arthropod food webs confirmed higher N content in predatory arthropods but also found that predators had lower lipid content than herbivores (Wilder et al., 2013). Based on these findings, the high N content of predators appears to be a result of predators having low lipid reserves due to frequent food or energy limitation (Wilder and Eubanks, 2010; Wilder et al., 2013). The differences between these two studies suggests that another potential benefit of measuring both currencies is that macronutrients may provide a better understanding of the mechanisms contributing to patterns of elemental variation among individuals or taxa that may aid in understanding the ecological consequences of these patterns in elements (Wilder and Eubanks, 2010; Wilder and Jeyasingh, 2016; Zhang et al., 2016).

Overall, our results suggest that macronutrient-based measures of C and N in animals may improve predictions of the trophic transfer of nutrients during predator-prey interactions compared to estimates based on elements alone. Yet, challenges remain, including identifying the mechanism responsible for the lack of correspondence between total elemental content of prey and elemental ingestion by predators (e.g., variation among species in exoskeleton), and testing whether these results represent a general pattern in arthropod predator-prey interactions. Furthermore, it remains unclear if future studies of trophic transfers of nutrients in arthropod predator-prey interactions need to examine each prey taxa separately or if general scaling relationships can be made based on factors such as prey size (e.g., Lease and Wolf, 2010, 2011). Improving the accuracy of estimates of trophic transfers of nutrients during predator-prey interactions should aid in better understanding, predicting, and modeling the flow of energy and materials through food webs and the consequences of these flows for community and ecosystem function.
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Prey type (Larvae vs. Adult) Nutrient category (Present vs. Ingested) Interaction

df F p F p F p
Dry Mass 132 428 <0001 101.0 <0001 29.4 <0001
Carbon 1,29 95.9 <0001 1343 <0001 407 <0001
Nitrogen 1,29 108 <0001 183.0 <0001 50.9 <0001
Lipid 132 1862.7 <0.001 20 0.17 01 0.85
Protein 1,31 2167 < 0.001 1.4 0.002 09 0.35
Macronutrient-G* 1,29 380.7 <0001 18.1 <0001 75 0,01
Macronutrient-N~ 1,26 50.0 <0001 36 0.07 18 0,002

*For this analysis, the amount of carbon present was calculated as the amount of carbon present in the lipid and protein of prey which was compared to the total amount of carbon
ingested when the predator fed on the prey. *For this analysis, the amount of nitrogen present was calculated as the amount of nitrogen in the protein of the prey which was compared
to the total amount of nitrogen ingested when the predator fed on the prey.
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