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Herbivory, a key ecosystem process, ensures the cycling of energy and nutrients. A 

particularly important driver of grassland and savanna dynamics, nearly a third of plant 

production moves up the food web by herbivory. Arthropod herbivores account for the majority 

of herbivory in some grassland systems. Worldwide arthropod abundance and biodiversity are 

being lost at alarming rates in what is known as the insect apocalypse. 

Longleaf pine (LLP) savanna, once expansive throughout the southeastern United States, is 

now critically threatened, with only 4% of the historical range remaining. Over 900 plant and 

animal species reside in its understory, making this one of the most diverse systems in the world. 

The LLP tree is lauded as ‘the tree that built the South’, making the LLP savanna historically and 

ecologically valuable. Increased drought occurrence and nutrient deposition threaten restoration 

and conservation success in LLP savannas, among other global change factors. 

My research aims to understand how nutrient deposition and drought will interreact to affect 

herbivory. I utilize an existing long-term (4 years total) drought and nutrient experiment in a 

healthy, mesic LLP savanna in the Sandhills Gamelands of North Carolina (Richmond County). I 

aim to (1) Quantify the impact of global change on herbivore damage in four dominant 

understory plant species and determine how herbivore damage changes through time across two 

timescales; and (2) Explore various mechanisms’ effects on the magnitude of herbivore damage. 

Arthropods are a significant component of most ecosystems; understanding the roles they 

play – especially under global change – and how these roles may differ in the future will help 

land managers prepare for the changes to come. 
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CHAPTER I: THESIS INTRODUCTION 

Introduction 

Herbivory 

Herbivory, a key ecosystem process present across nearly all ecosystems, impacts 

nutrient cycling, ensures energy transfer up food webs, and alters community dynamics. 

Herbivory is a particularly important driver of grassland and savanna dynamics with these 

systems supporting nearly all of the world’s mega-herbivore biomass (Gibson, 2009). Herbivory 

by large vertebrates (e.g., bison, cattle, zebra) has been shown to reduce the abundance of 

palatable dominant species, increasing diversity by allowing less competitive species to increase 

in abundance (Olff & Ritchie 1998; Koerner, et al. 2018; Hyvarinen, et al. 2021; Staver, et al 

2021). The effect of mega-herbivores on grassland community dynamics has been well studied 

with numerous meta-analyses summarizing decades of herbivore exclusion studies (Bakker, et al. 

2015; Koerner, et al. 2018; Price, et al. 2022). While grasslands are known for their charismatic 

megafauna, insect herbivores (Figure 1) can account for the majority of herbivory in many 

grassland systems (An, et al. 2014; Harpole, et al. 2016; Schowalter, 2016). The effect of insect 

herbivores and pollinators, particularly the ecosystem processes they perform, can be equally as 

important (Argrawal & Maron 2022).   
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Arthropod herbivores, when outbreaks occur, can have devastating effects on plant 

communities causing the death of certain individuals; however, lower continuous levels are more 

common and present throughout most ecosystems. Plant-insect herbivore interactions are nearly 

ubiquitous across the plant kingdom (Robinson, et al. 2023), and large amounts of literature 

document the negative effects of insect herbivores on plant performance (Hawkes & Sullivan 

2001; Lawrence, et al. 2003; Barton & Koricheva 2010; Takahashi & Yamauchi 2010; Jia, et al. 

2018; Martinez-Swatson, et al. 2020). Understanding arthropod herbivory and the role it plays in 

structuring ecosystems is critical, especially as the current ‘insect apocalypse’ unfolds (Cardoso, 

et al. 2020; Goulson 2021). The ‘insect apocalypse’, as it has been coined, is a series of 

anthropogenic effects responsible for a worldwide 1-2% annual decline in insect abundance 

(Wagner, et al. 2021), such as pollution, deforestation, and disturbance disruption. Ecosystem 

services like pollination, waste management, and nutrient cycling (Welti, et al. 2020), are often 

maintained by arthropod herbivores. In the absence of arthropods, these vital processes come 

undone. 

Figure 1: Common leaf chewer (order Hymenoptera) in longleaf pine savanna. Photo 

Credit: W. Mann 
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Longleaf Pine Savannas & Controls Of Herbivore Damage 

The relationship between arthropod herbivory and the environment is especially 

important in the LLP savanna system (Fig. 2) as insects are major herbivores (Van Lear, et al. 

2005). Most grazing is performed by small vertebrates such as Sherman’s fox squirrel and the 

gopher tortoise (Van Lear, et al. 2005). The LLP savanna once covered large portions of the 

southeastern United States (US), covering the coastal plains of the Carolinas, Georgia, Florida, 

Alabama, Mississippi, and Louisiana spanning ~90 million acres. Through much of the LLP 

savanna reign, large herbivores roamed this area, even huge herds of bison up until the 1400s 

(Martin, et al. 2022). Sadly, the LLP savanna is now among the most critically threatened 

ecosystems with 5.2 million acres remaining much of which has been restored (Oswalt, et al. 

2012), and nearly all large grazing herbivores lost (Engstrom, 1993). The plant community of the 

LLP savanna yields an incredible amount of biodiversity, from forbs, legumes, and woody 

species (Frost 1993; Oswalt et al. 2012; Porter et al. 2013; McIntyre et al. 2018). With high plant 

diversity in the understory and diversity rivaling rainforests at small spatial scales, the LLP 

savanna is of high ecological importance (Frost 1993; Oswalt, et al. 2012; Porter, et al. 2013). 

Figure 2: Sandhill Gamelands longleaf pine (LLP) savanna (2023) in south-central North 

Carolina. 
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Additionally, the LLP tree provides economic importance, with this ecosystem having the 

potential to be a multi-use landscape benefiting both economic and conservation goals. 

Restoration has been largely successful in the overstory monoculture (Fig. 2 overstory tree); 

however, restoring the understory (Fig. 2 low herbaceous layer) has proved more complex and 

requires further focus. Plant-insect herbivore interactions likely play a strong role in structuring 

both plant and insect communities in this biodiversity hotspot (Orrock, et al. 2023). 

Herbivore damage varies across a landscape and even among individuals (Castagneyrol, 

et al. 2014; Turcotte, et al. 2014; Robinson, et al. 2023). Robinson, et al. (2023) found that most 

herbivory in a community is found on very few individuals, usually contingent on phylogenetic 

distance and plant size. In a high-diversity community, there is typically low mean herbivory 

across all populations. Chemical defenses diversify with phylogenetic distance, making it 

energetically costly to herbivorize multiple species. Comparing understory and overstory: Small 

size makes plants less likely to experience a herbivore damage event. Tree populations typically 

contain a smaller variability of herbivore damage, while understory plants tend to have very little 

or very high amounts of herbivore damage (Robinson, et al. 2023). 

The variation seen across plant patches (or plots) is likely driven by three main 

components: 1) plant community composition and abundance, 2) plant nutrient content, and 3) 

insect community composition and abundance. Arthropod herbivores rely on the plant 

community to supply their food source and often their habitat for reproduction. Plant 

communities control herbivore damage directly by altering the food supply and nutritional value 

of leaves. The plant nutrient content of soil directly impacts the plant community and indirectly 

impacts the arthropod community. Enrichment of soil, either through nutrient additions or 

nutrient deposition, will determine what plants take root (Shan, et al. 2022). The nutritional 
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quality of plant forage can have a massive impact on herbivore damage, and plant nutritional 

quality varies with plant species identity and with changes in an individual’s (or population) leaf 

tissue nutrient content. To meet requirements for survival, growth, and reproduction, herbivores 

can feed in a couple of ways. First, compensatory feeding happens when herbivores increase 

their intake of low to medium-quality forage, to meet performance requirements. This is often 

the default feeding strategy for many arthropods (Lavoie & Oberhauser 2004). Conversely, 

selective feeding occurs when herbivores feed on a lower amount of forage that is of much 

higher quality. While compensatory feeding is more common, selective feeding frequently yields 

higher levels of arthropod performance, and therefore, abundance (La Pierre and Smith, Soil 

nutrient additions increase invertebrate herbivore abundances, but not herbivory, across three 

grassland systems 2016). Plant nutrient content affects both plant and herbivore biomass, 

strongly predicting herbivore and predatory arthropod taxon richness (Lu, et al. 2022). Lastly, 

high biodiversity within the plant community often reflects high biodiversity in the arthropod 

community (Haddad, et al. 2009; Dinnage, et al. 2012). Hosting 900 endemic plant and animal 

species, LLP savanna also hosts high phylogenetic diversity(Levey, et al. 2016; Sheehan & 

Klepzig 2021; Pau, et al. 2023). 

This diversity presents itself in the many herbivores that exist in the LLP savanna range, 

including the previously mentioned Sherman’s fox squirrel, a vertebrate granivore. Arthropod 

herbivores, while not as destructive as vertebrate herbivores, do contribute to the evenness of 

herbivore damage across the landscape (Levey, et al. 2016). Many arthropod herbivores in LLP 

savanna, in particular, tend to be chewing or sucking folivores like grasshoppers or beetles. 

However, crickets and ants can be granivores, and nectarivorous pollinators like bees and 

butterflies are common (Sheehan & Klepzig 2021). More diverse assemblages of arthropods 
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could lead to higher levels of herbivore damage due to niche partitioning (McArthur 1957, 

1958), with different species occupying different niches, allowing a resource to be more fully 

utilized. 

Global Change And Herbivory 

In the last century, the natural world has been thrown out of balance with the onset of the 

Anthropocene. With the rise of greenhouse gas emissions, global mean teamperatures are rising 

and the hydrological cycle is intensifying, leading to more extreme and more frequent weather 

events, such as drought and hurricanes (Harris, et al. 2006; Hoover, Knapp and Smith 2014; 

Young, et al. 2021; Sohail, et al. 2022) Simultaneously the amount of N in the Nitrogen cycle 

has doubled (Fowler, et al. 2013) and P mobilization between land and water has tripled (Yuan, 

et al. 2018). Previously mentioned climatic factors and previous degradation of the LLP savanna 

leaves this system especially sensitive to anthropogenic change. Thus, water and nutrient 

availability changes could have large consequences for this system, including altering herbivory 

through changes in plant or arthropod composition or plant nutrient content. 

While it has been shown that more diverse ecosystems may show greater resilience to 

drought events (Craine, et al. 2013), recent literature suggests that many studies greatly 

underestimate the intensity of such events (Smith et al., 2024). Naumann et al. (2018) project 

that rare, 1-in-100-year drought events may occur as often as every two-to-five years. A 60% 

decrease in Aboveground Net Primary Product (ANPP) was found to occur in a global 

experiment under these desiccation events (Smith et al. 2024). Similarly in a site-based 

experimental drought, grassland production was reduce by as much as 50% in a semi-arid 

Mongolian grassland (Luo, et al. 2021), with plant species richness decreasing (by 45%) only 

upon a secondary drought (Luo, et al. 2022). Grassland may maintain resilience (ability to 



 7 

rebound post drought) for a time, but successive drought events will greatly depreciate the plant 

community in a short time (Luo, et al. 2021). Drought has shown to reduce nutrient content of 

leaves (Bista et al. 2018; M. R. Smith et al. 2019; Sitters et al. 2020), reduce the effectiveness of 

the nutrient-acquiring properties of roots (Bista et al. 2018, 2020), and limit leaf nutrients in 

barley crops (Bista, et al. 2020). Water stress makes for harsher growing conditions, leading to a 

decrease in yield and nutrient content. 

Huberty & Denno (2004) found that regardless of arthropod feeding guild, host plants 

display lower arthropod populations under water stress. Under such pressure, chewing 

arthropods, who must chew through more concentrated allochemicals, tended to avoid water-

stressed host plants, locally decreasing their abundance (Huberty & Denno, 2004). Sap-feeding 

arthropods capitalize on more concentrated xylem and phloem, enriched with nitrogen, ignoring 

plant surface chemical defense. Both feeding guilds show better performance under acute water 

stress (Huberty & Denno, 2004; Walter et al., 2011; Jactel et al., 2011), due to decreased plant 

defense capability. Hosting a plethora of arthropod and plant species, grasslands are arenas 

where these complex arthropod-plant interactions can be studied in full, now under pressure from 

global change factors. 

Grasslands around the globe are widely known to be nutrient-limited (Vitousek & 

Howarth, 1991; LeBauer & Treseder 2008; Harpole et al., 2011), often times being most limted 

by nitrogen (Vitousek & Howarth, 1991). Double the amount of N has been mobilized over the 

last century (Fowler et al., 2013), resulting in greater N deposition in many ecosystems (Niu et 

al., 2017). Formerly-limited systems are likely undergoing changes in the plant community as a 

previously limiting resource becomes available. For example, fast-growing species that capitalize 

off the added N may come to dominate, eliminating a great deal of biodiversity and resilience to 
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extreme climate events (Welti, et al. 2017; Muehleisen, et al. 2023). Typically LLP savanna is a 

nitrogen-limited system (Prior, S.A. et al. 1997), as it burns frequently, volatilizing nitrogen back 

into the atmosphere. As predicted for grasslands as a whole, nutrient deposition is likely to give 

rise to fast-growing understory grasses and lead to a loss of native plant species(You, et al. 2017; 

Muehleisen, et al. 2023). 

Historically, the LLP savanna has hosted a number of leguminous forbs such as 

Chamaecrista nictitans and Lespedeza species. These legume species are incredibly important to 

the savanna through their symbioses with various strains of nodulating rhizobia (Ferguson, et al. 

2019). These symbioses allow for the fixing of nitrogen into the soil into bioavailable fuel for 

legumes and their neighbors (Grelen & Duval, 1966). In an ecosystem that burns frequently, this 

is invaluable to community function. N-limited conditions of the LLP savanna make the 

symbiosis an evolutionary advantage, allowing for the continued establishment of these species. 

As the ambient N increases in the LLP savanna due to N deposition, these symbioses, and 

consequently, the legume species, will become more redundant. Enrichment of nitrogen may 

lead to the loss of legumes, a vital source of biodiversity and high-quality forage. Thus 

arthropods may be forced to consume lower-quality forage and thus increase herbivory rates, 

leading to a smaller, less diverse arthropod community. 

Plant community phenology and insect ontogeny are incredibly important to ecosystem 

function and health. Variations in nutrient availability caused by global change may have a 

significant effect on the timing of leaf senescence and the sink-source transition, which, in turn, 

will affect arthropod foraging and morphology (Coleman, 1986; Hochuli, 2001; Yu et al., 2015; 

Piao et al., 2019). In response to alterations in nutrient content and plant species shifts, the 

arthropod community may also change. This shift in arthropod communities may lag behind 
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changes seen at the plant level, leading to a second wave of change in herbivore damage levels. 

Various feeding guilds and feeding strategies are employed by arthropod herbivores, making 

arthropod community composition important for understanding herbivore damage. It is 

hypothesized that feeding strategies will also change in response to community nutrient change. 

In an N-enriched environment, individual plants could increase in leaf nutrient content and 

biomass, allowing arthropods to select for a higher nutrient class of food (Behmer and Joern 

2008). These more selective feeding strategies allow for greater nutrient intake against energy 

expenditure, potentially causing arthropod populations to surge. While rates of herbivory will 

decrease, the number of arthropods allows total ecosystem herbivory to remain roughly the same 

(La Pierre and Smith 2016). 

Many arthropods change forms as they grow, and they are intrinsically tied to the plant 

host species around them, often timing pupa emergence with leaf susceptibility to herbivory 

(Coleman 1986). If nutritional shifts in the LLP savanna allow for changes in plant community 

phenology (Dinnage, et al. 2012) through the earlier emergence of leaves and defensive 

chemicals, there could be phenological shift inarthropod herbivores. Alternatively, due to 

shifting plant ontogeny, there could be a major loss of arthropod diversity, leading to a major 

impact on herbivore damage in the already depreciated LLP savanna ecosystem. Jones and 

Despland, 2006, found that if emergence of caterpillars is delayed, folivore performance 

decreases due the effect of leaf age and defense on high-quality food availability. Walter et al., 

2011, fed droughted plant material to caterpillars, who were have longer larval and pupa stages. 

Understanding this interaction may help us understand how arthropod populations may be 

affected by these changes, and how seasonality may play an important role in the relationship 

between arthropods and plants.  
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In a world of ubiquitous global change and multiple co-occurring effects, it is more likely 

for dual stressors to occur, leading to potentially greater changes in a plant community (Komatsu 

et al. 2019), yielding greater changes to arthropod herbivores and herbivore damage in the 

community. Under the dual stressors of nutrient deposition and drought, the LLP ecosystem is in 

a precarious position. With higher soil N, opportunistic annual species may take up ground cover 

once occupied by legumes or forb species, reducing community biodiversity. Increased 

frequency and severity of drought may strip away plant and arthropod biodiversity, leaving the 

LLP savanna community devoid of the resilience it needs to withstand successional, extreme 

drought events or other GCFs. These dual events may produce a vastly different ecosystem than 

is currently present. In an already imperiled position, the LLP savanna is more succepible to 

change now than ever. If we do not seek to understand how these changes may impact the LLP 

savanna, we stand no hope of fortifying it against increasing global change. 

Objectives And Significance 

My research aims to understand how global change will affect a key disturbance in 

herbaceous-dominated systems – herbivory. Shifts in herbivore damage could be caused by (1) 

shifts in the arthropod community, (2) shifts in the plant community, or (3) shifts in plant 

nutrient content. To understand how global change will impact herbivory and then what the 

mechanism of change is, I will use a pre-existing manipulative field experiment that simulates 

drought and nutrient deposition in the LLP savanna of the Sandhill Gamelands (Hoffman, NC). 

My two objectives are: 

1. Quantify drought and nutrient addition impact on herbivore damage in

four dominant understory plant species and determine how herbivore damage changes 

across years as well as throughout a single growing season 
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2. Explore various mechanism’s effects on the magnitude of herbivore

damage (i.e., changes in (1) plant communities or biomass, (2) changes in plant nutrient 

content, and (3) changes in arthropod communities or biomass) 

I hypothesize that both drought and nutrient additions will decrease herbivore damage in 

early years, but increases in later years. The opposite trends will be due to changes in the 

mechanisms, with the early years of treatments seeing a decrease in damage due to increases in 

plant nutrient content, whereas in later years, damage increases will be due to changes in the 

plant community towards plants of lower quality. 

Changes in an ecosystem will have different effects on all organisms within it. As the 

effects of human impact in the Anthropocene actualize, so too will restoration of the LLP 

savanna become more difficult. As so much of the historic range of this ecosystem has been 

devastated, we cannot rely merely on conserving what remains. Instead, the LLP savanna must 

be restored and prepared to survive in a changing world. This restored savanna might be more 

sensitive to global change drivers like drought and nutrient deposition making it further 

susceptible to other changes like invasion. Understanding how herbivore damage will change is 

critical as all anthropogenic and natural disturbances are likely to interact in key ways and with 

feedback. 

Methods 

Site Description 

This research took place in the Sandhill Gamelands (Hoffman, NC). The Sandhills region 

of North Carolina has a Mean Annual Temperature (MAT) of 61.8℉ and a Mean Annual 

Precipitation (MAP) of 46.7 inches, measured from a station ~14 miles from the site. This region 

of the LLP savanna ecosystem range is mesic sandhills, with well-drained, sandy soil. The 
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grassland understory is dominated by Aristida stricta, Schizachyrium scoparium, and Pteridium 

aquilinum, along with numerous forbs and legumes. The Gamelands are burned periodically, 

every 2 to 5 years. The last burn (and only burn during data collection) on this site took place in 

2020. 

Experimental Design 

This pre-existing experiment is part of two global networks with common experimental 

set up. The Nutrient Network (NutNet) is a globally distributed experiment addressing 

relationships between plants and nutrients. In the NutNet plots, nitrogen, potassium, and 

phosphorous are added (10g/m2) in full factorial (8 total treatments) to simulate extreme nutrient 

deposition and alleviate resource limitations. The experiment has an n=3 per treatment, leading 

to 24 total plots. The Drought-Net Research Coordination Network (Drought-Net) is a global 

network of researchers seeking to assess terrestrial ecosystem sensitivity and response to 

drought. Rainout shelters are erected for 5 months yearly, excluding 30% of rainfall, simulating 

moderate drought. As part of these rainout shelters, a tubing system has been installed to drain 

the water away from the site, ensuring all drought plots remain as such. For Drought Net, 6 extra 

plots were added, three nutrient controls (i.e., no addition) and three NPK plots in which shelters 

were. Including these additional 6 Drought-Net plots makes for 30 plots total in this experiment, 

split across 3 blocks. Each of these blocks contain one of each treatment type, including shelter 

plots, making for 10 plots per block. 

Within this experimental design, my sampling has been structured to examine the effect 

of time at two temporal scales. First, this experiment began with limited pre-treatment sampling 

in 2019 focused on the plant community (species composition and ANPP). As the nutrient and 

drought treatments began in 2020, so did peak season (July) herbivore damage sampling and 
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insect community sampling. This peak season insect sampling (community and herbivore 

damage), as well as plant community sampling in early (community) and late season (community 

and ANPP), occurred yearly from 2020 to 2023. Secondly, in 2022 only, I also conducted 

seasonal sampling in early (April), middle (July – which corresponds with yearly sampling), and 

late summer (September) of herbivore damage and insect community. 

Data collection 

Herbivore damage – Herbivore damage was studied on 4 key understory species (Fig. 3) 

in the LLP savanna ecosystem in July of every year (2020-2023) as well as seasonally in 2022 

(April, July, September). 

Aristida stricta, or Carolina 

Wiregrass

Vaccinium tenellum, or the 

Small Black Blueberry

Pteridium aquilinum, or Bracken Fern

Pityopsis aspera, or 

Carolina Silkgrass

Figure 3: Four key longleaf pine understory plants selected for herbivore damage study. 

Note: Two forb species (Vaccinium tenellum, Pityopsis aspera), a grass species (Aristida 

stricta), and a fern (Pteridium aquilinum). All species native to the longleaf pine savanna range 
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These species were chosen for their abundance (top 10) during the first two years of 

studying plant species composition, and 3 of them flower throughout the growing season. 

Vaccinium tenellum blooms in the early season and both Aristida stricta and Pityopsis aspera 

flower in the late season (Fig. 3). Pteridium aquilinum is a non-flowering, rhizomatous fern 

species. In each of the 30 plots, 5 fully expanded leaves of each species were chosen at random, 

preferentially from different individuals. These leaves were observed and assigned to a category 

of percent leaf damage, using a marginally altered leaf damage protocol from the Nutrient 

Network. Using visual estimation, leaf damage type was accessed, and leaves were assigned 

appropriate damage ranges. The damage ranges were as follows: 0%, 1-5%, 6-25%, 26-60%, and 

>60% (Castagneyrol et al., 2012). To accurately determine damage category, the leaves were

relativized to the observed total leaf area. When working with others, observers synchronized 

their observations during the first few measurements and periodically throughout the day. For 

analysis purposes, all damage categories were simplified to their average value (e.g., 1-5% and 

26-60% became 3% and 43%, respectively).

Insect community 

Arthropod samples were taken in July of every year (2020-2023) as well as seasonally in 

2022 (April, July, September) using SweepNet and D-vac collection methods (Fig. 4). The 

SweepNet method (Fig. 4A) consists of a team of two individuals. One person uses a large 

butterfly net and ‘sweeps’ along the ground in a plot, keeping the net about 1 inch off the ground. 

The second individual waits with a collection bag until sweeping is finished, wrapping the 

collection bag around the butterfly net. The two individuals will then carefully maneuver to 

brush arthropods into the collection bag. In this experiment, the sweeper walked the borders of 

each plot and crossed the center twice. The D-vac method (Fig. 4B) only requires one person but 
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is aided by a second. This process enlists the use of a large leaf blower. The flow of air is 

reversed, and an apparatus is attached to the blower to catch arthropods in fine mesh bags. While 

SweepNet tends to collect arthropods that dwell on plants, D-Vac tends to collect topsoil-

dwelling, smaller arthropods. After collection, arthropod sampling bags are deflated and placed 

into coolers to limit activity. Once transported back to the lab, they are placed in freezers, sorted 

by sampling method and year. 

Starting from the first sampling year, the arthropod samples are taken from their 

respective bags, and sorting out the arthropods from soil and litter into a 15ml glass vial. Each 

sample is checked at least twice by different people. Once the second check has been completed, 

it is determined if the plot requires a third check or may proceed to the identification stage. If a 

third check is required, it is completed by senior members of the team. Using published or site-

specific identification guides, each arthropod individual is counted and identified to Order, and 

as close to Family as possible. 5ml glass vials are used to sort arthropods by Order. Once all 

individuals have been accounted for, plot-level weight is measured at the plot level. 

Figure 4: Two methods of insect collection used. A) Will Mann (left) preparing to 

SweepNet with an undergraduate researcher, and (B) Rose Terry (center) performing D-

vac collection. 
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Plant community 

Plant community composition surveys were conducted annually every year (2020-2023) 

as well as seasonally in 2022 (April, July, September). Aboveground plant biomass is collected 

in September of every year (2020-2023) as well as seasonally in 2022 (April, July, September). 

A 0.1m x 1m clip strip was used in each of our 30 plots, placed semi-randomly throughout the 

plot. In the initial collection in 2020, the clip strip was placed nearest to the center of each plot. 

For each time point onward, ANPP has been collected about 10 cm away from the previous 

collection point. This is to ensure that our plots are being measured in the same relative area each 

year and that each clip is not influence by previous years harvest. 

Leaf nutrient content 

A homogenous subsample of the plant community biomass is used for the nutrient 

content analysis. Once dried and weighed for biomass, these samples were ground and 

homogenized, and sent to the Soil Testing Lab at Kansas State University for analysis of N, P, 

and K content. 

Data analysis 

All data manipulation, statistics, and graphing were conducted in R version 4.3.2. Total 

herbivore damage was defined as the chewing plus mining/sucking damage types. The data was 

normalized by log transformation. This log-transformed data was the dependent variable in all 

models. To detect the effects of nutrient addition and drought on herbivore damage (Aim 1), 

mixed-effect model ANOVAs were used treatments as fixed effects and both block and plot were 

included as random effects. Estimated Marginal Means (emmeans) were run for pairwise 

comparison of ANOVA results with no correction. Separate models were run for three different 

subsets of data. First, we explored the effects through time using only the July timepoint from all 
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four years of data collection. For this analysis we dropped the six drought plots. Second, we 

explored the effect of the season using only data from 2022 when the seasonal sampling 

occurred. For this analysis, we also dropped the six drought plots. Third, we explored the effects 

of drought using data from all three seasons in 2022 only. We only kept C, NPK, C+Drought, 

and NPK+Drought plots. To determine how various mechanisms related to herbivore damage 

(Aim 2), we ran linear regressions with herbivore damage as the dependent variable and various 

mechanisms as the independent variable. Separate models were run for each independent 

variable (see Table 4 for the list of variables). For all regressions, data were subset to only 

include 2022 July data. 
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CHAPTER II: RESPONSE OF HERBIVORE DAMAGE TO NUTRIENT ADDITONS 

Aim 1: Herbivore damage response to nutrient additions 

Across years, herbivore damage varied greatly by both year and species (Table 1). A. 

stricta had the lowest herbivore damage and P. aquinillum had the highest (Fig. 5). There were 

numerous significant effects of nutrients in interactions with either species or year. In general, 

although exceptions were found, P tended to increase herbivore damage (Fig. 6) while N lowered 

it (Fig. 7). Species-by-P was significant with only A. stricta increasing herbivore damage with P 

additions although all species trended this way. Species-by-K was significant in the main model 

however post-hoc tests revealed no significant differences between control and K additions for 

any species with two species trending towards lower damage and two trending towards higher 

damage. An N by P by K by species interaction was also found in the main model, with A. stricta 

and V. tenellum showing P addition leading to higher herbivore damage compared to N addition 

while many of the other treatments were not statistically different from either. P. aquilinum 

showed the highest herbivore damage in PK treatments significantly more so than in the P alone. 

Across seasons, herbivore damage varied greatly by both season and season by species 

(Table 2). A. stricta displayed more herbivore damage early in the season, but the lowest in the 

late season (Fig. 8). P. aspera and P. aquilinum increase in herbivore damage throughout the 

season, whereas V. tenellum has the highest herbivore damage in both the mid and late seasons. 

In this subset of data, we saw a N by P by species interaction (Fig. 9). Post hoc tests revealed 

that P. aspera was the only species significantly affected with lower herbivory in the P plots and 

higher herbivory in the NP plots compared to N alone and control plots. The full interaction was 

also significantly different (Season*Sp*N*P*K) with post hoc differences being complex (Fig. 
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10). Interestingly, all four species showed significant differences in the late season, 3 in the early 

season, and only 2 in the middle season. 
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Table 1: Effect of N, P, K, year, and species as well as their interactions on herbivore 
damage. 

Independent Variable df Chi-square Pr (>Chi-square)    
Yr 3 31.33 <0.001 
Sp 3 19.92 <0.001 
N 1 0.00 1.000 
P 1 0.75 0.387 
K 1 0.10 0.747 
Yr*Sp 9 12.58 0.182 
Yr*N 3 1.65 0.649 
Sp*N 3 5.80 0.122 
Yr*P 3 1.51 0.680 
Sp*P 3 14.31 0.003 
N*P 1 0.05 0.819 
Yr*K 3 0.50 0.919 
Sp*K 3 13.90 0.003 
N*K 1 0.05 0.819 
P*K 1 0.71 0.401 
Yr*Sp*N 9 13.00 0.163 
Yr*Sp*P 9 9.83 0.365 
Yr*N*P 3 0.62 0.891 
Sp*N*P 3 7.33 0.062 
Yr*Sp*K 9 19.96 0.018 
Yr*N*K 3 1.08 0.782 
Sp*N*K 3 9.96 0.019 
Yr*P*K 3 0.32 0.957 
Sp*P*K 3 17.05 0.001 
N*P*K 1 0.10 0.747 
Yr*Sp*N*P 9 9.31 0.409 
Yr*Sp*N*K 9 17.67 0.039 
Yr*Sp*P*K 9 21.03 0.013 
Yr*N*P*K 3 0.67 0.880 
Sp*N*P*K 3 12.52 0.006 
Yr*Sp*N*P*K 9 16.19 0.063 

Note: Shown are the results from a mixed model anova using the mid-season sampling point 

across four years (2020-2023). p<0.10 are shown bolded. See Fig. 5-7 for corresponding visual 

representations of statistically significant effects. 
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Table 2: Effect of N, P, K, season, and species as well as their interactions on herbivore 
damage. 

Independent Variable df Chi-square Pr (>Chi-square)    
Season 2 2.07 0.356 
Sp 3 7.05 0.070 
N 1 1.28 0.258 
P 1 0.10 0.747 
K 1 0.10 0.748 
Season*Sp 6 17.08 0.009 
Season*N 2 0.02 0.992 
Sp*N 3 2.29 0.514 
Season*P 2 0.05 0.976 
Sp*P 3 2.15 0.542 
N*P 1 0.19 0.660 
Season*K 2 1.23 0.541 
Sp*K 3 0.98 0.805 
N*K 1 0.10 0.750 
P*K 1 0.03 0.874 
Season*Sp*N 6 10.98 0.089 
Season*Sp*P 6 6.54 0.365 
Season*N*P 2 0.36 0.837 
Sp*N*P 3 6.54 0.088 
Season*Sp*K 6 6.37 0.383 
Season*N*K 2 2.99 0.224 
Sp*N*K 3 5.19 0.159 
Season*P*K 2 2.86 0.240 
Sp*P*K 3 1.31 0.726 
N*P*K 1 0.04 0.849 
Season*Sp*N*P 6 10.09 0.121 
Season*Sp*N*K 6 16.70 0.010 
Season*Sp*P*K 6 12.60 0.050 
Season*N*P*K 2 3.35 0.187 
Sp*N*P*K 3 5.40 0.145 
Season*Sp*N*P*K 6 19.68 0.003 

Note: Shown are the results from a mixed model anova using the early, middle and late-season 

sampling points across 2022. p<0.10 are shown bolded. See Fig. 8-10 for corresponding visual 

representations of statistically significant effects. 
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Looking at the interaction of NPK with drought (Table 3), season-by-species interactions 

were again seen with this subset of data (Fig. 11) that match the differences seen with the above 

subset of data (Fig. 8). Effects of drought (Fig. 12) varied by season and by species (Fig. 13). 

For example, drought decreased herbivory in early season for P. aspera but increased herbivory 

in late season for P. aquilinum. A season by species by drought by nutrient effect was seen. 

For example, P. aspera has lower damage in the NPK + drought (Fig. 14) plots compared 

to the control and drought alone in both the early and middle seasons. Conversely, P. aquilinum 

had higher herbivory in any of the treated plots compared to the control, but only in the late 

season.  

Figure 5: Arthropod herbivore damage on four longleaf pine savanna understory plants 

Note: Using the mid-season sampling point across four years (2020-2023), means with 

standard error are shown (error bars) with letters denoting significant post hoc differences 

(p<0.10). Note strong species differences. Ars- A.stricta. Pia- P.aspera, Pta- P.aquilinum, Vat- 

V.tenellum
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Note: Species acronyms: Ars- A.stricta. Pia- P.aspera, Pta- P.aquilinum, Vat- V.tenellum. Using 

the mid-season sampling point across four years (2020-2023), means with standard error are 

shown (error bars) with astriks (*) denoting significant post hoc differences within a species due 

to the nutrient effect (p<0.10). 

Figure 6: Effect of leaf nutrients on mean arthropod herbivory for (left) nitrogen, (middle),
phosphorous, and (right) potassium
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Figure 7: Effect of treatments on mean arthropod herbivory (%) 

Note: A.stricta (top left), P.aquilinum (top right), P. aspera (bottom left), V.tenellum 

(bottom right). Using the mid-season sampling point across four years (2020-2023), means with 

standard error are shown (error bars) with letters denoting significant post hoc differences within 

a species due to the nutrient effect (p<0.10). Treatments left to right: C, K, N, NK, NP, NPK, P, 

PK 

Figure 7: Effect of treatments on mean arthropod herbivory (%) 

Figure 7: Effect of treatments on mean arthropod herbivory (%) 

Note: A.stricta (top left), P.aquilinum (top right), P. aspera (bottom left), 

V.tenellum (bottom right). Using the mid-season sampling point across four years 

(2020-2023), means with standard error are shown (error bars) with letters denoting 

significant post hoc differences within a species due to the nutrient effect (p<0.10). 

Treatments left to right: C, K, N, NK, NP, NPK, P, PK 
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Note:  Using 2022 data only across three season, means with standard error are shown (error bars) 

with letters denoting significant post hoc species differences within a season (p<0.10). Aristida 

stricta is the most herbivorized species in the early season and the least in the late season. This may 

hint at an interaction with arthropod ontogeny and changing feeding guilds or differences in plant 

forage quality due to plant ontogeny. 

Figure 8: Plant species-specific arthropod herbivore damage by timepoint



 26 

Figure 9: Effect of treatments on mean arthropod herbivory (%) 

Note: A.stricta (top left), P.aquilinum (top right), P. aspera (bottom left), V.tenellum 

(bottom right).  Using the mid-season sampling point across four years (2020-2023), means with 

standard error are shown (error bars) with letters denoting significant post hoc differences within 

a species due to the nutrient effect (p<0.10). Treatments left to right: C, P, N, NP. 
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Note: Early, Middle, and Late (left to right). Treatments left to right: C, K, N, NK, NP, 

NPK, P, PK. Species (top to bottom): Aristida stricta, Pityopsis aspera, Pteridium aquilinum, 

Vaccinium tenellum 

Figure 10: Herbivore damage by plant species, treatment, and timepoint
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Note: Using 2022 data only across three seasons, means with standard error are shown 

(error bars) with letters denoting significant post hoc species differences within a season 

(p<0.10). Aristida stricta is the most herbivorized species in the early season and the least in the 

late season. This may hint at an interaction with arthropod ontogeny and changing feeding guilds 

or differences in plant forage quality due to plant ontogeny. 

Figure 11: Plant species-specific arthropod herbivore damage under drought by timepoint
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Figure 12: Mean Arthropod herbivore damage in drought-by-nutrient treatments 

Note: Using the mid-season sampling point across four years (2020-2023), means with 

standard error are shown (error bars) with letters denoting significant post hoc differences 

(p<0.10). 
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Figure 13: Mean Arthropod herbivore damage in drought, separated by species 

Note: Using 2022 data only across three seasons, means with standard error are shown 

(error bars) with asterisks (*) denoting significant post hoc species differences within a season 

(p<0.10) 

Figure 13: Mean Arthropod herbivore damage in drought, separated by species 
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Figure 14: Mean arthropod herbivore damage under drought and nutrient additions by 

species and timepoint 

Note: Using 2022 data only across three seasons, means with standard error are shown 

(error bars) with letters denoting significant post hoc species differences within a season 

(p<0.10). Timepoints: (Early, Middle, and Late, left to right). Treatments left to right: C, K, N, 

NK, NP, NPK, P, PK. Species (top to bottom): Aristida stricta, Pityopsis aspera, Pteridium 

aquilinum, Vaccinium tenellum. 

Figure 14: Mean arthropod herbivore damage under drought and nutrient additions by 

species and timepoint 
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Table 3: Effect of NPK, drought, season, and species as well as their interactions on 
herbivore damage. 

Independent Variable df Chi-square Pr (>Chi-square)     
Season 2 1.991 0.36954 
Sp 3 6.7896 0.07891 
Drought 1 0.7665 0.38131 
NPK 1 0.9579 0.32771 
Season*Sp 6 16.4545 0.01151 
Season*Drought 2 0.6584 0.71949 
Sp*Drought  3 1.7144 0.63373 
Season*NPK 2 0.2119 0.89945 
Sp*NPK 3 1.0424 0.791 
Drought*NPK 1 3.1378 0.0765 
Season*Sp*Drought 6 12.2702 0.05621 
Season*Sp*NPK 6 8.4482 0.20707 
Season*Drought*NPK 2 0.8908 0.64057 
Sp*Drought*NPK 3 3.3491 0.34086 
Season*Sp*Drought*NPK 6 11.3481 0.0782 

Note: Shown are the results from a mixed model anova using early, middle, and late-season 

sampling points across 2022. p<0.10 are shown bolded. See Fig. 11-14 for corresponding visual 

representations of statistically significant effects. 
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CHAPTER III: EXPLORING VARIOUS MECHANISM’S EFFECTS ON THE MAGNITUDE 

OF HERBIVORE DAMAGE 

Aim 2: Explore various mechanisms’ effects on the magnitude of herbivore damage 

None of the 25 variables that were potential drivers of herbivore damage showed 

significant relationships (Table 4; Fig. 15-18). 
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Table 4: Relationship between potential variables and arthropod herbivore damage. 

Note: Shown are results from linear regression using data from mid-season sampling in 2022 

only. Note no variable was significantly related to arthropod herbivore damage. See Fig. 15-18 

for visual representation. 

 

 

 

Independent Variable DF F-statistic P-value Multiple R-square 
Leaf % N 1, 90 0.013 0.910 <0.001 
Leaf % P 1, 90 0.746 0.390 0.008 
Leaf % K 1, 90 0.075 0.784 <0.001 
Plant Species Diversity 1, 90 2.493 0.118 0.027 
Plant Species Richness 1, 90 2.356 0.128 0.026 
Plant Species Evenness 1, 90 0.556 0.458 0.006 
Plant Species Dominance (BP) 1, 90 0.837 0.363 0.009 
Wiregrass Cover 1, 90 <0.001 0.998 <0.001 
Grass Cover 1, 90 0.031 0.861 <0.001 
Forb Cover 1, 90 1.805 0.183 0.02 
Dominant Plant Species Cover 6, 85 0.302 0.934 0.499 
Forb Biomass 1, 86 0.186 0.667 0.002 
Graminoid Biomass 1, 86 0.276 0.601 0.003 
Legume Biomass 1, 78 0.028 0.867 <0.001 
Litter Biomass 1, 86 0.007 0.936 <0.001 
Arthropod Family Dominance 
(BP) 

1, 86 0.077 0.782 <0.001 

Arthropod Family Richness 1, 86 0.361 0.550 0.481 
Arthropod Family Evenness 1, 86 0.170 0.682 0.002 
Arthropod Family Diversity 1, 86 0.461 0.499 0.005 
Arthropod Plot Biomass 1, 21 0.350 0.560 0.016 
Grasshopper Abundance 1, 86 0.062 0.804 <0.001 
Wolf Spider Abundance 1, 86 0.571 0.452 0.007 
Leafhopper Abundance 1, 86 0.153 0.697 0.002 
Ant Abundance 1, 86 0.167 0.684 0.002 
Seed Bug Abundance 1, 86 0.361 0.550 0.004 
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Figure 15: Relationship between leaf tissue nutrient content and arthropod herbivore 

damage (log-transformed) for potassium, phosphorous, and nitrogen 

Note: Only 2022 middle season data were used for regression analysis. For full statistics 

see Table 4. 
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Figure 16: Relationship between selected plant community metrics and arthropod 

herbivore damage (log transformed) 

Note: (A) plant species richness, (B) grass cover, (C) litter biomass, and (D) forb cover. 

Only 2022 middle season data were used for regression analysis. For full statistics and additional 

plant community metrics see Table 4. 
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Figure 17: Relationship between selected arthropod community metrics and arthropod 

herbivore damage (log transformed) 

Note: (A) Arthropod Family Richness, (B) Berger-Parker Diversity, (C) Arthropod Evar, 

and (D) Arthropod Family Shannon Diversity. Only 2022 middle season data were used for 

regression analysis. For full statistics and additional plant community metrics see Table 4. 
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Figure 18: Relationship between selected arthropod community metrics and arthropod 

herbivore damage (log transformed) 

Note: (A) Leafhopper Abundance, (B) (Grasshopper Abundance, (C) Wolf Spider 

Abundance, and (D) Seed Bug Abundance, (E) Ant Abundance, (F) Arthropod Plot Weight. 

Only 2022 middle season data were used for regression analysis. For full statistics and additional 

plant community metrics see Table 4. 
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CHAPTER IV: THESIS DISCUSSION 

Overall, we found herbivore damage to be extremely variable, through time (year and 

season) and across species, and little clear directional shifts were seen with either nutrient 

additions, drought, or their interaction. Additionally, of all the mechanisms explored, none 

showed significant correlations with herbivore damage. While this might suggest that we did not 

measure the correct variables, rather we believe this is due to the extreme variability seen in 

herbivore damage and the complex nature of likely interacting mechanisms controlling damage 

(Hochuli, 2001; Huberty & Denno, 2004; Stout, et al. 2006; Castagneyrol, et al. 2014; 

Castagneyrol, et al. 2018; Barnes, et al. 2020; Rusman, et al. 2020; Welti, et al. 2020; Welti, et 

al. 2020; Robinson, et al. 2023). For example, light availability and water stress interact to 

impact gypsy moth larvae performance and therefore their damage to birch trees increased 

(Castagneyrol et al. 2018), or how plant ontogeny interacts with other effects on herbivory, 

especially during early season damage events (Rusman et al, 2020). 

The interaction of year and plant species reveals that P. aquilinum, a large, conspicuous 

fern species, displayed the most herbivore damage across years between study species (Figure 5). 

Plant size has been noted as a possible determinant of herbivory, and may contribute to between-

species differences (Robinson, et al. 2023). A. stricta, the most common study species, was 

herbivorized the least across years. This may be due to low forage quality or late bloom (Lewis, 

et al. 1975). More likely, this is because of the emergence of more attractive forage such as P.

aspera and V. tenellum. Grassland forb species attract many arthropod herbivores, seemingly in 

contrast to co-occurring grass species (Komatsu, et al. 2015). Responses to precipitation, 

temperature, and community assemblage will be species-specific, enhancing differences between 

years (Cowles, et al. 2018; Garcia, et al. 2020; Van Dyke, et al. 2022).  Study species vary 
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greatly in growth form, phenology, and the arthropod herbivores they attract, leading to strong 

differences in herbivore damage on the four studied species. 

When moving into season-specific (Table 2) interactions of herbivore damage on the 

different species, it is important to highlight the dynamic interactions of plant phenology, insect 

ontogeny, as well as yearly and seasonal differences in plant/arthropod communities (Bandeili & 

Muller 2010; Novotny, et al. 2010; Mora. et al., 2020; Wetzel, et al. 2023). The dominant grass 

species, A. stricta, is herbivorized nearly 30% more than other study species in the early season, 

but ends as the least herbivorized at the end of the season (Figure 8). Several reasons could 

contribute to this switch in most herbivoreized species. For example, grasses tend to have their 

highest forage quality early in the growing season, which might attract herbivores. However, as 

their tissue becomes tough and as they get bigger and more nutrient diluted, herbivores may 

switch to other available forage like forbs and shrubs. Additionally, as life stages change 

throughout the season, arthropods such as caterpillars, who herbivorize the leaves they emerge 

from, change feeding guilds (Bandeili & Muller 2010). This change in host plant use may cause 

herbivory to decrease in a single plant species as leaf chewers become nectarivores (Novotny, et 

al. 2010). Peak season appears to be the most similar in community-wide arthropod herbivore 

pressure (Figure 8, Figure 10). However, by the end of the season, A. stricta is the lowest 

herbviorized species with nearly 50% less damage than the other three studied species. Leaf-

chewing instars of pollinator species during the early season contribute to herbivore damage 

(Deyrup, et al. 2002) of  P. aspera and V. tenellum, replaced by later emerging leaf-chewers in 

the peak and late seasons (Poelman, et al. 2008; Stam, et al. 2014; de Bobadilla, et al. 2021). The 

four plant species are different at every point during the season (Fig. 8), and future sampling 

should consider this variability. 
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Because of these strong species differences and strong season-by-species interactions, it 

is not surprising that many of the nutrient and drought effects were species and season-specific. 

Both P-by-species and K-by-species interactions were significant; however, post hoc tests 

revealed the only significant species difference was greater herbivory in A. stricta with added P. 

V. tenellum and P. aquilinum both showed trends towards increased herbivore damage with P

additions and K additions. Similarly, when looking at the full species by N by P by K interaction 

(Fig. 7), post hoc tests revealed that herbivore damage of A. stricta and V. tenellum increased 

with P alone addition compared to N alone addition; P. aquilinum also showed increased 

herbivory in the PK treatment compared to P or NPK. Behmer (2009) theorized that N is not a 

limiting resource for insects. Komatsu & Smith (2015) expand on this theory, claiming P is a 

greater limiting resource than N for arthropods. This would explain increased herbivore damage 

in P and its factorial plots. Greater herbivore damage may also be explained by shifts in plant 

community assemblage and variability (Avolio, et al. 2014; Koerner, et al. 2016), caused by 

increased P. Formerly common plant species may decrease in abundance, forcing arthropod 

herbivores to concentrate herbivore damage on a few remaining individuals. While these results 

are a bit complicated, it appears that P is leading to increased herbivory.  

Additionally, in the seasonal analysis, we see evidence that N and P additions together 

might lead to greater herbivore damage than P alone. Per capita herbivore damage increased in N 

by P treatment plots in the tallgrass prairie (Komatsu & Smith 2015), and in the LLP savanna 

experiment, may occur via increased arthropod abundance or compensatory feeding. Similar to 

P-alone treatment, paired N and P treatment may increase the variability of plant species, causing

a concentration of herbivore damage (Avolio, et al. 2014; Koerner, et al. 2016) on a small 

number of individuals. It has also been found that higher P nutrition allows for greater abscission 
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rates of cotton buds (Forbes & Rosenheim 2011). Perhaps this interactive effect displays an 

acclimation to higher nutrient availability and concentration of inducible defenses. If more N 

universally allows for lower herbivore susceptibility via defense chemicals, plants may be able to 

modulate areas for defense and herbivorization (Chen 2008; Moreira, Zas and Sampedro, 2012). 

To attract herbivores, a plant may lower the concentration of defense chemicals on some leaves, 

protecting other leaves and its sexual organs. Once leaves are sufficiently herbivorized, higher P 

allows for plants to abscise the damaged leaves, preventing them from becoming an energy sink 

(Forbes & Rosenheim 2011). This allows for plants to either benefit from the effects of herbivore 

damage or limit its negative effects, while not losing photosynthetic function 

Of note, this NxP additive interaction was not detected in the yearly sampling. This could 

be due to the fact that when seasonal differences were detected, post hoc tests revealed 

significance most often in the early and late seasons, with mid-season showing few differences. 

Seasonal changes in environmental conditions likely play a large part in plant productivity and 

nutrient use (Garcia, et al. 2020). Peak season appears to be the most similar in community-wide 

arthropod herbivore pressure (Figure 8). In the future, studies should focus on early and late 

seasons instead of peak season. These sampling times reveal the greatest amount of difference 

and have important roles in determining seasonal and yearly variation (Lian, et al. 2021; Wu, et 

al. 2021). 

Drought increased herbivore damage, particularly for P. aquilinum; however, these 

patterns were weak and inconsistent. While the leaves in drought plots would be worse for 

chewing arthropods, sap-suckers may jump at the opportunity to capitalize on N-dense 

xylem/phloem (Huberty & Denno, 2004) thus the drought plots having higher herbivory. 

Similarly, the plants may have invested resources in water acquisition (i.e., root growth). This 
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may lead to lower availability of resources for developing plant defense and higher water use 

efficiency (Guo, et al. 2024). This could also lead to higher herbivory in the droughted plots. 

Interestingly though, drought with nutrient additions combined seemed to cancel out the negative 

effects of drought, with drought + NPK plots not being significantly different from the control 

plots. This supports the second hypothesis above, with increased nutrients allowing plants to 

simultaneously invest below ground while still investing in plant defences, which are frequently 

high in N demand herbivorization (Chen 2008; Moreira, Zas and Sampedro, 2012; Vega, et al. 

2015). However, responses were again species-specific, and in P. aquilinum, late-season 

herbivory in C+Shelter plots may be due to increased susceptibility to herbivores via water 

stress. Increased herbivory of P. aquilinum in NPK plots may be due to the preservation of plant 

productivity or leaf nutrients in the late season or (Guo, et al. 2021).  

This minimal response to drought treatments could be due to the low level of drought 

reduction applied – 30% rainfall reduction. LLP savanna is more homogenous and higher in its 

MAP than many other savannas across the world (Pau, et al. 2023), occupying a unique climate 

niche. This savanna is maintained through frequent burning, receiving enough rainfall to turn 

into a forest if regular burning does not occur (Frost 1993). Therefore, this savanna is not water-

limited. Thus a 30% rainfall exclusion may not be enough to limit plant growth here. 

Additionally, movement of soil moisture across the soil surface or accessing deep soil moisture 

pools may have allowed understory plants to compensate for reduced direct precipitation 

(Hartmann & Niklaus 2012) alleviating what was already a moderate drought. Additionally, 

biodiversity can lead to stability and resistance to drought (Isbell, et al. 2015; Chaves et al. 2021; 

Liu, et al. 2022). LLP savanna is a highly diverse system and therefore might also require a large 

magnitude of drought to yield effects.  
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Overall, none of the mechanistic variables studied were significantly correlated with 

herbivore damage. We had three major groups of mechanisms – changes in plant tissue nutrient 

content, changes in plant community structure, and changes in arthropod community structure. 

We hypothesize that there are methodological mismatches or ecological reasons to explain the 

null results rather than these drivers not affecting herbivore damage.  

First, nutrient concentration in the leaf tissue was measured at the community level, not at 

the individual plant level. We hypothesize that had we measured plant-level leaf nutrient content 

significant relationship would have been seen. However, at the plot level, as we measured, no 

correlation to nutrients might exist because of the strong species-level responses we saw. For 

example, if A. stricta was herbivorized less when its N content was higher, but A. stricta 

decreased in abundance in the N addition plots, that would change the plot level nutrient content. 

If similar leaf nutrient analysis were performed on each of the study species instead, some trends 

may present themselves. Many arthropods perform selective feeding in the presence of increased 

nutrient availability (Behmer 2009; La Pierre and Smith 2016). Nutrient-enriched leaf tissue may 

attract nearby arthropods (Lu, et al. 2020), thereby keeping per capita herbivory the same. 

Second, we were surprised that plot-level plant community metrics didn’t yield 

significant changes in herbivore damage. For example, we hypothesized the increases in plant 

diversity or richness would cause decreases in herbivore damage. The resource concentration 

hypothesis (Barnes, et al. 2020) states that arthropods are less likely to encounter preferred plant 

species in high-diversity patches, and thus are more likely to leave. With added nutrients and 

larger plant individuals (i.e., increased productivity), oftentimes biodiversity decreases (Isbell, et 

al. 2013). Another hypothesis, the enemy hypothesis, states that high-diversity plots provide 

habitat for predator species, leading to greater control of the herbivore population (Barnes, et al. 
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2020). Barnes, et al. (2020) theorize that, while high biodiversity results in more biomass 

consumed, this is because high-diversity plots produce more plant material, not because of 

increased herbivore pressure. However, we saw no relationship. We hypothesize this lack of 

response though is because the plant community metrics were too plot-focused and not locally 

focused on our study individuals. Or rather our herbivore damage metric was too individual-

focused and therefore did not give a good estimate of plot-level herbivory. Seeing as we saw 

strong differences in species with herbivore damage, it would stand to reason that plots with 

greater A. stricta cover would experience less plot-level herbivore damage compared to plots 

dominated by P. aquilinum. Perhaps plot-level herbivore damage would be related to plot-level 

richness, but individual damage is pre-determined by the species being sampled. 

Finally, no arthropod herbivore metric predicted herbivore damage. Even incredibly 

abundant arthropod herbivore families such as Acrididae or Cicadellidae displayed no response. 

This failure to predict damage may be due to the resource concentration hypothesis (Barnes, et 

al. 2020). Increasing the variance of the plant community by P nutrition decreases the chances an 

herbivore encounters one of its host plants (Avolio, et al. 2014; Koerner, et al. 2016). This 

variability, along with the likelihood of multiple arthropod herbivores (Stam, et al. 2014) on a 

single host plant, may create too much biological noise to detect any signals for predicting 

herbivore damage. However, this increase of variability fits with Robinson’s Gini coefficient 

hypothesis on uneven feeding and explains why we were not able to detect any arthropod 

herbivore signal (Robinson, et al. 2023). If a small number of plant individuals display a large 

amount of herbivore damage, community-wide damage levels remain consistent. In future 

experiments, insect uptake will need to be measured to determine the true cause of herbivore 

damage alteration. 
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Numerous studies have shown that arthropod abundance and diversity is a response to 

multiple mechanisms (La Pierre and Smith 2016; Castagneyrol, et al. 2018; Barnes, et al. 2020; 

Lewthwaite, et al. 2024). For example, a study in a desert urban system showed that arthropod 

abundance was mainly driven by water availability, but those effects only emerged when seen 

through complex interactions with habitat type and bird predation (Bang et al. 2022). Another 

study shows increasing abundance and species richness of arthropods with increasing plant 

species richness, but contrasting patterns of dominant herbivore and predator species (Hertzog, et 

al. 2016). These relationships are nuanced, interactive, and inter-reactive. Our approach of 

exploring mechanisms through bivariate relationships may not capture the incredibly complex 

interacting mechanisms controlling herbivore damage. 
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CHAPTER V: THESIS CONCLUSIONS 

This experiment investigated the effects of nutrient deposition and drought on an 

important ecosystem process, herbivory, in an imperiled ecosystem, the LLP savanna. Changing 

climate (Welti, et al. 2020) and the intensification of agriculture (Brudvig, et al. 2013) threaten 

this once-sprawling ecosystem. However, the general lack of response to treatments indicates 

that herbivory in the Sandhills is somewhat protected against such change, particularly with N or 

K additions and moderate drought. The increase in herbivore damage in response to P additions 

is slightly alarming, as longleaf pine trees are often thought to be P-limited from an agriculture 

standpoint focused on timber production (Jokela, et al. 1991). Frequently, foresters and land 

managers looking to support a multi-functional landscape with timber sales will add P to their 

stands. Our results suggest that land managers may need to carefully think about the effects of 

phosphorous on the herbivory of the understory and weigh their management targets 

accordingly. 
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