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Abstract: Milkweeds (Asclepias) are a diverse genus of plants in the family Apocynaceae, 

with an estimated 130 species found in North America. Milkweed research has increased 

dramatically over the past two decades, due in part to its importance as the primary food 

source of monarch (Danaus plexippus) larvae. Reductions in milkweed availability in 

grasslands of central North America are contributing to D. plexippus population declines. 

While research assessing the biology of milkweeds has gained recent attention, the 

interactions of milkweeds, associated soil symbionts, and ecosystem disturbances on 

milkweed abundance remain unknown. I conducted two interrelated studies to assess the 

role of phylogenetic relatedness in plant-soil-microbial interactions of various milkweed 

species, and two additional studies assess the effects of disturbances on individual plants 

and on long-term abundances in tallgrass prairies. My data highlight the role of 

phylogenetic distance in influencing PSFs between sympatric congeners. Relative 

mycorrhizal responsiveness (rMR) of selected milkweeds varied greatly between species, 

ranging from 27 to 97%. While there was remarkable variation in the degree of 

responsiveness within the genus, twenty-four of thirty-five species produced significantly 

greater (p ≤ 0.05) biomass following inoculation with arbuscular mycorrhizal (AM) 

fungi, compared to soil without AM fungi. Results also suggest that, due to longer shared 

evolutionary histories, it is likely that closely related species share a greater overlap of 

mutualist partners, compared to species with earlier divergence. My research also found 

productivity, plant defenses, and floral resources of tallgrass prairie forbs that are 

important for pollinating insects can be significantly reduced by drought, although 

responses to drought were species-specific. However, abundances of AM fungi 

associated with milkweeds were relatively unaffected by drought. My research shows 

long-term abundances of Asclepias viridis, the most abundant milkweed species in the 

region, are reduced by fire, grazing, and woody cover, while less common species were 

relatively unaffected. Generally, milkweeds are unaffected by drought at various 

temporal scales. Milkweeds are an important component of native plant communities, 

feeding not only monarch larvae, but also providing nectar for countless pollinator 

species. My research is a testament to the unseen interconnectedness within ecosystems, 

from soil symbionts to disturbances. 
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CHAPTER I 
 

 

INTERSPECIFIC VARIATION IN MILKWEED (ASCLEPIAS SPP.) RESPONSES TO 

ARBUSCULAR MYCORRHIZAL FUNGI: A PHYLOGENTIC APPROACH 

 

ABSTRACT 

 

Arbuscular mycorrhizal (AM) fungi are a common symbiont of most terrestrial 

vascular plant species and play a large role in influencing plant community structure and 

ecosystem processes. Plant responses to AM fungi can vary widely across functional 

groups with functionally similar species often displaying similar responses to AM 

symbioses. While plant functional group may explain much of the variation in 

mycorrhizal associations of plants within a community, variation in responses within 

genera has been observed and may be explained in part by phylogenetic relatedness. 

Milkweeds (Asclepias) are a diverse genus of plants in the milkweed and dogbane family 

(Apocynaceae), with an estimated 130 species found in North America. Milkweed 

research has increased dramatically over the past two decades, due in part to its 

importance as the primary food source of monarch larvae. However, little research exists 

examining the relationship between AM fungi and milkweeds. Understanding the 
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responsiveness. or dependence, of milkweed species on this symbiosis may be vital to 

successful restoration efforts that include these species. Thirty-five species of milkweed from 

across the United States were selected to assess the relative mycorrhizal responsiveness 

(rMR). All seedlings were grown in steam-pasteurized soil collected from a native prairie 

site, and half of the plants were inoculated with 20 g of whole prairie soil with intact 

microbial communities. rMR of selected milkweeds varied greatly between species, ranging 

from 27 to 97%. While there was remarkable variation in the degree of responsiveness within 

the genus, twenty-four of thirty-five species produced significantly greater (p ≤ 0.05) 

biomass following inoculation with whole prairie soil. However, AM fungal colonization of 

inoculated roots was not correlated with rMR. Our study presents the first phylogenetic 

analysis of Asclepias plastomes as a framework for the analysis of the evolutionary 

relationship between Asclepias and AM fungi. Our data indicate plant relatedness is an 

important determinant of responsiveness to AM fungi.  

 

INTRODUCTION 

Mycorrhizal fungi are common symbionts of vascular plant species, forming 

mutualisms with ~90% of earth’s terrestrial flora (Wang and Qiu 2006; Brundrett and 

Tedersoo 2018). Arbuscular mycorrhizal (AM) fungi (Phylum Glomeromycota) are one of 

the most common mycorrhizas, associating with ~70% of terrestrial vascular plants 

(Brundrett and Tedersoo 2018), and play a large role in influencing plant community 

structure and function (Wilson and Hartnett 1998; Wilson et al. 2001). AM fungi have been 

shown to enhance nutrient uptake (Smith and Read 2008), increase productivity, improve 

water status of associated plants (Augé 2001) and play an important role in maintaining key 
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ecosystem processes (Rillig 2004; Wilson et al. 2009). Although the relationship between 

plants and AM fungi is often described as mutualistic, where the plant receives key soil 

nutrients from the fungi in exchange for carbon, plant responses to AM fungi can also be 

neutral, or even negative (i.e. parasitism), depending on biotic and abiotic factors (Johnson et 

al. 1997; Wilson and Hartnett 1998). This relationship has been well-studied and established 

for many plant species and functional groups, however, there are many existing gaps in the 

literature, including information on plant taxa that are central to conservation concerns. 

Plant responses to AM fungi can vary widely across species, although similarities 

have been reported among functional groups (e.g. C4 and C3 grasses; annual and perennial 

plants) (Wilson and Hartnett 1998; Hoeksema et al. 2010; Cortois et al. 2016), as 

functionally similar species often display similar responses to AM symbioses (Burns and 

Strauss 2011). While plant functional group may explain much of the variation in 

mycorrhizal associations of plants within a community, variation in responses within family 

or genera have been reported, and may be explained by phylogenetic relatedness (Burns and 

Strauss 2011; Reinhart et al. 2012; Lugo et al. 2014; Brundrett and Tedersoo 2018; 

Hoeksema et al. 2018; Koyama et al. 2019). For example, a phylogenetic analysis of one of 

the most extensive datasets on plant-AM fungal responses (Wilson and Hartnett 1998) 

revealed that grasses in the subfamily Pooideae do not typically benefit from AM fungi, 

while all other grass subfamilies examined did benefit from this relationship (Reinhart et al. 

2012). However, these patterns are not universal, as there is also evidence that plant 

relatedness does not correlate with responses to AM fungi (Reinhart and Anacker 2014). 

Because of these inconsistencies, it should not be assumed that the responses of a few plant 

species to AM fungi represent the taxa as a whole. 



4 
 

Mycorrhizal responsiveness (MR) is a metric commonly used to describe the effect of 

mycorrhizal fungi on plant performance (Hetrick et al. 1996; Wilson and Hartnett 1998; 

Reinhart et al. 2012). The use of this metric offers a direct measurement of the influence of 

mycorrhizal fungi on a particular plant species, and this useful comparison is most often used 

to assess differences between or among species or genotypes (Johnson et al. 2010; Cobb et 

al. 2021). Despite being a useful metric for determining direct effects of AM fungi on host 

plants (Van Der Heijden 2003), this assay has been conducted on surprisingly few wild or 

non-agricultural species (Reinhart et al. 2012). Consequently, knowledge of the degree to 

which a particular species, or suite of species, rely on this ancient mutualism is often lacking, 

potentially hindering or delaying conservation efforts.   

Milkweeds (Asclepias) are a diverse genus of plants in the milkweed and dogbane 

family (Apocynaceae), with 130 of the estimated 400 species found in North America 

(Fishbein et al. 2011). Milkweed research has increased dramatically over the past two 

decades, due in part to its importance as the primary food source of monarch (Danaus 

plexippus L.) larvae. However, relatively little research exists examining the relationship 

between AM fungi and milkweeds. For example, Wilson and Hartnett (1998) assessed the 

mycorrhizal responsiveness of a large number of grassland plants, including Asclepias 

tuberosa and A. verticillata, both of which displayed very high mycorrhizal responsiveness 

(> 90%), suggesting these particular species are highly reliant on this symbiosis for survival. 

However, negligible differences in above- or belowground biomass production were 

observed for several Asclepias species, when comparing mycorrhizal and corresponding non-

mycorrhizal plants (Vanette and Rasmann 2012; Vanette et al. 2013). Due to the variation in 
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life history, phenology, and site preference, it is plausible there is considerable variability in 

the response to AM fungi across the Asclepias genus. 

Our current study assessed growth responses and intra-radical AM fungal root 

colonization of 35 Asclepias species with and without AM fungi. Due to the variation in 

growth form, habitat, and phenology, we hypothesized that biomass production in response 

to AM fungal inoculation would vary across Asclepias species, and responsiveness will likely 

differ due to phylogenetic relatedness. We also hypothesized, due to trade-offs between AM 

fungal demands (carbon) and plant resource requirements (nutrients), AM colonization levels 

will likely be phylogenetically constrained. To determine the relationship between Asclepias 

and AM fungal-related plant traits, we conducted a phylogenetic analysis of Asclepias as a 

framework to assess the evolutionary relationship between Asclepias and AM fungi. 

 

MATERIALS AND METHODS 

Experimental Design 

Our complete experimental design was as follows: 35 species (Table 1.1) x 2 

mycorrhizal treatments (mycorrhizal, non-mycorrhizal) x 8 replicates, resulting in 560 

experimental units.  

 Seedling and Soil Preparation 

Thirty-five milkweed species (Table 1.1) were selected to assess interspecific relative 

mycorrhizal responsiveness (rMR) and AM fungal colonization in a greenhouse experiment 

conducted at Oklahoma State University in Stillwater, Oklahoma, USA. Seeds of species 

from temperate regions were cold-moist stratified in vermiculite for 30 days, after which they 

were seeded into vermiculite. Seeds of desert and tropical/sub-tropical species were directly 
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sown into vermiculite, with no pre-treatment. Seedlings were germinated in moist 

vermiculite to the two-leaf stage (~24 days) then transplanted into 0.6 L plastic pots 

(Deepots: Stuewe and Sons, Tangent, OR, USA) containing 500 g (dry wt) of steam-

pasteurized soil. The soil was a native prairie soil (a Chase silty clay loam, fine 

montmorillonitic mesic Aquic Arguidoll), freshly collected from the Konza Prairie 

Biological Station, Manhattan, KS, transported to the greenhouse at Oklahoma State 

University, and hand-sorted to remove live roots and rhizomes. This soil had a pH of 6.8 and 

contained 5.2 mg/kg plant-available P (Mehlich), 240 mg/kg K, 15 mg/kg NO3-N, 16 mg/kg 

NH4-N, and 3.6% organic matter, as determined by the Soil, Water, and Forage Analytical 

Laboratory at Oklahoma State University. Half of the pots were inoculated with 20 grams of 

native whole soil containing local communities of AM fungi and other soil organisms, placed 

directly below the root system of each seedling at planting. The remaining half received 20 

mL of non-mycorrhizal sievate. Non-mycorrhizal sievate was obtained by blending freshly-

collected prairie soil with deionized water at a 1:1 ratio (by volume). Following blending, the 

slurry was then passed through a 38 µm sieve, trapping the relatively large AM fungal spores 

on the sieve, while allowing most other soil microbes to pass through (Johnson et al. 2010). 

The incorporation of non-mycorrhizal soil microbiota allows for a more accurate assessment 

of the effects of AM symbiosis. 

Plant maintenance 

Plants were maintained in an 18 – 22° C greenhouse for 24 weeks, at which time the 

plants began showing signs of senescence. Plants were watered daily and fertilized every 

other week with 35 mg N and 35 mg K, applied as Peter’s No-Phos Special Fertilizer 

solution (25:0:25, Robert B. Peter’s Co. Inc., Allentown, PA, USA). After 24 weeks, all 
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individuals were destructively harvested, roots washed free of soil, and root and shoot 

biomass dried at 60° C for 48 hours and weighed. A subsection of roots was selected for 

assessment of intra-radical AM fungal root colonization.  

Relative Mycorrhizal Responsiveness 

Destructively harvested above- and belowground biomass was used to determine 

relative mycorrhizal responsiveness (rMR) of each species. Relative mycorrhizal 

responsiveness was calculated for each plant species as follows: percent mycorrhizal 

responsiveness = [(mean dry mass mycorrhizal plant – mean dry mass non-mycorrhizal 

plant)/mean dry mass mycorrhizal plant] x 100 (Wilson and Hartnett 1998).  

AM Fungal Assessments 

Three root subsamples from each individual plant were collected and stained with 

Trypan blue to determine percent mycorrhizal fungal root colonization (McGonigle et al. 

1990). AM fungal root colonization was scored using the magnified gridline intersect method 

(McGonigle et al. 1990), using a digital microscope (Hirox KH 7700; 200x) to measure the 

percent of root colonized by AM fungal structures (hyphae + vesicles + arbuscules). For each 

root sample, three random sections of root length were scored separately, for a total of 

approximately 900 grids observed per sample (Moora et al. 2016). Reported colonization 

values of each sample were a mean of these three subsets. 

Phylogenetic signal and Models of Evolution 

Two of the most widely-used indices to test and measure phylogenetic signal are 

Blomberg’s K (Blomberg et al. 2003) and Pagel’s λ (Pagel 1999). To test whether significant 

interspecific variation in rMR and AM fungal colonization in Asclepias was influenced by 

phylogenetic relatedness, we calculated phylogenetic signal using Blomberg’s K and Pagel’s 
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λ in the R 4.1.0 (R Core Team 2021) package phytools ver. 0.7-80 (Revell 2012) using the 

phylosig function. These are quantitatively different measures of similarities among species 

that are due to shared phylogenetic history. Blomberg’s K measures phylogenetic signal 

through the ratio of the mean squared errors of observed and expected trait variance under 

Brownian motion evolution. Pagel’s λ is a maximum likelihood estimator of the ratio of 

interspecific trait correlation to that expected under Brownian motion (Münkemüller et al. 

2012; Kamilar and Cooper 2013). For both statistics, values of 0 indicate no phylogenetic 

signal in measured traits. Alternatively, a Pagel's λ value of 1 or Blomberg's K value of 1 

indicate trait similarities as expected under neutral evolution (Brownian motion) along a 

diverging phylogeny. Because the two are distinct measures of phylogenetic signal, they do 

not always give similar values, and we evaluated both statistics (Münkemüller et al. 2012). 

We then fitted and compared three models of trait evolution along a diverging phylogeny 

using the fitContinuous function in the R package geiger ver. 2.0.7 (Pennell et al. 2014), 

including Brownian motion, early burst, and stable optimum modeled by an Ornstein-

Uhlenbeck process (Butler and King 2004; Agrawal et al. 2009). To reconstruct ancestral 

states and visualize trait evolution along the phylogeny we used the contMap function in 

phytools. The underlying phylogeny was based on the plastid genome, using the data set of 

Fishbein et al. (2018). The data set was augmented with new plastid genome sequences from 

Asclepias meadii, A. pumila, A. texana, and A. verticillata, obtained by the same methods as 

Fishbein et al. (2018). The maximum likelihood (ML) phylogeny for the 116 taxa of 

Asclepias (including 112 previously published plastid genomes) was inferred using IQ-TREE 

ver. 2.1.2 (Nguyen et al. 2015), using ModelFinder (Kalyaanamoorthy et al. 2017) to 

estimate the optimal substitution model (TVM+F+R2). A time-calibrated phylogeny was 



9 
 

obtained from the ML tree using penalized likelihood, implemented in treePL (Smith and 

O’Meara 2012). The phylogenetic sampling was matched to the mycorrhizal sampling by 

pruning unsampled taxa from the tree using the keep.tip function in the R package ape ver. 

5.5 (Paradis & Schliep 2019). 

Statistical Analyses 

All biomass data were analyzed in R version 4.1.0 (R Core Team 2021). Prior to 

analysis, all data were tested for normality using the Shapiro-Wilk normality test. Statistical 

differences in biomass production between mycorrhizal and non-mycorrhizal conspecifics 

were determined using a one-way analysis of variance (ANOVA, P ≤ 0.05) with mycorrhizal 

treatment as the independent variable, and a post-hoc Tukey’s honest significant difference 

(HSD) test. 

 

RESULTS 

Based on rMR calculations, all 35 milkweed species can be designated as obligate 

mycotrophs (little growth in the absence of AM fungi) or facultative mycotrophs (able to 

grow in the absence of the symbiosis, although likely receive benefit) (Table 1.1). Of the 35 

species tested, 23 species are considered obligate symbionts and 11 are facultative symbionts, 

as total plant biomass production of mycorrhizal plants did not significantly differ from 

corresponding non-mycorrhizal conspecific (Table 1.1). Roots of all plants grown in 

inoculated soil were colonized by AM fungi (Table 1.1), while roots of plants grown in soils 

inoculated with non-mycorrhizal sievate were not colonized at the conclusion of the 

experiment. Overall, rMR showed a weak negative relationship with AM fungal root 

colonization (Figure 1.1). 
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A strong phylogenetic signal was detected for interspecific rMR, as indicated by 

significant Blomberg’s K and Pagel’s λ values (Table 1.2). The greatest rMR values were 

consistently observed in the Incarnatae clade (Fishbein et al. 2011) (Figure 1.2), which 

consists of A. nivea, A. curassavica, A. pumila, A. texana, A. subverticillata, A. verticillata, 

A. perennis, A. incarnata, and A. angustifolia. With the exception of A. subulata, which 

belongs to the Sonoran Desert clade, all other species belong to the Temperate North 

American clade, many of which displayed moderate levels of rMR (Figure 1.2). 

No phylogenetic signal was detected for interspecific AM fungal root colonization, 

(Figure 1.3). Further, the associated Blomberg’s K value is larger than Pagel’s λ and trending 

towards significance, suggesting a stronger, albeit non-significant, phylogenetic signal by 

this measure (Table 1.2).  

Of the three investigated models of evolution, Brownian motion was the strongest 

model, accounting for approximately 62% of the variation in our rMR data (Table 1.3). Both 

the early burst model and Ornstein-Uhlenbeck process were comparable in respective ΔAIC 

scores (2.3 and 2.4, respectively) and relative model weights (19%), accounting for little of 

the explanation for interspecific variation. These results are consistent with rMR tracking the 

diversifying phylogeny at random, without evidence for strong selection. For AM fungal 

colonization, the Ornstein-Uhlenbeck process was the strongest model, accounting for nearly 

88% of the variation in the model weights, relative to Brownian motion and early burst 

models (10% and 3%, respectively) (Table 1.3). These results suggest a strong constraint on 

interspecific AM fungal colonization of Asclepias, with an estimated optimum value of 0.36.  
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DISCUSSION 

Host plant characteristics (i.e. morphology, phenology, taxonomic family) and soil 

characteristics (i.e. nutrients, texture) strongly influence plant-fungal responsiveness (Püschel 

et al. 2016; Hoeksema et al. 2018). Additionally, a growing body of literature suggests host 

plant phylogenetic relatedness is also a predictive metric of plant responsiveness to AM fungi 

(Burns and Strauss 2011; Reinhart et al. 2012; Lugo et al. 2014; Hoeksema et al. 2018). Plant 

species with shared evolutionary histories often exhibit phylogenetic signals, where related 

species tend to resemble one another to a greater degree than species randomly drawn from 

the same phylogenetic tree (Münkemüller et al. 2012). Phylogenetic relatedness may be 

especially important for interactions between plants and associated abiotic and biotic factors 

(Reinhart et al. 2012; Wooliver et al. 2016; Senior et al. 2018), however, while closely-

related plant species often display similar responses to AM fungi (Wilson and Hartnett 1998; 

Hoeksema et al. 2010), empirical research examining suites of multiple congeners is 

surprisingly limited. This study, representing the most extensive analysis of Asclepias-AM 

fungal relationships, suggests Asclepias species generally benefit from symbiotic associations 

with AM fungi. Furthermore, benefit was associated with plant relatedness, as indicated by 

the strong phylogenetic signal for rMR (significant Blomberg’s K and Pagel’s λ values). 

These results suggest that mycorrhizal responsiveness of Asclepias species can be predicted 

by degree of relatedness under the Brownian motion model, and this pattern is significantly 

different than random. In our current study, 11 of 35 species were considered facultative 

mycotrophs, with no growth promotion following AM inoculation. Previous studies have 

also reported a lack of difference in biomass production between mycorrhizal and non-

mycorrhizal Asclepias species (Vannette and Rasmann 2012; Vannette et al. 2013), including 
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several species determined to be obligately mycotrophic in our study. However, Vannette and 

Rasmann (2012) and Vannette et al. (2013) were conducted using artificial potting media 

with an estimated 40 mg/kg soil plant-available P, whereas our current study was conducted 

using field-collected native prairie soils with 5.2 mg/kg plant-available P. Previous research 

indicates soil fertility modulates mycorrhizal benefits, and grassland AM mutualisms are 

likely most beneficial in P-limited systems (Johnson et al. 2010). A previous study 

examining rMR of warm-season grasses determined soil P-availability of 40 mg/kg resulted 

in the loss of all AM-derived benefits (Anderson et al. 1994), and Sylvia et al. (1993) 

observed that AM responses were most apparent in soils with less than 10 mg/kg.    

Although mycotrophy of most vascular plant species fall along a continuum of 

facultative to obligate (Brundrett et al. 2002), specific assessments remain largely unexplored 

for many plant taxa, including those in ecosystems with prevalent AM fungal associations, 

such as grasslands. It is known that rMR varies substantially among higher level taxa and 

clades, e.g. between warm-season C4 and cool-season C3 grasses (Wilson and Hartnett 1998), 

suggesting that evolutionary history may strongly influence the degree of benefit from the 

mutualism. However, the lack of phylogenetic signal for AM fungal root colonization 

suggests phylogenetic relatedness itself is not a good predictor of AM fungal colonization. 

Rather, our results provide evidence that other processes, not phylogenetic relatedness, are 

likely driving levels of AM fungal colonization in Asclepias species. 

Although AM fungal colonization serves as a good estimate of intra-radical AM 

fungal abundances, it is not always reflective of benefit received by the host plant (Hetrick et 

al. 1990; Wilson and Hartnett 1998; Gange and Ayres 1999). This may be due, at least in 

part, to abiotic characteristics in surrounding soils in which the plant is growing. Ganges and 
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Ayres (1999) proposed a conceptual model in which the relationship between AM fungal 

root colonization and plant benefit (i.e. biomass production) is curvilinear, with colonization 

and benefit increasing to a peak intercept, and benefits then decreasing as colonization levels 

surpass an optimum level. In our study, the evolutionary relationship between AM fungal 

root colonization and Asclepias was best explained by the stable optimum modeled by an 

Ornstein-Uhlenbeck process, suggesting an optimum range of AM fungal colonization levels 

exists for Asclepias from which species do not readily depart. 

In addition to trade-offs between colonization levels and plant benefits, different AM 

fungal taxa have been shown to possess different functional traits (Chagnon et al. 2013; 

Powell and Rillig 2018) and may be an important consideration when assessing rMR. For 

example, some AM taxa are more effective at mining and transferring soil nutrients, while 

others may be more specialized at pathogen defense (Jin et al. 2017). Therefore, if AM 

fungal taxa with effective foraging capabilities are not present, as may occur in studies with 

single-species AM fungal inoculation, reduced plant productivity would not be unexpected 

(Köhl and van der Heijden 2016). It is well known most plant roots associate with a suite of 

AM fungal taxa (van der Heijden et al. 2015), and it is suggested that mutualist communities 

of closely-related plant species often overlap (Booth and Hoeksema 2010; Montesinos-

Navarro et al. 2019). Therefore, it should be cautioned that variability in plant responses to 

AM symbiosis across studies may be an artifact of experimental design, as many studies 

include one or few AM taxa, often purchased from commercial sources (Vannette and 

Rasmann 2012; Vannette et al. 2013; Hart et al. 2018). In our study, the use of AM fungal 

inoculum from soils associated with native grassland plant communities allowed for the 
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introduction of entire AM fungal communities, often consisting of at least twenty OTUs from 

multiple genera and families (Ji et al. 2013). 

Although research surrounding the ecology and evolution of the genus Asclepias has 

increased dramatically over the past decade, the level of benefits conferred to the host plant 

by AM fungi remains unknown for many plant taxa, even those at the forefront of 

conservation issues. Filling these knowledge gaps has many practical applications, including, 

but not limited to, improved conservation and restoration of rare or endangered plant species. 

For example, inoculation with native AM fungi has been shown to improve productivity and 

survival of mid- and late-successional herbaceous plants (Koziol and Bever 2017; Koziol et 

al. 2018), many of which were determined to be highly responsive to AM fungi in earlier 

assays (Wilson and Hartnett 1998). Many the Asclepias spp. in our current study were 

highly-responsive to AM fungi, indicating use of these species in restorations of highly 

degraded soils may require inoculation with native fungal inoculum (Koziol et al. 2018). 

Alternatively, facultatively responsive Asclepias spp. may be useful in sites with a restoration 

goal of developing highly diverse communities of Asclepias. Understanding the dynamics of 

this relationship is critical, as Asclepias spp. provide food for larval monarch butterflies, as 

well as nectar for large suites of arthropods, including bees and wasps, which have also 

experienced recent precipitous declines (Bartomeus et al. 2013; Thomson 2016; Jacobson et 

al. 2018). Our results provide extensive insight into the interspecific diversity of this ancient 

relationship within Asclepias, providing crucial information that can help conservationists, 

restoration practitioners, and evolutionary ecologists. 

 

 



15 
 

TABLES 

Table 1.1. Relative mycorrhizal responsiveness (rMR) and arbuscular mycorrhizal  

root colonization (RC) of selected Asclepias species. 

 

a rMR = relative mycorrhizal responsiveness (%) = [(mean dry mass mycorrhizal plant – mean  

dry mass non-mycorrhizal plant)/mean dry mass mycorrhizal plant] x 100 (modified from Wilson  

and Hartnett 1998). Mean dry mass of inoculated plant significantly different from non-inoculated  

control as determined by one-way ANOVA (*** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05). 

Species rMRa AM fungal root colonization (%) 

Obligately mycorrhizal   

     A. texana 96.75** 29.84 

     A. perennis 95.74*** 46.56 

     A. nivea 95.31*** 24.61 

     A. speciosa 92.71*** 38.12 

     A. subverticillata 89.86** 34.74 

     A. pumila 86.97** 14.62 

     A. verticillata 86.39*** 42.40 

     A. angustifolia 86.00*** 22.14 

     A. variegata 84.42*** 26.10 

     A. linaria 83.68* 38.31 

     A. exaltata 83.66*** 47.64 

     A. subulata 83.38*** 22.15 

     A. oenotheroides 80.04** 31.59 

     A. humistrata 79.92*** 28.66 

     A. tuberosa 78.82* 30.89 

     A. involucrata 76.29*** 31.14 

     A. latifolia 75.23*** 37.71 

     A. ovalifolia 73.25*** 31.94 

     A. eriocarpa 70.61* 23.09 

     A. incarnata 69.87** 24.30 

     A. arenaria 68.63*** 34.54 

     A. fascicularis 62.53* 27.16 

     A. stenophylla 52.52* 44.77 

     A. viridis 44.98* 40.19 

   

Facultatively mycorrhizal   

     A. syriaca 81.25 35.32 

     A. curassavica 79.38 20.50 

     A. purpurascens 67.19 39.39 

     A. sullivantii 61.29 52.19 

     A. engelmanniana 60.75 30.29 

     A. asperula 55.70 26.97 

     A. hirtella 53.62 38.25 

     A. meadii 43.89 22.25 

     A. cordifolia 43.69 27.39 

     A. viridiflora 36.53 41.46 

     A. vestita   27.04 33.27 
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Table 1.2. Two measurements of phylogenetic signal (Blomberg’s K and Pagel’s λ) related to 

relative mycorrhizal responsiveness (rMR) and arbuscular mycorrhizal (AM) fungal root 

colonization in Asclepias. Bold P values indicate significant phylogenetic signals. 

Trait Blomberg’s K P Pagel’s λ P 

rMR 0.814 0.009 1.032 0.003 

AM 

colonization 

0.624 0.092 0.091 0.639 

 

 

Table 1.3. Evolutionary model selection for Asclepias relative mycorrhizal responsiveness 

(rMR) and arbuscular mycorrhizal (AM) fungal root colonization. 

Trait  AIC ΔAIC Weight 

rMR    

     Brownian motion 288.4 - 0.62 

     Ornstein-Uhlenbeck 290.7 2.3 0.19 

     Early burst 290.8 2.4 0.19 

    

AM colonization    

     Ornstein-Uhlenbeck 249.3 - 0.88 

     Brownian motion 253.7 4.4 0.10 

     Early burst 256.2 6.9 0.03 

 

FIGURES 

 

Figure 1.1. Linear regression showing the weakly negative relationship between relative 

mycorrhizal responsiveness (rMR) and arbuscular mycorrhizal (AM) fungal colonization for 

all sampled Asclepias species. 
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Figure 1.2. Maximum likelihood estimates of ancestral states of Asclepias relative 

mycorrhizal responsiveness (rMR) depicted on a chronogram obtained from penalized 

likelihood smoothing of substitution rates across the maximum likelihood phylogram in 

Fishbein et al. (2018). The scale bar indicates rMR values from low (hot colors) to high (cool 

colors).  
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Figure 1.3. Maximum likelihood estimates of ancestral states of Asclepias intraradical 

arbuscular mycorrhizal fungal root colonization (%) depicted on a chronogram obtained from 

penalized likelihood smoothing of substitution rates across the maximum likelihood 

phylogram in Fishbein et al. (2018). The scale bar indicates colonization values from low 

(hot colors) to high (cool colors). 
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CHAPTER II 
 

 

ROLE OF PHYLOGENETIC RELATEDNESS IN PLANT-SOIL FEEDBACK DYNAMICS OF 

SYMPATRIC ASCLEPIAS SPECIES 

 

ABSTRACT 

 

Plants affect associated biotic and abiotic edaphic factors, with reciprocal 

feedbacks from soil characteristics affecting plants. These two-way interactions between 

plants and soils are collectively known as plant-soil feedbacks (PSFs). The direction and 

magnitude of PSFs are influenced by several factors, including soil biota, above- and 

belowground herbivory, and the abiotic environment. The role of phylogenetic 

relatedness and evolutionary histories have recently emerged as a potential driver of 

PSFs, although the strength and direction of feedbacks among sympatric congeners is not 

well understood. We examined plant-soil feedback responses of Asclepias syriaca, a 

common clonal milkweed species, with several sympatric congeners across a gradient of 

increasing phylogenetic distances (A. tuberosa, A. viridis, A. sullivantii, and A. 

verticillata, respectively). Asclepias syriaca produced less biomass in soils conditioned 

by the most phylogenetically distant congener (A. verticillata), relative to conspecific-
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conditioned soils. Similarly, arbuscular mycorrhizal (AM) fungal colonization of A. 

syriaca roots was reduced when grown in soils conditioned by A. verticillata, compared 

to colonization in plants grown in soil conditioned by any of the other three Asclepias 

species, indicating mycorrhizal associations are likely a mechanism of observed PSFs. 

Although these results suggest some overlap in mutualist communities between closely-

related species, overall AM fungal-focused PSFs were significantly positive between 

con- and heterospecific Asclepias species, indicating Asclepias species condition host-

specific AM fungal communities. Due to longer shared evolutionary histories, it is likely 

that closely-related species shared a greater overlap of mutualist partners, compared to 

species that diverged earlier in history. Overall, these results highlight the role of 

phylogenetic distance in influencing PSFs between sympatric congeners. 

 

INTRODUCTION 

Interactions between plants and associated soils play an important role in shaping 

and maintaining plant communities (Mangan et al. 2010b; Bever et al. 2015). Plant roots 

actively exude phytohormones, sugars, and other compounds, which directly and 

indirectly influence the biotic and abiotic properties of rhizosphere soil. The effects of 

plants on local soil properties, together with subsequent reciprocal interactions, are 

collectively known as plant-soil feedbacks (PSFs) (Kulmatiski et al. 2008; Bever et al. 

2015). Plant-soil feedbacks span a continuum from negative to positive, with the 

direction and magnitude of feedbacks determined by the presence or absence, as well as 

abundance, of specific soil biota (Crawford et al. 2019). Negative PSFs occur when plant 
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growth is reduced in soil previously occupied by plants of the same species (conspecific-

conditioned), compared to growth in soil previously occupied by a different species 

(heterospecific-conditioned). Alternatively, positive PSFs occur when plants produce 

greater biomass in soil conditioned by conspecifics, relative to heterospecific-conditioned 

soil. In plant communities, negative PSFs encourage heterogeneity and co-existence 

between heterospecifics; thereby promoting greater plant diversity, whereas positive 

PSFs promote monotypic stands, reducing plant diversity (Bever et al. 1997; Mack et al. 

2019). The direction and magnitude of PSFs depend on numerous biotic and abiotic 

edaphic factors, including but not limited to presence and abundance of mutualists, 

pathogens, herbivores, plant-available nutrients, and alterations in the environment (Duell 

et al. 2019; Crawford and Hawkes 2020). In native systems, PSFs are typically negative 

between co-evolved, phylogenetically unrelated species, resulting in greater overall plant 

community diversity (Meiners et al. 2017; Crawford et al. 2019). Although native plant 

communities typically consist of large suites of taxonomically unrelated species, many 

ecosystems support multiple sympatric congeners, and the role of PSFs among co-

occurring congeners is poorly understood (Wilschut et al. 2019). 

Closely-related species are more likely to share common traits or characteristics 

due to a longer shared evolutionary history, relative to species that diverged earlier in 

history (Pagel 1999). The tendency of closely-related species to resemble one another 

more closely than species drawn at random from the phylogeny is known as phylogenetic 

signal (Blomberg et al. 2003). Over the last decade, a growing body of research has 

begun exploring the role of phylogenetic relatedness in driving PSF direction and 

magnitude (Anacker et al. 2014). Previous studies investigating the role of phylogenic 
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relatedness in PSF dynamics have reported increasing phylogenetic distance may lead to 

stronger negative PSF, relative to pairs of more recently diverged species (Tedersoo et al. 

2013; Kempel et al. 2018; Stein and Mangan 2020; Wandrag et al. 2020), while other 

studies found PSFs could not be readily explained by phylogenetic distance (Mehrabi and 

Tuck 2014; Wilschut et al. 2019). However, as PSF dynamics are typically linked to the 

predominant forces driving feedbacks, differences in PSF dynamics are common. If a 

feedback is largely driven by the accumulation of host-specific pathogens or herbivores, 

phylogenetically distant species will likely exhibit a negative PSF due to the lack of 

shared antagonists (Gilbert and Webb 2007; Parker et al. 2015; Collins et al. 2020).  

Alternatively, PSFs may be driven by the presence or absence of mutualists. For example, 

plants that do not share mutualistic cohorts will likely exhibit positive PSFs if each plant 

species benefits equally from the host-specific mutualists (Reinhart et al. 2012; 

Hoeksema et al. 2018). In this scenario, if phylogenetically distant species are less likely 

to share mutualists due to earlier divergences, relative to more closely-related species, 

then PSFs will likely become more positive as phylogenetic distance increases (Crawford 

et al. 2019). 

Milkweeds (Asclepias L., Apocynaceae) are a widely- recognized and diverse 

group of plants, with 130 of the estimated 400 species found in North America (Fishbein 

et al. 2011). Milkweed research has increased dramatically over the past two decades, due 

in part to the importance of milkweed as the primary food source of monarch (Danaus 

plexippus L.) larvae. Recently, Snyder and Harmon-Threatt (2019) assessed PSFs 

between two milkweed species (A. syriaca and A. sullivantii) in response to reduced soil 

moisture, but few studies to date have assessed the complex relationships between 
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milkweeds and soil symbionts, particularly arbuscular mycorrhizal (AM) fungi, that 

likely contribute to PSFs. In grasslands of central North America, there are several 

Asclepias species that commonly grow within relatively close proximity to one another, 

including Asclepias syriaca L. (common milkweed), A. tuberosa L. (butterfly milkweed), 

A. viridis Walter (green antelopehorn), A. sullivantii Engelm. ex A. Gray (prairie 

milkweed), A. verticillata L. (whorled milkweed), as well as several others. However, the 

direction and magnitude of potential feedbacks occurring between sympatric Asclepias 

species is not known and understanding these relationships can provide insight into 

interspecific organization on landscapes where congeners co-occur, and how these 

dynamics may be mediated through PSFs. 

To assess PSF strength and direction between sympatric Asclepias congeners, we 

conducted a greenhouse study examining A. syriaca (focal species) and four sympatric 

congeners across a gradient of increasing phylogenetic distances [A. tuberosa, A. viridis, 

A. sullivantii, and A. verticillata, respectively (collectively, peripheral species)]. 

Asclepias syriaca was selected as our focal species due to its importance as a monarch 

host plant throughout much of central and eastern North America. The influence of A. 

syriaca on sympatric congeners, as well as reciprocal effects, was measured through 

biomass production, root:shoot ratios, and AM fungal root colonization. Due to previous 

research suggesting native plant species often perform poorly in soil conditioned by 

conspecifics, we hypothesize that A. syriaca and each peripheral milkweed species will 

produce greater biomass and have greater AM fungal root colonization in soil 

conditioned by heterospecifics. Furthermore, we hypothesize that this difference will be 

amplified as phylogenetic distance of the peripheral species increases. While native 
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plants often promote negative PSFs, previous research suggests more positive PSFs may 

occur between closely-related species (Liu et al. 2012). Therefore, we expect positive 

PSFs between A. syriaca and more closely-related species, such as A. tuberosa and A. 

viridis, with positive PSFs becoming weaker as phylogenetic distance increases, as with 

A. sullivantii and A. verticillata. Current literature suggests the role of phylogenetic 

relatedness in predicting PSF outcomes to be highly variable, and some of these 

inconsistencies are likely due to context-dependency and species or genus-specificity. 

Examination of PSFs of closely-related species is largely non-existent, including species 

at the center of current conservation concerns, such as Asclepias spp. Our research has 

implications for both conservation and evolutionary biologists/ecologists, as assessments 

of the influence of plant relatedness on PSF dynamics can provide key insights into 

species arrangement and organization on the landscape, as well as the degree to which 

evolutionary history dictates plant-soil-microbial interactions. 

 

MATERIALS AND METHODS 

Soil Conditioning Phase 

We tested PSF dynamics of a focal plant species (Asclepias syriaca) and four 

sympatric congeners spanning across a phylogenetic gradient. Asclepias syriaca is a long-

lived perennial, clonal milkweed species native across much of eastern and central North 

America. We selected four peripheral species, from decreasing to increasing phylogenetic 

distance from A. syriaca: A. tuberosa (non-clonal), A. viridis (non-clonal), A. sullivantii 

(clonal), and A. verticillata (clonal).  
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Seeds were purchased from Prairie Moon Nursery (Winona, MN, USA) and 

germinated in moist vermiculite to the two-leaf stage of development (~24 days). For the 

conditioning phase, soils were conditioned, or trained, by growing individual Asclepias 

seedlings in 650 mL dee-pots (Stuewe & Sons, Inc., Tangent, OR, USA) containing 600 

g (dry wt) of native prairie soil. Soil was collected from the Konza Prairie Biological 

Station, Manhattan, KS, USA, and passed through a 10 mm sieve to remove rocks and 

coarse plant material. All five Asclepias species commonly occur on Konza Prairie 

Biological Station. For the conditioning phase of this study, seedlings of each species 

were transplanted at the onset of two sets of true leaves, with a single seedling per pot 

(Figure 1). Eighty replicate pots were established for soil conditioning by the focal 

species, A. syriaca, and twenty replicates were established for each of the four peripheral 

species. This ensured enough inoculum would be available for each pairwise feedback. 

Therefore, the soil conditioning phase consisted of 160 pots [(4 species x 20 replicates) + 

(1 species x 80 replicates)]. Plants were grown and maintained for 18 weeks, at which 

time the majority of individuals were beginning to senesce, and soil was collected for use 

as inoculum in the plant-soil feedback phase. 

Plant-Soil Feedback (PSF) Phase 

The experimental design of the PSF phase follows the approach described by 

Bever (1994). Seed treatment and soil collection followed the procedures described in the 

conditioning phase. In the PSF phase, soil was steam-pasteurized at 80°C for 2 h and 

allowed to cool for 72 h to eliminate biotic communities but retain soil abiotic traits 

(Wilson and Hartnett 1998, Johnson et al. 2010). Each pot was filled with 600 g of soil 

consisting of the following “layers”: 400 g of steam-pasteurized soil, followed by 100 g 
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of soil inoculum (developed in soil conditioning phase), followed by 100 g of steam-

pasteurized soil to protect from cross-contamination during the growing period (Duell et 

al. 2019). A single A. syriaca seedling was planted into individual pots with the A. 

syriaca (conspecific) inoculum or with the inoculum from a heterospecific peripheral 

species (Figure 2.1). A single seedling of each of the four peripheral species was planted 

into individual pots containing inoculum soil conditioned by A. syriaca or into pots with 

conspecific-conditioned soil, with a single seedling in each pot (Figure 2.1). Therefore, 

the PSF phase was established using a partial factorial design: A. syriaca x 5 inocula (A. 

syriaca conditioned soil or soil conditioned by each peripheral species) x 10 replicates + 

each peripheral species (A. tuberosa, A. viridis, A. sullivantii, A. verticillata) x 2 inocula 

(A. syriaca conditioned soil or soil conditioned by conspecific) x 10 replicates, for a total 

of 130 pots (Figure 2.1). 

After 20 weeks, prior to shoot senescence, plants were harvested, root and shoot 

biomass was separated and roots were washed free of soil. Biomass was dried at 60°C for 

48 h and weighed. Three root subsamples from each individual plant were collected and 

stained with trypan blue to determine percent mycorrhizal root colonization. AM fungal 

root colonization was scored by using the magnified gridline intersect method 

(McGonigle et al. 1990), using a digital microscope (Hirox KH 7700) at 200x 

magnification to measure the percentage of root colonized by AM fungal structures 

(hyphae + vesicles + arbuscules). For each root sample, three random sections of root 

length were scored separately, with a total of approximately 900 grids observed per 

sample. The reported colonization value of each sample was a mean of the three subsets. 
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Statistical Analyses 

Feedbacks were calculated for total biomass, root:shoot ratio, and intra-radical 

AM fungal colonization. Interaction coefficients were calculated to quantify PSF 

dynamics between A. syriaca and peripheral congeners grown with inoculum trained by 

either conspecific or heterospecific plants:  Is = G(A)α − G(A)β − G(B)α + G(B)β, where Is 

is the feedback interaction coefficient, G(A)α is growth of plant species A inoculated with 

conspecific soil, G(A)β is growth of plant species A inoculated with heterospecific soil, 

G(B)α is growth of plant species B inoculated with heterospecific soil and, G(B)β is 

growth of plant species B inoculated with conspecific soil (Bever et al. 1997). When Is 

values are positive (Is > 0), a net positive feedback on plant growth is generated by the 

soil community, and coexistence between plant species is not likely. Conversely, when Is 

values are negative (Is < 0), a net negative feedback on plant growth is generated by the 

soil community, and coexistence between plant species is likely (Bever 2003). Interaction 

coefficient values were calculated for each combination of A. syriaca and each of the four 

peripheral species. 

Using PROC-GLM in SAS, we constructed a general linear model using log-

transformed (for normalization of data) biomass data, and logit-transformed root:shoot 

ratio and AM root colonization data as the dependent variables. Conditioning species 

(phase 1) identity and experimental species (phase 2) identity were used as factors with 

interactions for each focal-peripheral species pairing. Pairwise feedback was tested 

within the conditioning and experimental plant species interaction, where conditioning 

species represents the plant species used in the conditioning phase of the experiment and 

experimental species refers to the plant being assessed in the second experiment (Bever 



28 
 

1994). These analyses were conducted using the PROC GLM procedure in (SAS 

Institute, Cary, NC, U.S.A.), version 9.4 of the SAS System for Windows. 

Prior to analysis, all data were tested for normality and homogeneity of variances 

using Shapiro-Wilk and Levene’s tests, respectively. To test for differences in biomass 

production in response to soil conditioning, a one-way analysis of variance (ANOVA) 

was conducted, with soil inoculum as the main effect. Tukey’s honest significant 

difference (HSD) test was conducted post-hoc to determine differences among 

conditioned soils, with significance assessed at p = 0.05. Similar analyses were conducted 

for root:shoot ratios and percent AM fungal root colonization. Due to lack of statistical 

differences and no clearly observed patterns, root:shoot ratios are not presented. All 

analyses were performed in R version 4.0.2 (R Core Team 2020).  

 

RESULTS 

Results 

Asclepias syriaca produced significantly less biomass when grown in soils 

conditioned by A. verticillata, compared to conspecific-trained soils, or soils conditioned 

by A. tuberosa, A. viridis, or A. sullivantii (Figure 2.2).  Asclepias verticillata produced 

significantly less biomass in conspecific-trained soil, relative to soil trained by A. syriaca, 

while growth associated with any other inoculum sources was not significantly different 

(Figure 2.3).  Interaction coefficients revealed no significant feedbacks between A. 

syriaca and peripheral species in relation to biomass production (Figure 2.4). 

Mycorrhizal root colonization of A. syriaca following growth in A. verticillata-

conditioned soils was significantly less relative to soils conditioned by A. sullivantii 
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(Figure 2.5).  AM fungal root colonization of A. sullivantii and A. verticillata (the two 

most phylogenetically distant peripheral species) was significantly less following growth 

in A. syriaca-conditioned soil, relative to conspecific-conditioned soil (Figure 2.6). 

Additionally, a strong positive feedback was observed between A. syriaca and the 

distantly related A. verticillata (Figure 2.7), indicating each of these species promotes 

greater AM fungal root colonization following growth in soil conditioned by 

conspecifics, compared to growth in heterospecific-conditioned soil. A weakly negative 

PSF occurred for overall interaction coefficients related to Asclepias biomass production, 

indicating that Asclepias species generally produce greater biomass following growth in 

soils conditioned by heterospecifics, compared to growth in soil conditioned by the 

conspecific (Figure 2.8). Alternatively, overall PSF dynamics related to AM fungal root 

colonization indicate a strong positive interaction coefficient, suggesting Asclepias 

species generally had greater AM fungal colonization in soils previously occupied by the 

conspecific (Figure 2.8).  

 

DISCUSSION 

We investigated the biomass- and AM fungal-focused PSF dynamics between A. 

syriaca and several sympatric congeners spanning a phylogenetic gradient (A. tuberosa, 

A. viridis, A. sullivantii, and A. verticillata, respectively). Overall, three clear patterns 

emerged. First, biomass-focused PSFs between A. syriaca and each of the four peripheral 

species were largely neutral, suggesting a high likelihood of coexistence; second, AM 

fungal-focused interaction coefficients suggest positive PSFs between A. syriaca and the 

two more phylogenetically distant peripheral species (A. sullivantii and A. verticillata); 
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and third, overall PSF between con- and heterospecific Asclepias species revealed weakly 

negative biomass PSF and strong positive AM fungal root colonization PSF.  

 Phylogenetically-driven PSFs are often linked to the presence, abundance, and 

degree of overlap of host-specific pathogens (Gilbert and Webb 2007; Parker et al. 2015; 

Collins et al. 2020) or mutualists (Mangan et al. 2010a; Bever et al. 2015; Wang et al. 

2017). In our study, biomass production of the focal species, A. syriaca, was less when 

grown in A. verticillata-conditioned soils, compared to growth in soil conditioned by the 

other species. This growth reduction is likely driven by a lack of shared mutualists, such 

as AM fungi, due to the strong positive PSF observed for AM fungal root colonization. 

Alternatively, A. verticillata performed much better in soils previously occupied by A. 

syriaca, relative to conspecific-trained soils, suggesting a build-up of host-specific 

pathogens. These results are similar to those of Mangan et al. (2010a), where seedlings of 

tropical tree species performed better in soils and AM fungal communities conditioned by 

conspecifics, compared to those of heterospecific trees. 

 While PSF studies generally assess the influence of plants, soils, and 

reciprocal interactions on biomass production, the flexibility of the interaction coefficient 

calculation allows for testing of any quantified traits. In our study, a positive AM fungal 

PSF was observed; AM fungal colonization of A. sullivantii and A. verticillata was 

greater in conspecific-trained soils, compared to A. syriaca-conditioned soils. This is 

likely due to the absence of mutualists that easily reciprocate with A. sullivantii or A. 

verticillata in soils conditioned by A. syriaca, which is likely due to the phylogenetic 

distances of these species. These results align with previous studies that have found 

greater mutualist abundances in soils previously occupied by conspecifics, relative to 
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heterospecifics (Haskins and Gehring 2005; Kulmatiski et al. 2017; Wang et al. 2019). 

Our results also suggest these patterns likely exist across a gradient with increasing 

phylogenetic distances, as species with longer shared evolutionary histories likely exhibit 

greater overlap of mutualists, relative to those that diverged earlier in time. The positive 

AM fungal PSFs observed in our study may be due, at least in part, to the clonal nature of 

A. syriaca, A. sullivantii, and A. verticillata, as weaker positive PSFs were observed for 

non-clonal A. tuberosa and A. viridis. The positive PSFs created by these clonal species 

may facilitate outward spread of new ramets and associated AM fungal propagules into 

the surrounding plant community.  

 It is likely that AM fungal host-specificity exists within closely-related 

plant species, and previous research has shown that as plant community succession 

advances temporally, species within those communities often display greater host-

specificity of AM fungal symbionts (Koziol and Bever 2015, 2016). Although 

successional stages of Asclepias are often species-specific and context-dependent 

(Middleton and Bever 2012; Bauer et al. 2018), the majority are mid-successional. 

Therefore, Asclepias spp. likely develop close associations with selected AM fungal 

partners, developing positive PSFs. Further research is needed to determine the identity 

of associated AM taxa. However, rapid advancement in molecular tools and techniques 

provides identification of AM fungal taxa in soils and host roots, accelerating an interest 

in host-symbiont specificity within plant communities (Sepp et al. 2019; Wang et al. 

2019), and determination of microbial community similarities between related species is 

now possible. 
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 Interactions between plants and their associated soils are recognized as 

key drivers of plant community diversity and organization (Mangan et al. 2010b; Bever et 

al. 2015) and may be especially important for sympatric species (Mangan et al. 2010a). 

Although previous studies suggest closely-related species exhibit positive PSFs due to 

shared pathogens, our results suggest PSF dynamics between Asclepias species are driven 

by associated mutualist communities. Our results also suggest this relationship may 

weaken with increased phylogenetic distance, as was observed with A. syriaca and A. 

verticillata, as earlier diverging species with less shared evolutionary histories are less 

likely to select for similar symbiotic communities, compared to more recently diverged 

plant species.  
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FIGURES 

 

Figure 2.1. Schematic diagram for the experimental design of the conditioning and 

experimental testing phases of this research. In the conditioning phase, one focal 

(Asclepias syriaca) or one of the four peripheral species spanning a gradient of 

phylogenetic distances (A. tuberosa, A. viridis, A. sullivantii, and A. verticillata) were 

grown individually in separate pots. Two different soil communities conditioned in the 

conditioning phase were used as inocula in the testing of PSF between each pairing of A. 

syriaca and the four congeners. The schematic shows only one iteration of paired focal 

(A. syriaca) and peripheral species (A. tuberosa). As shown by our schematic, each soil 

treatment from the conditioning phase was divided twice times and used as inoculum for 

conspecific or heterospecific seedlings. This experimental design was replicated using 

each of the three remaining peripheral species (A. viridis, A. sullivantii, and A. 

verticillata).  
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Figure 2.2. Biomass production (mean  SE) of Asclepias syriaca in response to soil 

conditioning by sympatric congeners spanning a phylogenetic gradient. Phylogenetic 

distance from A. syriaca increases from left to right. Asterisk denotes significant 

difference between A. verticillata-conditioned soils and all other soils, with significance 

assessed at p ≤ 0.05. 
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Figure 2.3. Biomass production (mean  SE) of peripheral species in conspecific- (red 

bar) and Asclepias syriaca-trained (blue bar) soils. Asterisks denote significant 

differences within a species, with significance assessed at p ≤ 0.05. 
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Figure 2.4. Interaction coefficient for PSF related to biomass production (mean  SE) of 

Asclepias syriaca and four peripheral species across a phylogenetic gradient. 

Phylogenetic distance from A. syriaca increases from A–D.  
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Figure 2.5. Arbuscular mycorrhizal (AM) fungal colonization (mean  SE) of Asclepias 

syriaca in response to soil conditioning by sympatric congeners spanning a phylogenetic 

gradient. Phylogenetic distance from A. syriaca increases from left to right. Asterisks 

denote significant differences between conditioning species treatments, with significance 

assessed at p ≤ 0.05. 
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Figure 2.6. Arbuscular mycorrhizal (AM) fungal colonization (mean  SE) of peripheral 

species in conspecific- (red bar) and Asclepias syriaca-trained (blue bar) soils. Asterisks 

denote significant differences within a species, with significance assessed at p ≤ 0.05. 
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Figure 2.7. Interaction coefficient for PSF related to AM fungal colonization (mean  SE) 

of Asclepias syriaca and four peripheral species across a phylogenetic gradient. 

Phylogenetic distance from A. syriaca increases from A–D. Asterisks in figure inset 

denotes feedback coefficient that is statistically different from zero, with significance 

assessed at p ≤ 0.05. 
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Figure 2.8. Overall interaction coefficients (IS) (mean  SE) related to each of total 

biomass production and AM fungal colonization between con- and heterospecific 

Asclepias species. Asterisks denote a feedback coefficient is statistically different from 

zero, with significance assessed at p ≤ 0.05. 



41 
 

CHAPTER III 
 

 

DROUGHT REDUCES BIOMASS PRODUCTION AND HERBIVORE DEFENSES OF 

SELECTED TALLGRASS PRAIRIE FORBS: IMPLICATIONS FOR BIOTIC 

INTERACTIONS 

 

ABSTRACT 

 

Drought frequency, severity, and duration is projected to increase globally, likely 

incurring negative impacts on ecosystem structure and functioning. For example, severe 

drought often reduces plant productivity, potentially influencing plant secondary 

metabolites, such as floral resources and herbivore defenses. These metabolic alterations 

are context-dependent, and can increase, be reduced, or remain unaffected, depending on 

plant species and drought severity. Drought may also decrease important symbiotic 

functions between plants and soil microbes such as arbuscular mycorrhizal (AM) fungi, 

potentially reducing nutrient acquisition of important entomophilous plants, with possible 

concomitant losses of key biotic interactions. We examined effects of drought on biomass 

production, physical defense properties, nectar production, and associated AM fungal 

abundance of five common tall- and mixed-grass prairie forb species (Asclepias syriaca, 

A. viridis, A. tuberosa, Ruellia humilis, and Salvia azurea) in a greenhouse study. In three
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species, reduced soil moisture decreased vegetative biomass production, while in two species, 

vegetative biomass did not differ between well-watered and droughted conditions. Ruellia 

humilis produced reproductive biomass under drought, however, flowers produced 

significantly less nectar, relative to well-watered conditions. Generally, production of 

physical defenses decreased under drought, relative to well-watered conditions. Intra-

radical AM fungal abundances were not significantly affected by drought, although extra-

radical AM fungal biomass decreased in S. azurea. Overall, grassland forb species were 

negatively impacted by moderate drought, with resultant negative implications for biotic 

interactions. For example, reduced flowering biomass and nectar production would likely 

result in fewer pollinator visitors, with resultant seed limitation for many forb species. 

Reduced physical defenses increases the likelihood of herbivory, further decreasing the 

ability to store energy for essential functions, such as reproduction. Additionally, drought 

has the potential for decoupling associated mutualisms, with a concomitant loss in 

nutrient acquisition and biomass production, thereby increasing susceptibility to 

additional environmental and biotic stressors. 

 

INTRODUCTION 

Regional drought is likely to continue, as alterations in precipitation regimes are 

expected to increase in frequency and intensity, especially in arid and semi-arid regions 

of the world (Bradford et al. 2020; Luo et al. 2020). While native plant species and 

communities in arid and semi-arid regions are well-adapted to periodic drought, more 

frequent and intense events will likely have direct impacts on primary productivity, 
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individual plant performance, and ecosystem services (Knapp et al. 2015; Duell et al. 

2016). Additionally, drought may indirectly affect plant performance due to alterations in 

belowground microbial communities (Kaisermann et al. 2017; Duell et al. 2019). The 

majority of previous drought studies focus on dominant plant species of a specific 

ecosystem (Nippert et al. 2009; Connor and Hawkes 2018), with substantially less 

research examining effects of drought on sub-dominant plant species. It is critical to 

understand the impacts of drought on the overall plant community, as less common or 

rare species are often vital contributors to community-level diversity, and provide 

important floral resources to pollinators and other nectar-feeding species.  

 During drought events, many perennial plant species allocate resources to 

aboveground biomass production and belowground carbohydrate reserves, often at the 

expense of production of secondary metabolites, such as floral resources and defense 

compounds, as well as physical defense traits. However, while drought stress often 

results in alterations to secondary compounds and herbivore defenses, the direction and 

magnitude of these changes is likely dependent on the plant species and associated 

compounds or defense structures. In previous studies, nectar quantity was generally 

found to increase with water-availability (Wyatt et al. 1992; Carroll et al. 2001; Halpern 

et al. 2010), however, the impacts on defense traits and other secondary metabolites 

appear to be highly variable (Halpern et al. 2010; Gutbrodt et al. 2011; Metz et al. 2014; 

Kleine and Müller 2014; Pineda et al. 2016). In the event of extreme drought, alterations 

in allocation of resources to secondary metabolites are not only important for individual 

plants, but also the large suite of herbivores, pollinators, and belowground symbionts that 

depend on them. 
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Almost without exception, perennial plant species in grassland ecosystems form 

at least some degree of association with arbuscular mycorrhizal (AM) fungi, with the 

majority highly dependent on the symbioses (Wilson and Hartnett 1998). In this typically 

mutualistic relationship, AM fungi penetrate the root cortex and extend hyphal structures 

into the surrounding soil, increasing plant root surface area and enhancing soil nutrient 

acquisition. In exchange, the plant provides photosynthetic carbon to the fungi. In 

addition to enhancing nutrient uptake and acquisition by the plant, AM fungi are known 

to benefit host plants in many other ways, including increased pathogen resistance and 

mitigating effects of drought stress through greater water-use efficiency and 

photosynthetic efficiency (Ruiz-Sánchez et al. 2010; Boyer et al. 2015; Bowles et al. 

2018; Symanczik et al. 2018). However, following periods of extreme drought, AM 

fungal abundance in rhizosphere soil can decrease, likely due to hyphal desiccation 

(Duell et al. 2016). 

Our current study assessed effects of drought on several North American 

grassland forb species. Specifically, we examined the above- and belowground biomass 

production following periods of drought. As greater root: shoot ratios are indicative of 

greater drought tolerance (Schenk and Jackson 2002; Wang et al. 2018), this parameter 

was assessed, as well. Soil microbial communities were assessed, with a focus on AM 

fungi, as many grassland species are dependent on the symbiosis for resource, and 

possibly water, acquisition. We examined production of physical defenses (trichomes or 

latex production) when applicable. Two species (Asclepias syriaca and A. tuberosa) 

produce a large number of foliar trichomes which function as the first line of defense 

against potential herbivores. Two species (A. syriaca and A. viridis) typically produce 



45 
 

large amounts of latex in defense against potential herbivores. We hypothesized reduced 

soil moisture would: 1) decrease biomass production for all five grassland forb species, 2) 

reduce extra- and intra-radical AM fungal abundances, 3) reduce latex production in A. 

syriaca and A. viridis, as water is the primary constituent of plant latex, 4) reduce 

trichome production, as physical defenses are often resource-limited, and 5) reduce nectar 

production, as water is the primary constituent of nectar.  

 

MATERIALS AND METHODS 

This greenhouse experiment was conducted at Oklahoma State University in 

Stillwater, Oklahoma, USA. Five common grassland forb species were selected to 

determine the effect of drought on plant productivity, secondary metabolite production, 

and associated soil microbial communities. These species were selected as each has been 

identified as high importance to butterflies and other pollinators. In addition, three of the 

selected species belong to the genus Asclepias, many of which have gained much recent 

attention due at least in part to their importance as monarch (Danaus plexippus L.) larval 

host plants. Selected forb species included: A. syriaca L., A. tuberosa L., A. viridis 

Walter, Ruellia humilis Nutt., and Salvia azurea Michx. ex Lam. Soil was collected from 

Konza Prairie Biological Station, Manhattan, Kansas, from areas dominated by perennial 

warm-season grasses, including Andropogon gerardii Vitman (big bluestem), 

Schizachyrium scoparium (Michx.) Nash (little bluestem), and Sorghastrum nutans (L.) 

Nash (Indiangrass), with intermixed sub-dominant forbs and cool-season grasses. All forb 

species used in this experiment can be found in relatively high numbers on the 

surrounding landscape. Soil was transported to Oklahoma State University greenhouses 
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and sieved through a 10 mm sieve to remove rocks and coarse plant material. Four-liter 

pots were filled with 9 kg of homogenized soil. 

Seeds of all species were obtained from Prairie Moon Nursery, Winona, 

Minnesota, USA. In the spring of 2017, seeds were cold-moist stratified in vermiculite 

for 30 days, after which the vermiculite was transferred to seedling trays in greenhouses 

to facilitate germination. After approximately 3 weeks, at the two-leaf stage, seedlings 

were transplanted, with a single seedling in each pot. Plants were maintained at well-

watered conditions March – October, 2017 to allow for successful establishment to 

maturity before implementing drought treatments. November 2017, aboveground biomass 

was removed, pots were placed outdoors, and covered with USDA-certified weed-free 

hay to provide insulation and allow plants to over-winter. March 2018, plants were 

returned to the greenhouse and allowed to grow for 3 weeks, after which drought 

treatments were implemented. 

Following initiation of drought treatments, soil moisture of well-watered control 

plants was maintained between 85 and 90% field capacity (FC), and soil of droughted 

plants was maintained between 70 and 75% FC (i.e. near permanent wilt point, moderate 

drought). Permanent wilt point for these soils was determined by the pressure-plate 

apparatus method, in which 1.5 MPa of pressure was exerted onto soil samples until 

equilibrium was reached (following methods by Richards and Weaver 1943; Duell et al. 

2016, 2019). Soil moisture was monitored throughout the study, with water added as 

needed based on gravimetric water content, to maintain appropriate field capacities. The 

complete experimental design consisted of 10 treatment combinations: 5 plant species x 2 
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water-availability treatments, arranged in a complete block design with eight replicates 

for a total of 80 pots. 

After drought treatments were initiated, plants were maintained for 20 weeks, at 

which time plants were harvested, and roots washed free of soil. Root, shoot, and 

reproductive (inflorescence) biomass (if available) were separated, dried for 48 h at 60°C, 

and weighed. Subsamples of roots were collected for assessment of intra-radical AM 

fungal root colonization, and rhizosphere soil was collected for analysis of extra-radical 

AM fungal biomass. 

Plant Defense Traits 

Prior to harvest, production of anti-herbivore defense traits was measured in A. 

syriaca, A. tuberosa, and A. viridis. Leaf trichome densities of A. syriaca and A. tuberosa 

were estimated by counting the number of trichomes on both sides of a leaf disc (28 

mm2), divided by the area of the disc (Agrawal et al. 2008). Trichomes were not assessed 

on A. viridis as the leaf surfaces are glabrous. Following methods of Agrawal (2005), 

latex production in A. syriaca and A. viridis was quantified by cutting the tip of the 

youngest fully-expanded leaf, and collecting the exuded latex on a pre-weighed 1 cm 

filter paper disc. Filter paper discs were then dried at 60°C for 24 h, and weighed to the 

nearest microgram. Latex production was not quantified in A. tuberosa, as this species 

does not produce the white, sticky latex characteristic of many asclepiads.  

Nectar Sampling 

 After flowers had fully-opened, nectar was sampled between the hours of 7:00 

and 8:00 am to reduce the effects of temperature on nectar production.  Nectar production 

was quantified using 5-µL glass microcapillary tubes (Gardener and Gillman 2001; 
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Power et al. 2018). Nectar is easily drawn into tubes through capillary action when placed 

at or near the flower nectary. Nectar volume can then be quantified by measuring the 

length of capillary tube filled by withdrawn nectar, divided by the total length of the 

capillary tube.  

AM Fungal Biomass 

Intra-radical AM fungal colonization was assessed microscopically using a 

modified gridline intersect method (McGonigle et al. 1990). Small subsamples (≤0.05 g) 

of fresh roots from each individual plant were collected, oven-dried at 60°C for 48 h, 

stained with trypan blue, and scored for colonization. Phospholipid fatty acid (PLFA) and 

neutral lipid fatty acid (NLFA) biomarkers 16:1ω5c, 20:1ω9, and 22:1ω13 were used to 

determine relative abundances of extra-radical AM fungal biomass (Olsson 1999). As 

major components of biological membranes, PLFAs can be used to estimate fungal 

biomass due to the strong correlation between biovolume and cell surface area (Tunlid 

and White 1992). Alternatively, NLFAs serve as the primary energy reserve and basic 

storage product of fungi, allowing for estimates of spore biomass for AM fungi (Larsen 

and Bødker 2001).   

Using a modification of the Bligh and Dyer (1959) extraction method (Allison 

and Miller 2005), PLFA and NLFA were extracted from the soil. Utilizing silicic acid 

chromatography, PLFAs and NLFAs were separated, after which fatty acids were cleaved 

from the glycerol backbone using KOH saponification. The harvested fatty acids were 

methylated to form fatty acid methyl esters (FAMEs), which were then analyzed using a 

gas chromatography-mass spectrometry (GCMS) unit (Agilent MS 5975C/GC 7890A). 

 



49 
 

Statistical Analyses 

Prior to analyses, all data were checked for normality and homogeneity of 

variances using Shapiro-Wilk and Levene’s tests, respectively. To assess the effects of 

soil moisture on biomass production, root: shoot ratios, and intra- and extra-radical fungal 

abundances for each species, one-way analysis of variance (ANOVA) tests were 

employed with soil moisture as the sole factor in the analysis, with a Tukey post-hoc test 

and significance assessed at p ≤ 0.05. One-way ANOVAs were also used to assess latex 

exudation and trichome densities of milkweeds under well-watered and drought 

conditions, and similar analyses were performed for nectar production of our three 

species which flowered. All analyses were performed using R-software version 3.6.1 (R 

Core Team 2019). 

 

RESULTS 

Reduced soil moisture generally resulted in decreased biomass production, 

relative to well-watered conditions, but the magnitude of this decrease was species-

specific. For example, biomass reduction was significant for A. viridis, R. humilis, and S. 

azurea, but was not significant for A. syriaca (F1,13 = 0.247, p = 0.63) or A. tuberosa (F1,10 

= 0.322, p = 0.59) (Figure 3.1). Regardless of species, no differences in root: shoot ratios 

were observed following exposure to drought (data not presented). Following two years 

of growth, A. syriaca and A. viridis failed to produce reproductive biomass (Figure 3.2). 

This is not unexpected, as long-lived perennial Asclepias species may require multiple 

years to produce inflorescences under field conditions (Wilbur et al. 1976). Of the three 

species that produced reproductive biomass, both R. humilis and S. azurea displayed 
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greater inflorescence production under well-watered conditions, compared to plants 

exposed to drought. Asclepias tuberosa produced few inflorescences, and neither A. 

tuberosa nor S. azurea produced reproductive biomass under drought conditions (Figure 

3.2). Only R. humilis produced reproductive biomass under both well-watered and 

drought conditions. However, when subjected to drought, R. humilis produced 

significantly less nectar (0.8 ± 0.41 g nectar per flower), compared to well-watered 

conditions (2.9 ± 0.13 g nectar per flower) (F1,12 = 16.28, p ≤ 0.002; data not shown). 

Drought differentially affected the expression of anti-herbivore defense traits in 

each of the three milkweed species. Individual A. syriaca and A. viridis plants produced 

significantly less latex when subjected to drought conditions, compared to individuals 

grown under well-watered conditions (Table 3.1). When subjected to drought conditions, 

A. syriaca trichome densities were significantly lower, compared to well-watered plants, 

while trichome densities of A. tuberosa were unaffected (Table 3.1). 

Drought did not significantly affect intra-radical AM fungal abundance, 

regardless of host species (Table 3.2). However, while inter-radical AM fungal biomass 

was generally reduced following drought, effects were dependent on host plant species 

(Table 3.2). For example, inter-radical fungal abundance was significantly and 

substantially reduced in droughted S. azurea, yet marginally increased in soils associated 

with A. tuberosa (Table 3.2).    

 

DISCUSSION 

There is increasing evidence that rapidly changing precipitation regimes will have 

tremendous impacts on plant productivity (Brookshire and Weaver 2015), anti-herbivore 
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defenses (Pineda et al. 2016), and floral resources (Waser and Price 2016; Phillips et al. 

2018), though relatively few studies have assessed responses to drought in co-occurring 

forb species. In addition, a growing body of evidence suggests that plant-associated soil 

microbial communities, such as AM fungi, will experience substantial losses in 

abundance following severe drought (Duell et al. 2016; Ochoa-Hueso et al. 2018), 

potentially decoupling these mutualistic relationships and further affecting plant 

performance. In our study, we found decreases in plant biomass across all species, with 

significant decreases for A. viridis, R. humilis, and S. azurea. Reductions in biomass 

production often influence the ability to capture and store energy for important functions, 

such as reproduction and defense. We found dramatic reductions or complete lack of 

reproductive output in response to drought conditions, with negative implications for 

nectarivorous biota, including pollinators. Of the five prairie forb species in our study, 

only R. humilis produced inflorescences under drought conditions.  

Anti-herbivore defenses of milkweeds generally decreased in response to drought 

treatments. Latex production was consistently significantly reduced, regardless of 

species, and trichome densities were reduced in A. syriaca, although not A. tuberosa. 

Reductions in defense mechanisms often result in greater plant palatability, thus 

increasing herbivore pressure (Gutbrodt et al. 2011), with implications for plant resource 

allocation (Cole et al. 2021).  

Finally, while intra-radical AM fungal hyphae did not differ in roots subjected to 

drought treatments, compared to well-watered, relative extra-radical fungal abundances 

were reduced in A. viridis and S. azurea. Extra-radical hyphae serve a critical role in 

nutrient and water acquisition, therefore, loss of hyphae may result in indirect reductions 
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in biomass production, as well as plant defenses (Jung et al. 2012). Reductions in extra-

radical hyphal biomass likely extend to ecosystem-level services, as AM hyphae have 

been shown to improve soil aggregate stability and soil carbon storage (Wilson et al. 

2009). 

In our current study, A. viridis, R. humilis, and S. azurea exhibited a significant 

decrease in biomass production when subjected to drought conditions, relative to well-

watered conspecifics. It is possible that the simulated drought imposed was not severe 

enough to elicit a response in either A. syriaca or A. tuberosa, as the soil moisture we 

selected was well above permanent wilt point determined for plants growing in similar 

soils (Duell et al. 2021). As a result, the responses observed in our study may 

underestimate the effects of more prolonged or intense drought on grassland plants. 

However, grasslands have been shown to be resilient and relatively unaffected by 

moderate drought. For example, rainfall exclusion experiments at Konza Prairie 

Biological Station suggest ANPP often did not differ between droughted rainout shelters 

and control plots, depending on the timing of the imposed drought (Denton et al. 2017). 

While biomass is frequently reduced immediately following drought, this decrease can be 

short-term, with biomass production returning to levels similar to well-watered controls 

shortly after re-wetting (Mackie et al. 2019). However, even if biomass is not 

significantly reduced, drought is likely to inhibit reproduction. In our current study, three 

forb species produced flowers under well-watered conditions, yet only one species (R. 

humilis) produced flowers when subjected to drought. The five forb species selected for 

our experiment exhibit a perennial life cycle and may reduce inflorescence numbers or 

persist in a vegetative state under frequent water-limited conditions (Karban and Pezzola 
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2017; Barnett et al. 2018), as reproduction in flowering plants is extremely energy-

demanding.  These alterations have negative implications for pollinating and 

nectarivorous fauna, with potential for further negative feedbacks in the context of plant 

reproduction. For example, reduced reproductive biomass (i.e., flowers) and nectar 

production will likely result in fewer pollinator visitors, with resultant exacerbation of 

pollen and reproduction limitation exhibited by grassland forb species (Bennett et al. 

2020; Richardson et al. 2021). 

The effects of drought on anti-herbivore defenses has been well-studied over the 

past two decades, as many plant species rely on anti-herbivore defenses. These studies 

indicate responses to drought are species-specific and context-dependent, as drought has 

been shown to reduce (Gutbrodt et al. 2011; Metz et al. 2014), increase (Kleine and 

Müller 2014; Pineda et al. 2016), or have no effect on concentrations of defense 

compounds in plants (Halpern et al. 2010). For example, following drought, growth and 

latex production were decreased in A. syriaca in our study and Couture et al. (2015), 

while Hahn and Maron (2018) reported no change in A. syriaca latex production 

following drought. In our study, A. syriaca also decreased foliar trichome densities 

following persistent one-year drought. Plants with reduced defenses become considerably 

more palatable to herbivores (Arany et al. 2008; Gutbrodt et al. 2011), leading to 

increased herbivore pressure. Potential cascading affects could further impact resource 

trade-offs between growth and defenses (Cole et al. 2021), promoting negative feedbacks 

as plants shift resource allocation to growth and maintenance, rather than secondary 

metabolites that serve as herbivore defenses or pollinator attractants.  
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Above- and belowground communities are inextricably linked, and it is well 

documented that soil organisms play important roles in regulating plant growth and 

herbivory resistance in native systems (Wilson and Hartnett 1998; Jung et al. 2012; Tao 

et al. 2016). Additionally, plants can alter soil characteristics in ways that feed back to 

affect the performance of that species or other plant species (Bever et al. 1997). In the 

event of extreme drought, negative consequences to individual plants and plant 

communities will likely impact mutualistic soil microbes, such as AM fungi (Duell et al. 

2016; de Nijs et al. 2019). AM fungi, well-known for their role in nutrient uptake and 

pathogen defense (Sikes et al. 2009; Wehner et al. 2010), can also play an important role 

in the production and regulation of plant anti-herbivore defenses (Rasmann et al. 2017; 

Malik et al. 2018). Specifically, milkweeds in the genus Asclepias have been shown to 

increase production of latex, cardenolides, and volatile organic compounds in response to 

inoculation with AM fungi (Tao et al. 2016). Following moderate or extreme drought, 

reductions in AM fungal abundance could result in indirect reductions in biomass, floral 

resources, and anti-herbivore defenses of host plants. In our study, intra-radical AM 

fungal colonization was not affected in any forb species. A previous drought study on 

native prairie grasses (Duell et al. 2016) also found few effects on AM colonization, 

suggesting colonization of plant roots may be relatively unaffected by reductions in soil 

moisture. However, extra-radical AM fungal abundances associated with A. viridis and S. 

azurea were significantly decreased when subjected to drought conditions. That S. azurea 

experienced a significant decrease in extra-radical AM fungi, as well as biomass 

production under drought conditions, provides evidence that drought may decouple plant-

AM fungal relationships, as S. azurea is highly dependent on the AM fungal mutualism 
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for growth in native soils (Wilson and Hartnett 1998). However, relative abundances of 

extra-radical AM fungi associated with A. tuberosa exhibited a slight increase in response 

to drought conditions, further suggesting plant-fungal responses to drought to be complex 

and species-specific. 

 Although vegetative biomass production is not reduced in all grassland species 

subjected to short-term drought events, our results suggest that reproductive effort can be 

reduced independently of biomass production. In addition to reductions or loss of flower 

production, floral resources may be severely impacted; these losses can negatively impact 

local arthropod communities. Furthermore, loss of extra-radical AM fungal hyphae 

associated with highly-responsive plant species indicates possible drought-induced de-

coupling of these important mutualistic associations, with cascading effects through 

losses in plant productivity and anti-herbivore defenses. Our study examined five sub-

dominant grassland forb species that provide important floral resources to pollinators and 

other nectar-feeding species, and across these species, we observed a clear indication that 

drought effects are species- and context-dependent.  Because pollinators and other 

arthropods dependent on floral resources rely on a large suite of forbs, further 

examination, especially for host-specific species of conservation concern, is clearly 

needed. Furthermore, while current drought models suggest persistent and increasingly 

severe drought across numerous ecosystems, our results suggest that even short-term 

drought can negatively affect such traits as biomass production, reproduction, floral 

resources, and plant-fungal symbioses in long-lived perennial species. Our study provides 

additional empirical support for the growing interest in understanding how environmental 

changes, such as drought, can mediate interactions between plants and herbivores, with 
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important implications for conservation efforts to improve native biodiversity and 

ecosystem services.  

TABLES 

Table 3.1. Defense traits [latex production and trichome density (mean ± SE)] of 

Asclepias syriaca, A. viridis, and A. tuberosa grown under well-watered (85-90% field 

capacity [FC]) or droughted (70-75% FC) conditions. Across each row, means that do not 

share a letter are significantly different (p ≤ 0.05). 
 Latex (µg) Trichomes/cm2 

 Well-watered Drought Well-watered Drought 

A. syriaca 3.32 ± .18a 1.78 ± .13b 244.45 ± 27a 170.14 ± 16b 

A. viridis 2.29 ± .16a 1.22 ± .15b - - 

A. tuberosa - - 365.5 ± 21 390.33 ± 15 

 

 

Table 3.2. Extra- and intra-radical arbuscular mycorrhizal (AM) fungal abundances 

(mean ± SE) associated with grassland forb species (Asclepias syriaca, A. viridis, A. 

tuberosa, Ruellia humilis, and Salvia azurea) grown under well-watered or droughted 

conditions. Asterisks denote significant difference within species between soil moistures 

(p ≤ 0.05). 
 Extra-radical Intra-radical 

 PLFA NLFA Colonization (%) 

 Well-

watered 

Drought Well-

watered 

Drought Well-

watered 

Drought 

A. syriaca 0.74 ± .08 0.64 ± .03 15.95 ± 2.9 10.22 ± 1.4 33.2 ± 2.1 34.8 ± 2.7 

A. viridis 0.85 ± .24* 0.41 ± .01 5.82 ± 1.4 2.54 ± .24 22.1 ± 2.3 19.6 ± 2.8 

A. tuberosa 0.62 ± .08 0.92 ± .19 5.56 ± 1.5 10.13 ± 2.4 20.2 ± 1.8 25.6 ± 1.7 

R. humilis 0.45 ± .05 0.49 ± .06 8.47 ± 2.2 7.59 ± 3.7 17.9 ± 2.2 20.9 ± 2.1 

S. azurea 0.52 ± .05* 0.31 ± .08 13.0 ± 2.6* 3.79 ± .90 18.2 ± 4.7 13.1 ± 2.0 
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FIGURES 

 
Figure 3.1. Total biomass production (mean ± SE) of five grassland forb species 

(Asclepias syriaca, A. viridis, A. tuberosa, Ruellia humilis, and Salvia azurea) grown 

under well-watered (light bars) or droughted conditions (dark bars). Asterisks above bars 

denote significant differences within species between the two soil moistures (p ≤ 0.05). 
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Figure 3.2. Reproductive biomass production (mean ± SE) of grassland forb species 

(Asclepias tuberosa, Ruellia humilis, and Salvia azurea) grown under well-watered (light 

bars) or droughted conditions (dark bars). Asterisks above bars denote significant 

differences within species between the two soil moistures (p ≤ 0.05). 
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CHAPTER IV 
 

 

INFLUENCES OF BIOTIC AND ABIOTIC DISTURBANCES ON LONG-TERM 

MILKWEED ABUNDANCES IN TALLGRASS PRAIRIE: IMPLICATIONS FOR MONARCH 

CONSERVATION 

 

ABSTRACT 

 

Grasslands in central North America evolved with three primary disturbances: 

fire, grazing, and periodic drought. Alterations to these key processes have resulted in 

subsequent loss of grasslands to woody encroachment, affecting not only the local plant 

communities, but also the organisms which depend on them. Monarch butterfly (Danaus 

plexippus) populations have decreased substantially over the past two decades. 

Reductions in host plant (Asclepias spp.) availability in grasslands of central North 

America are contributing to D. plexippus population declines, although few studies have 

assessed the effects of long-term disturbance regimes on Asclepias abundances. We used 

a 30-year plant community dataset to assess the effects of fire frequency (1-, 4-, and 20-

year), bison (Bison bison) grazing (grazed, non-grazed), woody cover, and drought on the 

abundances of three Asclepias species (A. viridis, A. syriaca, and A. tuberosa). Asclepias 

viridis occurred in greater abundances in watersheds with 1-year fire frequencies, 
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compared to 4- and 20-year frequencies, and decreased in relationship to increasing woody cover. 

Abundance was initially greater in non-grazed watersheds, but declined throughout the 

study, while increasing through time in grazed watersheds. Regardless of temporal grain 

or window, drought did not affect A. viridis abundance. At the beginning of the study, A. 

syriaca abundances were greatest in watersheds with 20-year fire frequencies, relative to 

1- and 4-year frequencies, and exhibited a positive relationship with increasing woody 

cover. Asclepias syriaca abundances were generally greater in non-grazed watersheds but 

declined in abundance regardless of bison grazing. Drought had no effect on A. syriaca 

abundances across the 30-year sample period. Overall abundance of A. tuberosa was not 

affected by fire frequency, grazing, woody cover, or drought. Our results suggest that A. 

syriaca and A. tuberosa are relatively unaffected by historic disturbances that shape 

grasslands, or consequences of alterations to these disturbance regimes. However, A. 

viridis, which is found almost exclusively in open grasslands, is extremely sensitive to 

removal or alterations in these disturbances. Because A. viridis is the most common 

monarch host plant across much of the central and southern Great Plains, further 

alterations to historic disturbances such as fire and grazing could have severe indirect 

consequences for monarch butterflies. 

 

INTRODUCTION 

Monarch butterflies (Danaus plexippus L.) of the eastern North America 

population have experienced precipitous declines over the past two decades (Brower et 

al. 2011; Pleasants and Oberhauser 2013). These declines are largely due to degradation 
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of over-wintering habitats of central Mexico, as well as reductions in host plant 

availability on breeding grounds in central North American grasslands (Pleasants and 

Oberhauser 2013). Monarch larvae feed exclusively on milkweeds (family Apocynaceae, 

subfamily Asclepiadoideae), primarily in the genus Asclepias. Approximately 130 of the 

estimated 400 members of the genus are found in North America (Fishbein et al. 2011). 

Although comprising a small component of the overall plant community (≤ 1% of cover), 

several Asclepias species are common to central North American grasslands and 

frequently grow in close proximity to one another. Common sympatric species in the 

region include A. viridis Walter (green antelopehorn), Asclepias syriaca L. (common 

milkweed), and A. tuberosa L. (butterfly milkweed). To date, little research exists 

assessing the effects of alterations in common disturbances, such as fire and grazing (but 

see Ricono et al. 2018) or influences of drought on long-term abundance of milkweeds in 

these grassland systems. 

Disturbances play a critical role in maintaining grassland systems across the 

globe. Fire and grazing are principal disturbances in grasslands, and both are implicated 

as critical to the stability of these systems (Gibson 2009). These disturbance regimes have 

been anthropogenically altered, threatening grassland plant communities as well as 

organisms that depend on grassland plant species for food or shelter. Fire plays a key role 

in the maintenance of plant community structure and diversity in grassland ecosystems, 

as fire removes detritus, provides canopy openings, stimulates germination or spring re-

growth of native forbs and grasses (Winter et al. 2015), and limits woody encroachment 

(Wilcox et al. 2018; Pierce et al. 2019). However, annual fire can lead to grass-dominated 

ecosystems (Collins and Calabrese 2012), as most dominant grasses are long-lived 
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perennials adapted to frequent fire, often with resultant decreases in forb abundance and 

richness (Veen et al. 2008). Fire suppression or low fire frequency leads to increased 

woody cover, which has also been linked to reduced herbaceous species richness and 

diversity (Schlesinger et al. 1990; Knapp et al. 2008; Ratajczak et al. 2012; Alofs and 

Fowler 2013). Thus, intermediate fire frequencies are often critical for the maintenance of 

grassland forb communities. 

Grazing by large ungulates also plays an important role in maintaining plant 

community structure and plant diversity in grassland ecosystems. Herbivores alter 

vegetation structure through consumption of biomass, trampling, and deposition of 

nutrients through urination and defecation (Gibson 2009). In addition, grazers and 

browsers, especially large ungulates, influence local colonization and extinction of some 

plant species through selective grazing (Johnson and Cushman 2006; Allred et al. 2012). 

For example, in mixed- and tallgrass prairies of central North America, grasses comprise 

the majority of Bison bison L. (bison) diets, with resultant increases in forb abundance 

and diversity (Collins and Calabrese 2012; Welti and Joern 2018) through competitive 

release, as reductions in graminoid biomass and cover increases resource availability to 

subdominant forbs and woody species (Elson and Hartnett 2017). Increases in grass 

biomass in non-grazed grasslands provide further evidence that competition with grasses 

may prevent the survival and establishment of forb species (Koerner and Collins 2013; 

Elson and Hartnett 2017). Because many insect species, including those of conservation 

concern such as monarchs, are dependent on floral resources provided by forbs, limiting 

woody encroachment and dominance of grasses by fire and/or grazing are therefore 

highly important to monarch conservation. 
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A third important disturbance for grassland community structure is drought. 

Regional drought has recently increased and is expected to continue to increase in 

frequency and intensity, especially in arid and semi-arid regions of the world (Bradford et 

al. 2020; Luo et al. 2020). While native plant species and communities in arid and semi-

arid regions are well-adapted to periodic drought, more frequent and intense events will 

likely have direct impacts on primary productivity, individual species performance, and 

ecosystem services (Knapp et al. 2015; Duell et al. 2016). Previous research assessing the 

impacts of drought on grassland plant communities have focused on dominant plant 

species (Nippert et al. 2009; Connor and Hawkes 2018), while substantially less research 

has examined effects of drought on sub-dominant forb species. However, it is critical to 

understand the impacts of drought on the overall plant community, as less common or 

rare species are often vital contributors to community-level diversity, based on their role 

as host plants and providing important floral resources to pollinators and other nectar-

feeding species. 

Our current study assessed the long-term effects of large native ungulate grazers, 

fire frequency, and drought on the abundances of three common Asclepias species, all of 

which are used by monarch butterflies as larval host plants and adult nectar plants. Using 

long-term plant community data, we also assessed the relationship between woody cover 

and the three sympatric Asclepias species. Many grassland forb species are well-adapted 

to periodic fire, however, annual burning as a management practice may result in grass-

dominated systems, with a reduction in forbs as well as woody species (Collins and 

Calabrese 2012). Thus, we hypothesize that Asclepias abundances would be greatest in 

watersheds with intermediate (4-year) fire frequencies, with the lowest abundances in 
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watersheds with 20-year fire frequencies, as these areas are heavily encroached by native 

woody species. Bison are selective grazers, especially during the growing season, and 

thereby reduce graminoid cover. Due to expected decreased competition with warm-

season grasses as a result of bison grazing, we hypothesized there would be greater 

abundances of all three Asclepias species in grazed watersheds. As many grassland plant 

species are relatively drought-tolerant, we hypothesized that drought would not have a 

significant effect on Asclepias abundances, although early growing season drought may 

result in a reduction in overall abundance. We also hypothesized abundances of all 

Asclepias species would decrease with increasing woody cover, largely due to 

interspecific competition. This extensive analysis of long-term abundance of Asclepias 

species in response to several biotic and abiotic factors provides critical information 

about the long-term plant abundances important for supporting conservation efforts for 

monarch butterflies. 

 

MATERIALS AND METHODS 

Site description 

Konza Prairie Biological Station (KPBS) is a 3847 ha prairie preserve located in 

northeastern Kansas, USA, and is located in the Flint Hills ecoregion, which contains the 

largest remaining area of unplowed tallgrass prairie in North America. Average monthly 

temperatures range from a low of -1.6 °C in January to 26.1 °C in July, and mean annual 

precipitation is 835 mm (Collins et al. 2021). The topography of KPBS is characterized 

by rocky hillslopes separating shallow-soil uplands (Florence cherty silt loam) from 

deep-soil lowlands (Tully silt clay loam). KPBS is divided into watersheds based on 
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topography, with each watershed being assigned varying fire (1, 2, 4, and 20-year fire 

frequencies) and grazing regimes [native (B. bison), domesticated (Bos taurus L.), and 

ungrazed], totaling 57 watersheds (average area: 0.55 ha).  

The vegetation community of KPBS is characterized by a dominance of perennial 

C4 grasses, including Andropogon gerardii Vitman (big bluestem), Schizachyrium 

scoparium Michx. (little bluestem), Sorghastrum nutans (L.) Nash (indiangrass), and 

Panicum virgatum L. (switchgrass). The remaining plant community consists of a diverse 

mixture of C3 grasses, forbs, legumes, and native woody species (Freeman and Hulbert 

1985). 

 

Experimental design 

We selected ten KPBS watersheds to investigate the effects of fire frequency, 

bison grazing, and woody cover on the abundance of three milkweed species (A. syriaca, 

A. tuberosa, and A. viridis). While other Asclepias species occur on the surrounding 

landscape, these three are the most abundant commonly used as larval host plants in the 

region, while also providing nectar for adult monarchs. Of the available treatments we 

selected all possible combinations of 1, 4, and 20-year fire frequencies and bison grazing 

(grazed, non-grazed) for this study (plant community data can be found in Hartnett & 

Collins 2019). Bison were introduced to Konza in 1987, with all current bison-grazed 

watersheds having bison present since 1991. Therefore, we focused on plant community 

data from 1991-2020. Because data from sloped areas is limited in this dataset, only 

upland and lowland vegetation data were used. 
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Vegetation sampling 

Plant species composition was sampled in May and August from 1983-2020 to 

capture within season plant phenological dynamics. Bison were introduced to Konza in 

1987, with all current bison-grazed watersheds having bison present since 1991. 

Therefore, we included plant community data from 1991-2020. Because data from sloped 

areas is limited in this dataset, only upland and lowland vegetation data were used. Plant 

communities were sampled in five 10-m2 permanent circular plots evenly spaced along 

each of four 50-m transects in each soil type within each watershed, for a total of four 

transects and twenty plots per soil type within each watershed. Cover class to the species-

level was estimated using the following modified Daubenmire scale: 1 = < 1%, 2 = 2-5%, 

3 = 6-25%, 4 = 26-50%, 5 = 51-75%, 6 = 76-95%, 7 = 96-100%. We determined 

abundance by first converting the Daubenmire cover class of selected species in each plot 

to the associated midpoint of the cover range, and then averaging the values of the five 

plots along a transect. Because we were interested in abundance of particular species, any 

plot without a recorded Daubenmire value was assigned a zero, and the species was 

assumed absent. Using methods identical to those above, we also calculated the 

abundance of woody cover for each transect by averaging and summing the cover of the 

following woody species across transect plots: Cornus drummondii C.A. Mey. (roughleaf 

dogwood), Gleditsia triacanthos L. (honey locust), Juniperus virginiana L. (eastern 

redcedar), Rhus copallinum L. (winged sumac), R. glabra L. (smooth sumac), and 

Symphoricarpos orbiculatus Moench (coralberry or buckbrush). To reduce the effects of 

plant phenology (e.g., plants being absent in May but present in August), maximum 
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canopy cover within each year was used for each species, which in some cases results in 

total cover exceeding 100% for woody cover in our analyses (Collins et al. 2021). 

 

Drought quantification 

Following methods by Cady et al. (2019), drought was quantified using 

standardized precipitation evapotranspiration index (SPEI). SPEI was selected because it 

allows temporal grain and window flexibility, while also incorporating 

evapotranspiration, which is especially important for quantifying drought at fine temporal 

resolutions (Vincente-Serrano et al. 2010). A total of four SPEI metrics were calculated 

for 1990-2020 at varying temporal grains and windows. The three temporal grains and 

windows were determined a priori, and SPEI was calculated for early growing season 

[April-June (3-month)], growing season [April-September (6-month)], and the previous 

year [January-December (12-month lag)]. 

 

Statistical analyses 

Following Collins et al. (2021) and Wilmer et al. (2020), we used generalized 

additive models (GAMs; Wood 2017) to assess changes in abundance of the selected 

Asclepias species through time in response to grazing, fire frequency, woody cover, and 

drought at four temporal grains and windows. GAMs allow for combining factors and 

smoothing functions, in our case time-variant estimators of error, which are useful when 

analyzing complex time-series data across multiple treatments and have been used to 

analyze similar data (Wilmer et al. 2020; Collins et al. 2021). For each species, a series of 

competing models were constructed including the respective explanatory variable as the 
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singular main effect, as well as the interaction of the main effect and year as a smoothing 

function. This allowed us to capture the change of abundance through time in response to 

the main effect. Because we were interested in singular drivers of Asclepias abundances, 

interactions between main effects were not considered. Our link function for the response 

variable was log with a beta distribution due to proportional response variable values 

between 0 and 1. All models were implemented using the ‘mgcv’ package in R version 

4.1.0 (R Core Team 2021). When significance was detected within a model for 

categorical variables, post-hoc comparisons across categorical levels were conducted 

using the ‘emmeans’ package in R (Lenth 2021).  

 

RESULTS 

Asclepias viridis 

  

The greatest abundances of A. viridis throughout the 30-year sample period were 

associated with annual fire frequencies, with significantly lower abundances associated 

with 4- or 20-year fire frequencies (p ≤ 0.001 and 0.001, respectively; Figure 4.1A). In 

watersheds managed under 20-year fire frequencies, abundances of A. viridis declined 

throughout the 30-year study, while remaining relatively constant across time when 

managed under 4-year fire frequencies (Figure 4.1A). Abundances of A. viridis were 

initially greater in watersheds not managed under grazing. However, abundance of A. 

viridis exhibited a sharp decline through time in non-grazed watersheds, while A. viridis 

abundance in grazed watersheds remained consistent across the 30-year sample period 

(Figure 4.1B). Asclepias viridis abundances were strongly negatively associated with 

increasing woody cover (p = 0.005; Figure 4.1C), as woody cover of native encroaching 
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species increased under 20-year fire frequencies throughout the study (Figure 4.2). 

Regardless of temporal grain or window, A. viridis abundance was unaffected by drought 

(Figure 4.3). 

 

Asclepias syriaca 

 At the beginning of the 30-year study, A. syriaca abundance was greatest in 

watersheds burned in 20-year fire frequencies (Figure 4.4A) yet the abundance of A. 

syriaca decreased over time, with no difference in abundance among fire frequency 

treatments by the end of the study (Figure 4.4A). Throughout most of the 30-year period, 

A. syriaca abundances were significantly greater in the absence of bison grazing, 

compared to grazed sites (p ≤ 0.001) (Figure 4.4B). Abundance of A. syriaca was 

positively associated with increased woody cover (Figure 4.4C). Similar to A. viridis, A. 

syriaca was unaffected by drought, regardless of temporal grain or window (Figure 4.5).  

 

Asclepias tuberosa 

While abundance of A. tuberosa was generally greater on watersheds managed 

under annual fire frequencies, overall, there were no significant differences between the 

three fire frequencies (Figure 4.6A). Furthermore, abundance of A. tuberosa was not 

affected by the presence of bison grazing (p = 0.175) (Figure 4.6B) or following increases 

in woody cover (Figure 4.6C). Similar to A. viridis and A. syriaca, A. tuberosa was not 

affected by drought, regardless of temporal grain or window (Figure 4.7).  
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DISCUSSION 

Disturbances have played a crucial role in the evolution and shaping of grassland 

ecosystems across the globe. However, both biotic and abiotic disturbance regimes of 

grasslands have been altered by anthropogenically-driven global changes, such as row-

crop agriculture, urban expansion, and climate change. For example, urban expansion and 

alterations in grassland management have greatly reduced the frequency and prevalence 

of fire as a key ecosystem process, typically resulting in increased woody cover (Briggs 

et al. 2005; Ratajczak et al. 2011). Expansion of woody species has led to a decline in 

native herbaceous plant communities (Ratajczak et al. 2012; Alofs and Fowler 2013), as 

well as many grassland-dependent vertebrate and invertebrate species. Historically 

present throughout the Great Plains, bison now occupy only a few small, isolated pockets 

across the region. Although domestic cattle (Bos taurus L.) are present across much of 

the historic range of bison, many areas lack large ungulate grazers. Alterations to historic 

disturbance regimes represent some of the greatest threats to grassland biodiversity 

(Augustine et al. 2021). 

Monarch butterflies have been at the center of insect conservation goals for nearly 

two decades, fueling a growing body of research focusing on drivers of their declines. In 

central North American breeding grounds, monarchs rely on several species of Asclepias, 

including A. viridis, A. syriaca, and A. tuberosa, as primary larval food sources (Pocius et 

al. 2017). However, current land-use changes and widespread use of herbicides along 

roadsides and in pasture management have further reduced abundances of these already 

relatively uncommon plant species (Pleasants and Oberhauser 2013; Zaya et al. 2017). 
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However, effects of alterations in disturbances that shape the ecosystem and plant 

communities in which Asclepias occurs has not been well investigated. 

While we hypothesized intermediate fire frequencies (4-year) would result in the 

greatest abundance of each of the three Asclepias species, positive effects of frequent fire 

on A. viridis have been suggested (Baum and Sharber 2012). However, annual burning in 

these systems has been shown to increase dominance of warm-season perennial grasses, 

often to the detriment of less common forb species (Koerner and Collins 2013; Elson and 

Hartnett 2017). Although historic fire frequencies in the central Great Plains were 

estimated at 3-4 years (Knapp et al. 1998), some research suggests that 4-year fire 

frequencies and grazing combined are not able to limit encroachment by woody species 

(reviewed in Briggs et al. 2005; Ratajczak et al. 2014), which is likely reflected in the 

lack of overall abundance of Asclepias viridis under infrequent burning observed in our 

study. In fact, A. viridis showed a strong negative relationship with woody cover, 

exhibiting a steep decline in abundance as woody cover increased. Asclepias viridis 

abundances were initially greater in non-grazed watersheds, relative to grazed areas. 

However, throughout the study, A. viridis abundance declined sharply in watersheds 

absent of bison. In grasslands of central North America, bison diets consist primarily of 

graminoids (Coppedge et al. 1998; Collins and Calabrese 2012), with resultant increases 

in forb diversity and richness, likely translating to consistent A. viridis abundances. 

However, abundance of A. viridis remained relatively constant in bison-grazed 

watersheds across the entire 30-year period, and by the end of the study abundances were 

greater compared to watersheds without bison, possibly due to suppression of dominant 
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warm-season grasses, and because bison activity increased with time following 

introduction at the initiation of this study. 

Most of previous research examining the ecology of milkweeds is focused on A. 

syriaca. For example, A. syriaca has shown increased germinability when treated with 

smoke (Mozjes and Kalapos 2015), likely a mechanism for post-fire recruitment and 

colonization suggesting recruitment may be promoted under frequent burning regimes. 

Indeed, A. syriaca has been reported to decrease in abundance in the absence of fire 

(Ricono et al. 2018), further suggesting the importance of frequent fire for this species. 

However, season of burn may play an important role, as summer fires may decrease 

abundance (Towne and Kemp 2008). In our study, A. syriaca abundance was initially 

greatest in 20-year fire frequencies, but a sharp decline was evident across the 30-year 

study, with no differences among the three fire frequencies by the end of the study. The 

loss of A. syriaca abundance is not linked with increases in woody cover, as we found a 

positive relationship between A. syriaca abundance and woody cover, indicating it is 

likely that other exogenous factors, such as climate, interspecific competition, and 

recruitment constraints, are at play. Our data do not support our hypothesis that stated 

grazing would increase abundance of each of the Asclepias species, as abundances 

decreased over time in both the presence and absence of grazers. Furthermore, A. syriaca 

abundances were greater in non-grazed watersheds, indicating competitive release from 

warm-season grasses under grazing pressure does not play an important role in 

facilitating abundance of A. syriaca. 

Effects of disturbances on A. tuberosa abundances have not been previously 

assessed; our study is the first to examine the long-term effects of fire frequencies or 
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grazing on abundance of A. tuberosa. Contrary to our hypotheses, this species was 

unaffected by fire frequency or grazing, although throughout the study overall 

abundances were generally greater in watersheds subjected to bison grazing. 

Furthermore, there was no effect of woody cover on A. tuberosa. It is worth noting that A. 

tuberosa was the least abundant of our three species of interest, accounting for only 

0.025-0.035% of canopy cover across watersheds used in this study. Thus, it is possible 

that the low abundances are at least partially responsible for the lack of observed 

differences, or that peak A. tuberosa phenology does not match the sampling windows. 

There is increasing evidence that rapidly changing precipitation regimes will have 

tremendous impacts on plant productivity (Brookshire and Weaver 2015; Knapp et al. 

2016; Felton et al. 2021; Leizeaga et al. 2021). However, no studies have paired drought 

data and long-term abundance data of Asclepias species. Throughout our 30-year study, 

there were no effects of drought on Asclepias abundances. However, this may not be 

unsurprising, as grassland plant species are typically drought resistant or resilient. For 

example, rainfall exclusion experiments at KPBS, suggest annual net primary 

productivity (ANPP) often does not differ between droughted and control (receive 

ambient rainfall) plots, depending on the timing of the imposed drought and overall 

annual rainfall (Denton et al. 2017). Biomass production of grassland plant communities 

in a multisite study was reduced immediately following drought, although productivity 

returned to levels similar to well-watered controls shortly after re-wetting (Mackie et al. 

2019). 

Our results highlight effects of common grassland disturbances on abundances of 

plant species at the center of conservation concern. The grassland forbs examined in our 
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study provide important resources to monarch butterflies, but also a suite of specialist 

foliage-feeding and generalist nectarivorous insects. Overall, A. syriaca and A. tuberosa 

remained relatively unaffected by grazing, fire, and drought. However, our research 

indicates abundance of A. viridis, the most common Asclepias species in much of the 

central and southern Great Plains, may be severely limited by lack of grazing pressure, 

reduced fire frequencies, and increased woody cover. Our study provides additional 

empirical support for the growing interest in understanding how alterations to historic 

disturbance regimes can influence the abundances of certain plant species, with important 

implications for conservation efforts to improve native biodiversity and ecosystem 

services. 
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FIGURES 

 
Figure 4.1. The long-term effects of (A) fire frequency, (B) bison grazing, and (C) woody 

cover on abundance of Asclepias viridis. For fire frequency (A), the red line and ribbon 

represents annual fire frequency, the green line and ribbon represent four-year 

(intermediate) fire frequency, and the blue line and ribbon represent 20-year fire 

frequency. For bison grazing (B), the red line and ribbon represent non-grazed 

watersheds, while the blue line represents grazed watersheds. For all lines in panels A-C, 

ribbons represent 95% confidence intervals. 
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Figure 4.2. The effects of fire frequency on summed cover of six encroaching woody 

species [(Cornus drummondii (roughleaf dogwood), Gleditsia triacanthos (honey locust), 

Juniperus virginiana (eastern redcedar), Rhus copallinum (winged sumac), R. glabra 

(smooth sumac), and Symphoricarpos orbiculatus (coralberry)] across the 30-year study 

period (1991-2020). For fire frequency, the red line and ribbon represents annual fire 

frequency, the green line and ribbon represent four-year (intermediate) fire frequency, 

and the blue line and ribbon represent 20-year fire frequency. Ribbons represent 95% 

confidence intervals. 

 

 
Figure 4.3. Asclepias viridis abundances in relation to drought across early growing 

season (A), growing season (B), and the previous year (C).  
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Figure 4.4. The long-term effects of (A) fire frequency, (B) bison grazing, and (C) woody 

cover on abundance of Asclepias syriaca. For fire frequency (A), the red line and ribbon 

represents annual fire frequency, the green line and ribbon represent four-year 

(intermediate) fire frequency, and the blue line and ribbon represent 20-year fire 

frequency. For bison grazing (B), the red line and ribbon represent non-grazed 

watersheds, while the blue line represents grazed watersheds. For all lines in panels A-C, 

ribbons represent 95% confidence intervals. 
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Figure 4.5. Asclepias syriaca abundances in relation to drought across early growing 

season (A), growing season (B), and the previous year (C). 
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Figure 4.6. The long-term effects of (A) fire frequency, (B) bison grazing, and (C) woody 

cover on abundance of Asclepias tuberosa. For fire frequency (A), the red line and ribbon 

represents annual fire frequency, the green line and ribbon represent four-year 

(intermediate) fire frequency, and the blue line and ribbon represent 20-year fire 

frequency. For bison grazing (B), the red line and ribbon represent non-grazed 

watersheds, while the blue line represents grazed watersheds. For all lines in panels A-C, 

ribbons represent 95% confidence intervals. 
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Figure 4.7. Asclepias tuberosa abundances in relation to drought across early growing 

season (A), growing season (B), and the previous year (C). 
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