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ABSTRACT 

 The grass-fire cycle can be accurately re-described as the human-grass-fire cycle, with 

the majority of invasive grass introductions being deliberate, and the majority of ignitions being 

anthropogenic in nature. With increased fire risk, and altered fire regimes favoring invasives, 

inhibiting natives, and depressing the resilience of native ecosystems, the stakes for restoring 

grass-invaded areas are higher than ever. Invasive grasses often grow in monocultures, 

outcompeting and suppressing other species, but even when removed, an abundance of research 

has demonstrated evidence of soil legacies that can hinder restoration efforts. Thus, there is a 

need to identify specific mechanism of soil legacies associated with invasive grasses that limit or 

inhibit restoration success, in order to translate that knowledge into mitigation strategies that 

better target these mechanisms.  

 To begin, I gathered studies examining grasses for allelopathic abilities, to see if 

phylogenetically conserved allelochemicals, including benzoxazinoids, which are mostly 

Poaceae specific, points to allelopathy as a key soil legacy mechanism that contributes to 

disproportionate invasive success in the grass family. By narrowing the frame of the landmark 

allelopathy analysis by Zhang et al. (2020), I found support for the novel weapons hypothesis in 

invasive grasses; specifically, the allelopathic impact on native recipients, was more negative 

when the allelopathic species was a non-native grass, compared to when the allelopathic species 

was a native grass. Additionally, I found support for the phylogenetic distance hypothesis, 

supporting other research suggesting that allelochemical impacts depend on the phylogenetic 

distance of the target plant. I did not find support for the biotic resistance hypothesis, specifically 

that the allelopathic impact when the allelopathic species was a native grass was more negative 

on a non-native recipient, than a native recipient. Through this analysis, I showed evidence 

suggesting that land managers ought to consider testing for allelopathy, or considering 

allelopathy-informed restoration practices, when trying to restore grass-invaded areas. 

 Next, in a field study at Camp Pālehua (Kapolei, O’ahu, Hawai’i) I compared soil 

characteristics and the soil microbial community between a Megathyrsus maximus invaded area, 

and an area that was formerly invaded by Megathyrsus maximus but had been restored by 

community partner Malama Learning Center 18 months prior to the comparison. The two sites 

shared a long history of grazing, climate and soil characteristics, and slope. While I could not 
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rule out inherent differences between the sites that existed prior to the restoration, I sought to 

identify differences in soil characteristics and the soil microbial community that could be 

attributed, at least in part, to the restoration. While the restoration practice at the Malama 

Learning Center section was relatively successful, the site continued to require frequent hand-

weeding, so I was particularly interested in evidence of a soil legacy in the soil microbial 

community, specifically any “hold-over” or “hold-out” taxa, that may be contributing to on-

going re-emergence of grass species in the native ecosystem. I found a genus of fungi (Glomus) 

and bacteria (Candidatus Udaeobacter) were abundant at both sites and these genera have been 

identified in the literature as being associated with pastures, suggesting that, in the restoration 

site, these genera were hold-overs. This suggests that specific members of the soil microbial 

community could be contributing to on-going, long-lasting soil legacy effects, such that 

modifying the soil microbial community could mitigate some of these effects.  

 In the third chapter, I conducted a greenhouse plant-soil feedback study, using a whole 

soil inoculum design, comparing germination, survival, and above/belowground growth in 

inoculum added soil to control soil. By using inoculum in less the 5% volume (w/w), I was able 

to isolate for the impact of the soil microbial community while holding soil characteristics and 

nutrients constant, to test for a soil microbial community mechanism for a soil legacy of an 

invasive grass (Megathyrsus maximus). In addition, I implemented a moderate drought treatment 

at 60% pot capacity to test for the impact of drought on any plant-soil feedback, since drought is 

expected to impact ecosystems in Hawai’i  in the future. The native species used to test for 

feedback from the invasive grass microbial community was the endemic dry forest shrub 

Chenopodium oahuense. I found evidence that there was positive con-specific feedback (the 

grass benefited from its own soil microbial community) and negative hetero-specific feedback 

(negative impacts of the grass soil microbial community on the native), impacting primarily the 

belowground growth of both species, suggesting that the soil microbial community mediates 

belowground competition for space and nutrients. In addition, I found an interaction between the 

presence of the grass soil microbial community and drought that was associated with delayed 

germination of Chenopodium oahuense, suggesting that a soil legacy effect may contribute to 

phenological mismatch for native species as climate change progresses. 
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 In the fourth chapter, I conducted an experimental restoration at a separate Megathyrsus 

maximus invaded section of the Camp Pālehua property in Kapolei, O’ahu, Hawai’i using a soil 

amendment of activated carbon, alone and in combination with a locally sourced biowaste-based 

biochar fertilizer, to determine whether these amendments might mitigate the soil legacy 

mechanisms I had previously investigated. Two native species were used: Plumbago zeylanica 

and Dodonaea viscosa. I found that soil raking alone prior to planting improved the width of 

Plumbago zeylanica by 1 cm after 1 year. Raking had two effects that could have benefited plant 

growth: disruption of soil compaction, and suppression of the no-raking indicator fungi 

Bionectriaceae. In addition, I found that the height of Dodonaea viscosa increased 4 cm with 0.5 

kg/m^2 of activated carbon added. Two potential explanations are the neutralization of any 

present allelochemicals, and the suppression of specific fungi which were indicators of the 

treatments lacking activated carbon, including Coniophora, which has been found in other 

studies examining the soil microbiome of restoration projects on former pastures. The hypothesis 

that after the initial suppression, the activated carbon treatment would create opportunity for the 

outplants to recruit new members to the soil microbial community, resulting in indicator species 

for the activated carbon level, was not supported. 

Overall, I was able to contribute evidence that allelopathic ability and the soil microbial 

community contribute to the soil legacies of invasive grasses, and in Megathyrsus maximus in 

Hawai’i, activated carbon can be used to suppress fungi and/or allelopathy to improve outcomes 

for some native plants, while raking alone can improve outcomes, potentially by disrupt soil 

compaction suppressing certain fungi. Activated carbon could be used in small scale-projects to 

create sustaining native ecosystems that can later be used for soil transplants or to provide soil 

inoculum in larger areas. Additionally, some of the identified fungi suppressed by activated 

carbon could be tested in isolation, or in different combinations for their impact on native plants. 
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CHAPTER 1 

LITERATURE REVIEW ON BELOWGROUND MECHANISMS OF INVASIVE GRASS 

SOIL LEGACIES AND THEIR INFLUENCE ON RESTORATION  
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Global Change and Plant Invasions 

Global change is an umbrella term for the cumulative impacts of anthropogenic change, 

including climate change. Plant invasions generally fall within the umbrella of global change, as 

most invasive plants have been and continue to be spread intentionally and unintentionally by 

humans. Invasive plants that tend to cause regime shifts, or lasting change in an ecosystem 

between two distinct conditions (Scheffer et al., 2001), often have ecosystem engineering 

abilities related to plant-soil feedback (PSF) and microbial-mediated nutrient cycling 

(Klironomos, 2002; Garbeva, van Veen & van Elsas, 2004; Gaertner et al., 2014; Aldorfová, 

Knobová & Münzbergová, 2020), with evidence pointing to plant-fungi associations (pathogenic 

or mutualist) in particular as being important to invasive plant success and impacts (Dickie et al., 

2017; Chung, Collins & Rudgers, 2019).  

Soil Microbial Community 

 The soil microbial community can mediate plant competitive interactions (Gan, Emmett 

& Drinkwater, 2021), influence ecosystem functions (Bardgett & van der Putten, 2014), drive the 

diversity-productivity relationship (Schnitzer et al., 2011; Chen et al., 2021), and contribute to 

the resilience and survival of the plant community (Chen et al., 2021). The microbial community 

is typically structured by a combination of niche and neutral factors (Dumbrell et al., 2010), 

meaning that both current and historical states of a site matter, making comparisons and 

generalizations challenging. Descriptions of soil microbial communities typically cover both the 

individual organisms composing the community and the community as a whole (Harris, 2003; 

Hall et al., 2018). Due to potential interactions among species within a community, the additive 

impact of individual organisms is not necessarily equivalent to the realized cumulative impact of 

the entire community (Hilbig & Allen, 2015). To consider each individual organism within a 

community would require data that can be hard to get (Escalas et al., 2019). On the other hand, 

one can consider the whole community operating as a “supra-organism” (Konopka, 2009) by 

assessing or quantifying specific genes of interest in the community (Escalas et al., 2019), but 

this approach is coarse and highly context dependent (Perreault et al., 2020). 

Plant-Soil Feedback 
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Plant-soil feedback (PSF) is characterized by reciprocal relationships between plants, the 

abiotic soil and the biotic community in the soil, which includes the soil microbial community 

(Kardol et al., 2007; Chen et al., 2019). One meta-analysis found that on average, native plants 

tend to have positive conspecific feedback and/or positive feedback with soil conditioned by 

other natives, while invasive species generally had more variable PSF (Suding et al., 2013). At 

disturbed sites, soil can be significantly altered in both abiotic and biotic characteristics since the 

most recent presence of a native ecosystem, so if positive feedback with native-conditioned soil 

is key to the establishment and/or survival of native plants, loss of positive feedback may reduce 

the ability or natives to successfully establish at disturbed sites and benefit the establishment of 

invasive plants.  Modeling suggests that rather than being a driving force in the further spread of 

invasive plants (Levine et al., 2006), PSF plays a more significant role in the long-term impact of 

invasive plants (Levine et al., 2006) because of the time required to build up significant effects, 

which is why feedbacks are important to consider in restoration practices. For example, nitrogen-

fixing invaders increase nitrogen availability, alter the microbial community, and are associated 

with community-level effects like decreased representation among natives in the soil seedbank 

(Nsikani, van Wilgen & Gaertner, 2018). 

The PSF and microbial communities associated with invasive plants can have a 

suppressive effect on native species growth, contributing to the difficulty of restoring invaded 

areas (Batten, Scow & Espeland, 2008; Perkins & Nowak, 2013; Suding et al., 2013; Skurski, 

Rew & Maxwell, 2014). Furthermore, PSF can contribute to soil legacies, which can be driven 

by PSF effects. As an example, an invasive plant can alter soil composition, not only during their 

growth through release of phenolics, but also after death, by contributing to bulk organic carbon 

composition. Both soil alterations can be slow to turnover, resulting in a soil legacy after 

invasive plants have been removed (Suseela et al., 2016). Plant community composition changes 

have been associated with significant differences in microbial communities up to thirty years 

after removal (Wubs, Melchers & Bezemer, 2018; López Zieher, Vivanco & Yahdjian, 2020). 

Mitigating PSF mechanisms, through soil transplants (Solans, Pelliza & Tadey, 2021), “re-

culturing” soil with a new species (Brinkman et al., 2017), use of commercially produced 

inoculants (Perkins & Hatfield, 2016) and other methods, has had success as a restoration 

strategy. 
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Allelopathy: A Mechanism of Plant-soil Feedback  

 One key mechanism of plant-soil feedback is allelopathy, or secondary chemicals 

(Bennett & Klironomos, 2019). Allelopathy is intertwined with the influence of the soil 

microbial community, as soil microbes are typically responsible for the degradation of 

allelochemicals present in the soil (Cheng & Cheng, 2015). Allelopathy has been important to 

study in the context of invasion (Inderjit et al., 2008). One meta-analysis found that the literature 

contains evidence that just over 50% of invasive plants have at least one study providing 

evidence of allelopathic abilities (Kalisz, Kivlin & Bialic-Murphy, 2021). In addition to 

contributing to the negative impacts of invasive plants, in both an immediate and soil legacy 

sense (Suseela et al., 2016), allelopathy can also influence plant-pollinator interactions by 

influencing pollen and nectar production or impacting fruit attractiveness (Hale & Kalisz, 2012), 

and thus contribute to much wider impacts on aboveground communities. Allelopathy has both 

direct and indirect mechanisms (Figure 1.1), and allelopathic impacts can be highly dependent on 

soil characteristics (Scavo, Abbate & Mauromicale, 2019). 

As more research is published, we have a better chance of finding commonalities, 

patterns and generalizations, which have been hard to find (Bezemer et al., 2006), but can be 

important for common issues like soil legacies (Dickie et al., 2017). PSF continues to be a 

popular research topic with many remaining research needs, four of which have been 

incorporated into the scope of this project, while also controlling for other factors known to 

influence PSF (Table 1.1).  

Global Change: Soil Properties 

Land-use, another important aspect of anthropogenic change, may alter N uptake in part 

through impacting soil organic matter (SOM) (Gan, Emmett & Drinkwater, 2021), shift the 

importance of drivers of microbial community structure (Jiao et al., 2020), impact variation in 

microbial diversity (Lauber et al., 2013), and influence functional group abundance (Morales, 

Cosart & Holben, 2010), all of which may contribute to losses and/or modification of ecosystem 

function and processes. Changes precipitated by temporary disturbances, such as prescribed fires 

can be supported and sustained by novel disturbance regimes associated with land-use, such as 

cattle grazing (Hernández et al., 2021). Grazing itself is associated with abiotic and biotic 

impacts to soil, including changes in soil carbon, soil nutrients (Zhu et al., 2021a), microbial 
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community composition (Wang et al., 2006; Ding, Travers & Eldridge, 2022) and microbial 

biomass (Wang et al., 2006). 

Changing wildfire regimes can be categorized as an aspect of anthropogenic change, as 

they often have anthropogenic causes (Menezes et al. 2022), but wildfires are also discussed in 

the context of climate change, as they are within the group of extreme events whose increased 

frequency and intensity is influenced by climate change (Westerling et al., 2011). Additionally, 

wildfires are significant contributors to another major aspect of anthropogenic change, N 

deposition (Koplitz et al., 2021). The negative impact of N deposition on fungal abundance and 

activity can, over time, reduce nitrogen mineralization rates and enzyme activity (Hood-

Nowotny et al., 2021). There is evidence, however, that N deposition can increase carbon 

sequestration in soil (Hood-Nowotny et al., 2021; Zhang & Suseela, 2021; Li et al., 2021), which 

is an important ecosystem function in terms of mitigating worsening climate change. 

Global Change: Drought 

Droughts themselves can have legacies that impact PSF (Hassan & Carrillo, 2021). In 

one study, root exudates from plants that experienced drought were more effective at inducing 

soil respiration that could compensate for reduced respiration through other mechanisms, thus 

potentially increasing microbial community activity, which can influence plant growth via the 

“nutrient highway” (de Vries et al., 2019). This finding suggests that drought may amplify 

allelopathic interactions with indirect mechanisms that interact with water competition. Drought 

and disturbances can interact in their impact on invasive plant establishment, and this interaction 

is dependent on plant species and life stage (Orbán et al., 2021). In some cases, the benefit 

disturbance provides to invasive plants can outweigh the negative impact of drought on the same 

species (Orbán et al., 2021). There is a need to better understand the functional traits that may 

contribute to the ability of invasive plants to adapt to drought as well as other environmental 

conditions (Drenovsky et al., 2012). 

Competition for water constrains microbial activity (Li et al., 2021), so changes in 

precipitation regime can have significant impacts on microbial communities and their associated 

functions (Castro et al., 2010). Studies have found an interaction between the impact of 

microbial communities and drought treatment on plant biomass, suggesting that microbial 

communities may mediate drought survival (Delavaux, Smith-Ramesh & Kuebbing, 2017; Xi, 
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Chu & Bloor, 2018). Short-term effects of drought may impact stoichiometry and function 

measures significantly, such as microbial N, P, C:N, C:P. Evidence of the impact of drought on 

microbial biomass carbon is mixed (Cheng et al., 2021; Canarini et al., 2021). Long-term effects 

of drought may impact microbial composition measures significantly, such as decreased diversity 

in bacteria and fungi communities (Zhou, Wang & Luo, 2020; Yang et al., 2021). A meta-

analysis of six studies examining the impact of drought on soil microbial communities found that 

drought was correlated with a decrease in abundance of unidentified/uncultured genera in the 

bacteria families Xanthobacteraceae, Pirullaceae, Coleofasciculaceae, Sphingobacteriaceae, 

Chitinophagaceae and Illumatobacteraceae, and decrease in abundance of the genera 

Blastocatella and Bryobacter (Isobe et al., 2020). In contrast, the same study found that drought 

was correlated with an increase in abundance of unidentified/uncultured genera in the bacteria 

families Cytophagaceae and Gemmatimonadaceae (Isobe et al., 2020). Evidence that indicates 

specific microbes play a role in drought tolerance can be utilized to improve restoration 

outcomes. For example, the addition of plant-growth promoting rhizobacterium Bacillus subtilius 

inoculant mediated drought tolerance by increasing soil water retention and lowering soil 

hydraulic conductivity, in some part through the release of extracellular polymeric substances by 

Bacillus subtilius into the soil environment (Jin et al., 2020). Evidence that drought can shift the 

bacteria:fungi ratio (de Vries et al., 2018; Wang et al., 2020), and generally has more discernable 

impacts on the bacterial community compared to the fungal community (de Vries et al., 2018), is 

important given the evidence that plant-soil legacies are often mediated by fungi (Heinen et al., 

2020). 

In a study focusing on grassland soil microbial communities, the bacteria genera DA101, 

Candidatus xiphinematobacter, and Rhodoplanes and genera in the fungus family Mortirellaceae 

were indicators of drought tolerance (de Vries et al., 2018). Furthermore, there is evidence that 

the bacteria community in grass soils may be more resistant to change in the face of frequent 

drying-rewetting compared to proximal non-grass soils of the same classification (Fierer, 

Schimel & Holden, 2003).  

Invasive Grasses 

Drought tolerance, an ecological performance (Violle et al., 2007) commonly attributed 

to many invasive grasses, may be associated with functional traits like specific nutrient uptake 
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strategies, which can contribute to a soil legacy (Craine et al., 2013). The presence of invasive 

grasses tends to increase the impact of drought on native plant growth, although this impact may 

differ based on resource allocation strategy of the native plants present (LaForgia, Harrison & 

Latimer, 2020). The ability of grasses to adapt to a wide range of environmental conditions 

(Linder et al., 2018), may help explain why the grass family (Poaceae) is among the most 

successful plant families in the world (Linder et al., 2018). Negative heterospecific PSF towards 

native plants is thought to contribute to the success of some invasive grasses (Perkins, Hatfield & 

Espeland, 2016). Previous investigations into invasive grass PSF found that the extreme climate 

shifts associated with climate change will favor non-native grasses by mitigating negative 

feedbacks on invasive grasses that make ecosystems more resilient (Duell et al., 2019). Invasive 

grasses are also problematic for many other reasons, one of which is that they can have a 

significantly higher fuel load than proximal native communities, greatly increasing the frequency 

and intensity of fire and disrupting the environment (Tomat‐Kelly, Dillon & Flory, 2021; Zhu et 

al., 2021b). 

Megathyrsus maximus: A Dominant Grass Invader in Hawaii 

In the main Hawaiian islands, around one quarter of the land area is dominated by non-

native grasses (Trauernicht et al., 2015). The initial establishment of many non-native grasses, 

such as Megathyrsus maximus, was intentional, to support grazing pastures (Cuddihy and Stone 

1990), although this grass has spread widely as a naturalized invader since the initial pasture 

plantings. Importantly, the spread of Megathyrsus maximus in the past century may have 

contributed to lower carbon sequestration in some Hawaii’s ecosystems, as M. maximus stands 

typically have less than 10 MgC/ha, while mesic native forests have over 30 MgC/ha (Hughes et 

al., 2017). Conversion of tropical forests to pasture can contribute to significant changes to the 

function and composition of soil microbial communities, depending on initial soil characteristics 

and forest type (Díaz‐Vallejo et al., 2021). While ecological restoration research continues, 

restoration success seems to be dependent on the on-going use of herbicide or manual weeding 

(Ammondt et al., 2013), solutions which do not translate to self-sustaining, low-intervention, 

native ecosystems. In this dissertation, I aimed to improve our understanding of the key 

mechanisms contributing to invasive success and restoration failure at sites invaded by 

Megathyrsus maximus. I also aimed to explore restoration practices that can lead to the self-
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sustaining native ecosystems necessary to make real progress towards reducing fire risk in 

Hawaii. 

 

Hypotheses to be Addressed by this Dissertation Research 

1) Allelopathy contributes to the disproportionate success in range expansion of grasses, which 

has resulted in many grasses being deemed invasive worldwide (Chapter 2) 

 

This hypothesis is proposed because research on grasses has recently identified 

mostly-family specific allelochemicals, benzoxazinoids (Niculaes et al., 2018; Hu et 

al., 2018), and there is evidence that the existence of benzaxazinoids outside of 

Poaceae may be attributable to convergent evolution (Frey et al., 2009). The 

traditional approach to study allelopathy posits that allelopathy contributes to 

invasion (Inderjit et al., 2008), however no studies to date have specifically reviewed 

evidence for allelopathic potential or strength of allelopathy impacts among invasive 

grasses. I conducted a search of the literature to gather studies where the species 

being examined for allelopathic potential is a member of the Poaceae family. After 

identifying those studies, I extracted data necessary for the calculation of effect size, 

as well as information about the study methodology. Finally, I conducted a Bayesian 

meta-analysis to test if non-native grasses had a more negative allelopathic effect on 

native recipient species, compared to native grasses. 

2) In Hawaii, the grass Megathyrsus maximus is associated with a soil legacy that complicates 

restoration success in invaded areas (Chapter 3 & 4) 

 

This hypothesis is proposed because in at least one instance, native seed germination 

in Megathyrsus maximus invaded areas was low, even when the invader has been 

removed (Ammondt et al., 2013). There is evidence of plant-soil feedback in other 

invasive grasses in Hawaii (Yelenik & D’Antonio, 2013). In Chapter 3, I conducted a 

comparison of a restored and un-restored site in Kapolei, HI, focusing on abiotic and 

biotic soil properties. First, I recorded observations about physical soil characteristics. 

Then, I collected soil samples to utilize for next generation sequencing and compare 
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the diversity and composition of the bacteria and fungi communities. In addition, I 

analyzed the relative abundance of nitrogenase enzyme complex as a proxy for 

nitrogen fixing bacteria. I also conducted a plant-soil feedback experiment testing the 

impact of the Megathyrsus maximus soil microbial community on the germination of 

an endemic shrub. In Chapter 4, I conducted a plant-soil feedback experiment testing 

the impact of the soil microbial community associated with Megathyrsus maximus on 

the germination and growth of Chenopodium oahuense, an endemic shrub that is 

often utilized in restoration projects. I tested the impact of the soil microbial 

community on Megathyrsus maximus germling survival and growth. Megathyrsus 

maximus germlings were grown in commercial soil for 5 weeks to create soil 

inoculums, which were then be added to un-conditioned commercial soil at less than 

5% v/v to add the effect of the soil microbial community, without modifying soil 

characteristics or nutrient profile. Growth species were grown for seven weeks, after 

which I harvested and weighed above and belowground biomass. Finally, I 

incorporated a moderate drought treatment to see if the associated soil microbial 

community has an influence on drought tolerance for either species.  

3) The soil microbial community associated with M. maximus is associated with a plant-soil 

feedback effect that reduces germination and growth of endemic Hawaiian species 

Chenopodium oahuense (Chapter 4) 

 

Evidence of Megathyrsus maximus having negative plant-soil feedback towards 

native plants has been found in other parts of the invasive range, most recently in 

Texas, with invaded soil being associated with reduced plant abundance and diversity 

compared to uninvaded soil with the same seed bank (Bowman, Plowes & Gilbert, 

2023). The same study also found positive con-specific feedback, which would 

reinforce invasion, but the study utilized soil collected from the field, which leaves 

the mechanism of feedback in question. Specific microbial species, such as 

Trichoderma and Azospirillum, have been shown to improve root development and 

dry matter of Megathyrsus maximus (Argumedo-Delira, Gómez-Martínez & Mora-

Delgado, 2022), suggesting that the soil microbial community should be considered 

as a potential mechanism. In Hawaii, some restoration projects implementing native 



10 
 

seed rain treatments in Megathyrsus maximus invaded areas have had little to no 

success (Ammondt et al., 2013). I conducted a plant-soil feedback experiment testing 

the impact of the soil microbial community associated with Megathyrsus maximus on 

the germination and growth of Chenopodium oahuense, an endemic shrub that is 

often utilized in restoration projects. Megathyrsus maximus germlings were grown in 

commercial soil for 5 weeks to create soil inoculums, which were then be added to 

un-conditioned commercial soil at less than 5% to add the effect of the soil microbial 

community, without modifying soil characteristics or nutrient profile. Growth species 

were grown for seven weeks, after which I will harvest and weigh above and 

belowground biomass.  

4) Drought simulation worsens negative effects of the M. maximus soil microbial community on 

native Chenopodium oahuense (Chapter 4) 

 

Megathyrsus maximus appears to be drought adapted (Ammondt et al., 2013) and is 

generally considered to be stress tolerant (Rhodes et al., 2021; Oliveira et al., 2022). 

There is evidence that the soil microbial community of an invader can improve stress 

recovery for the invader, while decreasing the recovery for native species (Zhang, 

Oduor & Liu, 2022). In addition to being an endemic species, and a common choice 

for restoration, Chenopodium oahuense was selected due to it being native to drier 

areas (Leopold & Hess, 2019; Cole et al., 2021), making it a likely choice for 

restoration projects in areas that are expecting to experience drought in the near- or 

long-term future. In the previously discussed plant-soil feedback study, I incorporated 

a moderate drought treatment (watering at 60% pot capacity, compared to 90% pot 

capacity) to see if the associated soil microbial community has an influence on 

drought tolerance for either species.  

5) Activated carbon, when used as a soil amendment, can significantly modify soil biotic and 

abiotic characteristics, leading to a dampening of any soil legacy effects driven by the 

previous invader, Megathyrsus maximus (Chapter 5) 

 

Activated carbon can neutralize allelochemicals (Madsen et al., 2014; Del Fabbro & 

Prati, 2015), decrease mycorrhization (Wurst, Vender & Rillig, 2010), decrease 
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bacterial abundance (Kulmatiski, 2011), and modify bacterial community 

composition (Shan et al., 2015; Nolan et al., 2015). I conducted an experimental 

restoration project in Kapolei, HI, at a site previously invaded by Megathyrsus 

maximus. First, I collected pre-practice soil samples from the site to utilize for future 

comparisons. In addition to the land manager’s typical restoration practice of 

outplanting, and infrequent drip irrigation and weeding (weekly for the first four 

months, monthly for the following eight months) as a control, I incorporated four 

additional treatments. The first treatment was the activated carbon treatment, spread 

at 0.5 kg/m2 and raked into the soil. The second treatment was the combination 

treatment, where activated carbon was spread at 0.25 kg/m2, then biochar was spread 

at 0.25 kg/m2, and then the surface level amendments will be raked into the soil. The 

combination treatment is based on research showing that mixing activated carbon 

with a fertilizer can mitigate nitrate increases (Lau et al., 2008). The third treatment 

was the biochar treatment, spread at 0.5 kg/m2 and raked into the soil. Finally, the 

fourth treatment was the raking treatment, where no soil amendment is added, but the 

soil is raked, so that I could distinguish between effects associated with the physical 

disturbance to the soil and the addition of the amendment itself. After applying any 

assigned treatments, I conducted outplanting evenly across each plot, using Plumbago 

zeylanica and Dodonaea viscosa. At the six-month mark, I surveyed the site for 

outplant mortality and at the one-year mark, I measured the height and width of each 

outplant. At the six month and one year mark, I collected soil samples to utilize with 

next generation sequencing, to analyze impacts to the diversity and composition of 

the bacteria and fungi community, and compare samples between treatments, and to 

pre-practice samples. At the six month and one year mark, I collected soil samples to 

utilize for total carbon and nitrogen analysis. At the six month and one year mark, I 

deployed ion-resin bags for four weeks, after which I collected and performed an 

extraction on each bag and analyze the extract for inorganic nutrients (N/P). At the 

six month and one year mark, I conducted field infiltration tests at each plot and 

recorded the time to full penetration for the second pour at each plot.  

For the success of conservation and restoration priorities in Hawai’i, there is a clear need 

for research that specifically examines potential PSF mechanisms that contribute to the long-term 
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impacts of invasive grasses. As climate change progresses, it also evident that climate events and 

environmental stressors must be considered in research being conducted in controlled 

environments, if the goal of research is to produce practical implications for contemporary 

practitioners. If these research aims prove fruitful in improving restoration outcomes in Hawai’i, 

they could result in healthy native communities, that can then be used as sources for soil 

transplants, to scale up restoration efforts. Additionally, the success of invasive grasses across 

the mainland of the United States and across the globe show that research advances that facilitate 

restoration following grass invasion could have far-reaching benefits for many local 

communities, including reduced wildfire frequency or intensity and associated improvements in 

air quality. 
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Table 1.1. Factors influencing PSF that we controlled for or examined, based on research need.  
C

o
n

tr
o
ll

ed
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o
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• Plant lifestage: direction (Dudenhöffer et al., 2018), intensity (Münzbergová & 

Šurinová, 2015) can vary. Examining influence on germination and/or 

seedling/germling establishment only (Miller, Perron & Collins, 2019). 

• Competition: can correlate with dominance (Grenzer et al., 2021), can outweigh 

influence of PSF (Yelenik & Levine, 2011), differs between monoculuture and 

interspecies mixture (Hilbig & Allen, 2015). Direct competition 

removed/minimized. 

• Nutrient availability: can influence direction (Lekberg et al., 2018), fertilizer can 

reduce negative intraspecific PSF (Dostál, 2021). Did not use sterilization method 

for greenhouse study which can increase nutrient availability (Singh & Meyer, 

2020). 

R
es

ea
rc

h
 n

ee
d
s 

ex
a
m

in
e
d

 

• Mechanisms (allelopathy, Ch. 2; soil microbial community, Ch. 3; both, Ch. 

5): need to examine and quantify specific mechanisms (Bennett & Klironomos, 

2019), connect mechanisms to how invasive plants may respond to climate change 

(van der Putten et al., 2013).  

• Variation in precipitation (Ch. 3): can vary based on precipitation regime 

(Yelenik & Levine, 2011). 

• Field study (Ch. 5): discrepancy between greenhouse and field experiments 

(Forero et al. 2019, Beals et al. 2020, among others), need for field research 

utilizing ‘natural’ conditions (Yelenik & Levine, 2010; van der Putten et al., 

2016). 

• Applications (Ch. 5): need to translate analysis of the soil microbial community 

into improved management and restoration practices against invasive plants 

(Balser et al., 2006; Coats & Rumpho, 2014; Trognitz et al., 2016). 
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Figure 1.1. Examples of direct and indirect mechanisms of allelopathy, which is a mechanism of 

plant-soil feedback. Based on Cheng et al. 2015. 
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CHAPTER 2 

META-ANALYTIC EVIDENCE THAT ALLELOPATHY MAY INCREASE THE SUCCESS 

AND IMPACT OF INVASIVE GRASSES 
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Abstract 

Background. In the grass family, a disproportionate number of species have been designated as 

being invasive. Various growth traits have been proposed to explain the invasiveness of grasses, 

however the possibility that allelopathy gives invasive grasses a competitive advantage has 

attracted relatively little attention. Recent research has isolated plant allelochemicals that are 

mostly specific to the grass family that can breakdown into relatively stable, toxic byproducts. 

Methods. We conducted a meta-analysis of studies on grass allelopathy to test three prominent 

hypotheses from invasion biology and competition theory: 1) on native recipients, non-native 

grasses will have a significantly more negative effect compared to native grasses (novel weapons 

hypothesis); 2) among native grasses, their effect on non-native recipients will be significantly 

more negative compared to their effect on native recipients (biotic resistance hypothesis), and 3) 

allelopathic impacts will increase with phylogenetic distance (phylogenetic distance hypothesis). 

From 23 studies, we gathered a dataset of 524 observed effect sizes (delta log response ratios) 

measuring the allelopathic impact of grasses on growth and germination of recipient species, and 

we used non-linear mixed-effects Bayesian modeling to test the hypotheses.  

Results. We found support for the novel weapons hypothesis: on native recipients, non-native 

grasses were twice as suppressive as native grasses (22% versus 11%, respectively). The 

phylogenetic distance hypothesis was supported by our finding of a significant correlation 

between phylogenetic distance and allelopathic impact. The biotic resistance hypothesis was not 

supported. Overall, this meta-analysis adds to the evidence that allelochemicals may commonly 

contribute to successful or high impact invasions in the grass family. Increased awareness of the 

role of allelopathy in soil legacy effects associated with grass invasions may improve restoration 

outcomes through implementation of allelopathy-informed restoration practices. Examples of 

allelopathy-informed practices, and the knowledge needed to utilize them effectively, are 

discussed, including the use of activated carbon to neutralize allelochemicals and modify the soil 

microbial community. 
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Introduction 

As a prime example of anthropogenic change, grasses have been deliberately moved by 

human civilizations, often to feed livestock (D’Antonio & Vitousek, 1992; Fusco et al., 2021), 

and their invasive spread has devastated many ecosystems (Marshall et al., 2011; Wied et al., 

2020; Kerns et al., 2020; Rhodes et al., 2021; Rayment, French & Bedward, 2022). The spread 

of non-native grasses can diminish native biodiversity by forming monocultures and modifying 

soil characteristics and nutrient cycling (Perkins, Johnson & Nowak, 2011; Gibbons et al., 

2017; Wied et al., 2020; Musso et al., 2021; Nagy et al., 2021; Soti & Thomas, 2021). Non-

native grasses may benefit from aspects of global change, including wildfire (Davies et al., 

2022), drought (Leal et al., 2021; Sommers, Davis & Chesson, 2022), and nitrogen deposition 

(Cione, Padgett & Allen, 2002; Sigüenza, Corkidi & Allen, 2006). Non-native grass 

establishment can lead to increased wildfire frequency and/or intensity (D’Antonio & Vitousek, 

1992; Fusco et al., 2019; Tomat‐Kelly, Dillon & Flory, 2021; Walker & Morgan, 2022), and 

shortened fire cycles can push an ecosystem past the threshold of passive recovery (D’Antonio, 

Hughes & Tunison, 2011), which substantially increases costs of restoration and adds urgency 

to restoration planning in areas recently invaded by grasses. 

Native (Hierro & Callaway, 2021), invasive (Kalisz, Kivlin & Bialic-Murphy, 2021) 

and domesticated/crop grasses (Niculaes et al., 2018) are reported to have allelopathic abilities. 

Across plant groups, allelochemicals differ in chemical structure and impart impacts through 

different mechanisms (Cheng & Cheng, 2015), but researchers have identified benzoxazinoids 

as allelochemicals that have been phylogenetically conserved within the Poaceae family (Frey 

et al., 2009; Dutartre, Hilliou & Feyereisen, 2012; Niculaes et al., 2018), with evidence 

supporting independent or convergent evolution of benzoxazinoids in some dicots (Schullehner 

et al., 2008; Dick et al., 2012). When considered together, the evidence of shared 

allelochemicals, disproportionate invasion success and impacts (Linder et al., 2018) and the 

large number of grass species, the grass allelopathy literature provides a unique opportunity to 

test important hypotheses in invasion biology and draw conclusions that can inform real world 

practices used to reduce the impacts of invasive grasses.  

The aim of this meta-analysis was to test whether three key invasion biology theories 

are supported by studies investigating potential allelopathic abilities in grasses. First, we tested 

if the Novel Weapons Hypothesis (Callaway, 2000; Hierro & Callaway, 2003; Callaway & 
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Ridenour, 2004) was supported (on native recipient species, effect size of non-native grass < 

native grass). Second, we tested if the Biotic Resistance Hypothesis (D’Antonio & Thomsen, 

2004; Cummings, Parker & Gilbert, 2012) was supported (for native grasses, effect size 

associated with non-native recipients < native recipients, assuming the native grass is an 

important contributor to native community resistance). Finally, we tested the hypothesis that 

increased phylogenetic distance is associated with increased allelopathic impact due to 

expected greater similarities in secondary chemicals among closer relatives and presumed 

resistance to self-produced allelochemicals (Phylogenetic Distance Hypothesis, co-efficient of 

smoothed phylogenetic distance < 0) (Wink, 2003; Zhang et al., 2020b).  

 

Materials & Methods 

In our comprehensive search, three terms were used in database searches to identify 

studies to be included in the invasive grass allelopathy metanalysis: “invas*”, “allelo*” and 

“grass”, where “*” indicated a wildcard character. Thus, agriculture-focused research was 

considered only if it was presented in the context of invasion. In May 2021, multiple search 

engines were used to identify relevant studies for use in the meta-analysis: Web of Science, 

SpringerLink, EBSCO, PubMed, Google Scholar and JSTOR (Figure 2.1). Specific journals 

were also searched: Journal of Chemical Ecology and Plant and Soil to allow searching a 

longer timeframe in these journals which have been historically popular for allelopathy 

research. Additionally, studies used in the Zhang et al. (2020b) meta-analysis (which included 

all volumes of Allelopathy Journal) that used grasses as the allelopathy species (species being 

tested for allelopathic potential) were included, but data from these studies was procured 

independently from each article to ensure that the methodology of extracting data remained 

consistent across all studies. Manya Singh performed the search strategy, and any 

disagreements were discussed between Manya Singh and Curt Daehler until a consensus was 

reached. This initial screening resulted in 477 studies, and after filtering for studies that 

included methodology that met criteria for inferring allelopathy (as described by Zhang et al. 

2020b), grass species as the source of potential allelopathic abilities (referred to here as the 

‘allelopathy species’), ecological context of invasion, and separate reporting of control and test 

condition data with standard deviations or standard errors, 23 studies were left (Rasmussen & 

Rice, 1971; Rice, 1972; Orr, Rudgers & Clay, 2005; Blank & Sforza, 2007; Barbosa, Pivello & 
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Meirelles, 2008; Navarro-Cano, 2008; Rudgers & Orr, 2009; Hussain, Ahmad & Ilahi, 2010; 

Meksawat & Pornprom, 2010; Harnden, Macdougall & Sikes, 2011; Bennett, Thomsen & 

Strauss, 2011; Corbett & Morrison, 2012; Ghebrehiwot, Aremu & van Staden, 2014; Greer et 

al., 2014; Abu-Romman & Ammari, 2015; Ismail, Tan & Chuah, 2015; Perkins, Hatfield & 

Espeland, 2016; Oliveira et al., 2016; Jose et al., 2016; Uddin et al., 2017; Chen et al., 2018; 

Możdżeń et al., 2020; Guido et al., 2020).  

From each study, we collected the following information: author, year published, 

table/figure where data are located, name of the allelopathy species (potentially allelopathic 

species), name of recipient species (species impacted by the allelopathy species), mean, 

standard error/deviation and sample size for both control and test conditions, lifespan of each 

species (annual or perennial), origin of each species, experimental method (as categorized by 

Zhang et al. 2020b), trait measured (germination or growth, for growth, aboveground preferred, 

then belowground, then total), duration in days, experimental environment (controlled or 

otherwise), condition of plant material allelochemicals were sourced from (fresh or dry), plant 

part used to source allelochemicals (aboveground, belowground or mixed source), dose, dose 

unit type, solvent and solvent polarity. Our use of ‘recipient species’ instead of ‘test species,’ 

which is used in other articles (including Zhang et al. 2020b) to refer to the species exposed to 

potential allelopathy, is a change made to improve clarity around the species pairs, as across 

ecology, ‘test species’ is often used to refer to the species that is of main importance (i.e. not 

the recipient species, but the species being tested for having or being involved in some key 

phenomena). Additional details about data collection and the a priori power calculator used 

prior to running the analyses are in the extended methods section (Supplemental File 1).  

To account for small sample bias, the delta log response-ratio (delta LRR) formula was 

used to calculate one “observed” effect size from each pair of control and treatment means (and 

standard error, sample size) (Lajeunesse, 2015). Two observed effect sizes were dropped 

because both the control and treatment mean failed the Geary check (Lajuennese 2015, 

standard formula), indicating that these points violated the assumption of normality. After 

dropping those points, we were left with a total of 524 observed effect sizes. Of the whole 

dataset, 23% of pairs lacked a reported dose (or information that could be used to calculate a 

dose), so the “mice” package was used to impute missing values based on delta LRR, standard 

error, and all remaining predictors in the model (van Buuren & Groothuis-Oudshoorn, 2011). 
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From the “mice” function, 25 imputations were run, and for each observation missing a dose 

value, the median of the 25 imputed dose values was extracted for use in the modeling. 

Imputation via “mice” was done in place of the “missing values” feature included in the brms 

package, because dose had to be rounded and converted to a categorical variable to be used as a 

random effect, which is not supported by that feature. Plant species names were standardized 

using NCBI (Schoch et al., 2020). The article text and/or external sources were used to 

determine if each species was native (considered locally indigenous) or non-native. Other 

predictors collected from each study are listed in Appendix A- Table S1.  

In R (R Development Core Team, 2022), analyses utilized the ‘brms’ package for non-

linear, mixed-effect, multi-variate Bayesian modeling (Bürkner, 2017, 2018), using the 

Student’s t-distribution for the error components due to the presence of outliers. Predictors 

were chosen based on past evidence of significance (Zhang et al., 2020b) and the hypotheses to 

be tested. The “tree-linked” random variables refer to effects of species constrained by the 

phylogenetic covariance matrix, as a nested model (‘phyr’ package in R)(Li et al., 2020). The 

“phytools” package was used to generate the phylogenetic tree used in models (Revell, 2012), 

and the “aptg” package was used to generate a distance matrix for the full set of plant species 

(Benjamin, 2017), and the values from the distance matrix were included as a measure of 

phylogenetic distance in models. Phylogenetic distance was a log-scaled, smoothed term to 

allow for the model to inherently account for a non-linear relationship with effect size. 

The non-linear model separated predictors into a “study” spline, with random effects 

associated with study design (study ID, nested sub-study, nested trait measured; method 

category, nested study duration; dose used), and a “species” spline, with random effects that 

capture species effects (grass and recipient species, and grass and recipient species linked to 

phylogenetic tree) and fixed effects for our hypotheses (origin status of grass, origin status of 

recipient species, phylogenetic distance). Past reviews and meta-analyses were referenced to 

determine which predictors were known to have correlations with allelopathic effect sizes, 

which we then included as random effects to account for variance (Zhang et al., 2020b). 

To deal with the lack of independence among delta LRRs that came from the same 

study, the “study” spline consisted of random effects study ID (and nested variables sub study, 

and measured trait), dose (as a categorical variable) and experimental method (based on Zhang 

et al. (2020b) classification) (and nested variable study duration, as a categorical variable). The 
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“species” spline consisted of random effects grass species (allelopathy species), recipient 

species and both species tree-linked. The fixed effects on the “species” spline were origin status 

of grass (hereafter, grass origin), origin status of recipient species (hereafter, recipient origin), 

and smoothed, log-scaled phylogenetic distance between the grass species being tested for 

allelopathy and the recipient species.  

Prior to running the full model, an intercept model was run, which did not include any 

fixed effects. After generating both models, the “loo_compare” function was used to compare 

the fit of both models, based on both leave-one-out cross validation (LOO) and widely 

applicable information criteria (WAIC) values (Vehtari, Gelman & Gabry, 2017). The 

“hypothesis” function was used to test hypotheses at the 95% confidence level. Explained 

variance was calculated from the posterior sigma estimate (regression noise scale) and standard 

deviation estimates of each random effect in the intercept model. To check for publication bias, 

we ran a modified intercept model with log-scaled year published as a smoothed fixed effect in 

the “study” spline, and an Egger’s regression model based on the meta-analytic residuals from 

the original intercept model. 

Results 

 Power analysis determined that there was sufficient power to find a difference in average 

allelopathic effect size, based on the number of studies and using Zhang et al (2020b) as the 

baseline for the difference (86%, Appendix B- Figure S1) (Steidl, Hayes & Schauber, 1997). In 

the intercept model, the study spline intercept was not significant (0.02, 95% CI [-0.21, 0.25]), 

but the species spline intercept was significantly negative, with grasses suppressing the growth 

or germination of the recipient species by approximately 24% (-0.28, 95% CI [-0.52, -0.04]). 

Around 35% of the variance was explained by study ID and nested variables sub-study and trait 

measured (15%, 8% and 11%, respectively). One-quarter of the variance was explained by 

method and nested variable duration (10% and 15% respectively). Another quarter of the 

variance was explained by grass species and recipient species (9% and 15% respectively). Dose 

explained 9% of the variance, meaning that only 7% of the variance in the dataset was 

unexplained at the observation (individual effect size) level. Phylogenetic signal from the tree-

linked random effects for either the allelopathy species or the recipient species explained < 1% 

of the variance. The Egger’s test and associated contoured funnel plot of the meta-analytic 

residuals did not indicate significant publication bias at the p=0.05 level (Appendix B- Figure 
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S2, y-intercept 95% CI [-0.03, 0.04]). Allelopathic impacts were not significantly related to 

publication year (Appendix B- Figure S3, y-intercept 95% CI [-0.32, 0.14], slope 95% CI [-

0.29, 0.28]). The full model was better than the intercept model by LOO and WAIC criteria 

(Appendix A- Table S1).  

Novel Weapons Hypothesis was supported by the full model (Table 1). For native 

recipients, non-native grasses on average were almost twice as suppressive (24%) as native 

grasses (13%). The predicted average effect size of native grasses on native recipients, was 

weakly significantly different from zero (-0.14, 95% CI [-0.29, 0.02], 90% CI [-0.26, -0.01], 

Figure 2.2). The predicted average effect size of non-native grasses on native recipients was 

significantly negative (-0.27, 95% CI [-0.44, -0.09], Figure 2.2). 

The Biotic Resistance Hypothesis was rejected by the full model, with weakly 

significant support for the alternative hypothesis, that native grasses have more negative effects 

on native recipients compared to non-native recipients, instead of vice versa (0.09, 90% CI 

[0.02, 0.16], Table 1). On average, native grasses suppressed native recipients 9% more 

compared to non-native recipients, opposite to expectations for the biotic resistance hypothesis 

(positive model coefficient, Table 1). The predicted average effect size of native grasses on 

non-native recipients was not significantly different from zero (-0.05, 95% CI [-0.22, 0.14], 

with the model finding a 66% predicted probability that the average would be negative (Figure 

2.3). 

The Phylogenetic Distance Hypothesis was supported by the full model (Table 1). 

There was a significant negative correlation between smoothed, log-scaled phylogenetic 

distance and effect size. The co-efficient of a smoothed variable cannot be interpreted directly 

as magnitude of change between intervals, but from model posteriors, the average allelopathic 

effect size for conspecific species pairs is closer to zero, compared to other species pairs with 

increasing phylogenetic distance (Figure 2.4).  

Discussion 

Support for the novel weapons hypothesis and phylogenetic distance hypothesis 

The novel weapons hypothesis (Callaway et al., 2008)(NWH) suggests that a lack of 

shared evolutionary history between non-native plants and native plants can result in 

allelochemical production by non-natives that has unusually large impacts on natives. We 

found that on a native recipient, non-native grasses are twice as suppressive as native grasses, 
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which supports NWH. Although non-native grasses may directly release allelochemicals that 

have large impacts on native plants, support for NWH can also be explained by novel microbial 

communities associated with non-native plants, which may produce novel allelochemicals that 

the existing soil microbial community (recruited by native plants), has not evolved the ability to 

degrade (Inderjit et al., 2011; Cipollini, Rigsby & Barto, 2012). The establishment of invasive 

plants is generally associated with modifications to the soil bacterial community (Torres et al., 

2021), which plays a key role in degrading allelochemicals. The identity of the microbe 

degrading allelochemicals may be significant if different microbes result in different by-

products, and stable by-products of allelochemical degradation can be toxic (Macías et al., 

2006, 2007; Jilani et al., 2008; Hickman et al., 2021).  

In some allelopathy studies, species are studied in a reciprocal design, where each 

species is examined as both a potential allelopathic and recipient species. The native grasses 

being studied may have been chosen based on their suspected susceptibility to the soil legacy of 

non-native grasses, thus resulting in an over-estimation of the impact of non-native grasses. In a 

reciprocal design, native grasses are tested as both an allelopathic and a recipient species. Only 

three studies used a native grass as both an allelopathy species and the recipient species of a 

non-native grass (Andropogon gerardi in Greer et al. 2014 and Harnden et al. 2011; Nassella 

pulchra in Chen et al. 2018), and these points comprise just over 7% of the dataset. In a post-

hoc analysis, we examined the predicted average allelopathic effect of native grasses 

Andropogon gerardi and Nasella pulchra on a native recipient species and found that the 

average for these grasses was more negative than the overall average (Figure 2.2), suggesting 

that these grasses do not bias the NWH result by being less allelopathic than other grasses. 

Alternatively, native grasses used in studies of allelopathy may have been selected as closely 

related analogs of invasive species (congeneric approach, Inderjit et al. 2008). This type of 

species selection may bias allelopathic impacts downward. Less than 1% of the data consisted 

of a species pair where two species were of the same genus (Eragrostis, Appendix B- Figure 

S4), but at the family level, 39% of the data consisted of Poaceae pairs. Like other analyses of 

the allelopathy literature (Zhang et al., 2020b), we found support for an increasing magnitude 

of allelopathic impact with increasing phylogenetic distance, but the predicted average effect 

size on the grass recipient species ranged from positive (ex. Agropyron cristatum) to negative 

(ex. Eragrostis bahiensis) (Appendix B- Figure S4), indicating a high degree of variation in the 
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overall statistical pattern of increasing allelopathic impacts with increasing phylogenetic 

distance. Finally, it is possible that native grasses used in allelopathic studies were chosen 

based on evidence of their own allelopathic abilities, against native or non-native species, seen 

in the field, which could result in under-estimation of the difference in impact compared to 

non-native grasses. Without knowing the intention of each author, it is not possible to 

determine how common this explanation may be, which highlights how unstated aspects of 

experimental design can influence our meta-analytic interpretation and understanding of 

important phenomena.  

Biotic resistance hypothesis 

The biotic resistance hypothesis (D’Antonio & Thomsen, 2004) suggests that native 

plants may have stronger impacts on growth and establishment of non-native plants than they 

do on other native plants. Although biotic resistance is generally discussed in the context of an 

entire native community, in native plant communities that are locally characterized by one or 

just a few dominant species (as is often observed in modern native grasslands), a single plant 

species may be the most important contributors of biotic resistance (Prober & Lunt, 2009; 

Bennett et al., 2014).  The weapons of a native grass would be naïve to a non-native recipient 

species, so the lack of support for the Biotic Resistance Hypothesis suggests that a difference in 

mechanism or magnitude of impact of weapons may be a separating feature between grasses 

that have seen significant range expansion (invasive grasses), and native grasses that have been 

studied for allelopathy in their native range. Observations of biotic resistance associated with 

some native grasses may result from other aspects of competition, such as being more resilient 

to stressors like drought (Conti et al., 2018). Additionally, it is possible that biotic resistance is 

reliant on soil characteristics, or the degree to which the native soil microbial community has 

avoided disturbance (disturbance hypothesis, Enders et al., 2020), which may be challenging to 

replicate in controlled experiments, and, potentially helping to explain the lack of evidence for 

the biotic resistance hypothesis in our study. Finally, the greatest chance of finding evidence for 

the biotic resistance hypothesis would be if the native species are dominants in their native 

communities. In general, we were not able to assess this, and therefore our study provides only 

a weak test of the biotic resistance hypothesis. 

Variance explained by experimental design 
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The experimental design variables that were included as random effects in the intercept model 

(study/sub-study/trait, method/duration, dose, species, and tree-linked species, Appendix B- 

Figure S4 – S9) accounted for over 90% of variance in delta LRR. We included more variables 

as random effects compared to other meta-analyses of the allelopathy literature (Zhang et al., 

2020b). The high level of explained variance may also be attributable to the choice of a 

Student’s t-distribution over a Gaussian distribution for error terms, or to use of non-linear over 

linear formulation. One source of potential bias for the intercept model could be the imputed 

values for dose, as dose explained 10% of the variance in delta LRR. The magnitude of 

explained variance highlights the strength of Bayesian meta-analyses for mixed-effect 

modeling of complex, non-linear ecological phenomenon that are highly context dependent.  

Allelopathy-informed restoration practices 

Based on our finding of support for NWH, in non-native grass-invaded areas, practices 

that account for the impact of allelochemicals may contribute to improved restoration success. 

Because the impact of allelopathy is dose-dependent, and the concentration of an 

allelochemical is influenced by soil characteristics and processes (Kobayashi, 2004), 

amendments and practices that alter these processes may result in an indirect effect on the 

overall allelopathic effect. For many years, activated carbon was used as a way of neutralizing 

or ameliorating allelochemical impacts in the field (Callaway, 2000), but recent research 

suggests that in addition to a direct impact on allelochemicals, activated carbon has a broader 

impact on plant-soil feedback via modifying soil characteristics (Lau et al., 2008) and shifting 

the microbial community (Shan et al., 2015; Nolan et al., 2015). This suggests that activated 

carbon amendments may be useful in disrupting any dis-advantage to native plants created by 

soil legacy effects caused by allelopathy and altered soil feedback more generally; however it 

should be noted that carbon amendments do not universally benefit native plants (Zhang et al., 

2020a), and that benefit from carbon amendments is better predicted by plant functional traits 

than native/invasive status (Knauf et al., 2021; Cole et al., 2021). Other options for field 

amendments to disrupt allelochemicals include re-conditioning the soil by growing another 

plant less susceptible to the allelochemicals (Li et al., 2017; Schütz et al., 2019); conducting a 

soil transplant from an area with a healthy native ecosystem or trying to reduce the 

concentration of allelochemicals with the addition of specific microbes via an inoculum 
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approach (Gong et al., 2018; He et al., 2020; Kheirabadi et al., 2020). Four allelopathy-

informed restoration practices are summarized in Figure 2.5. 

Some restoration projects in grass invaded areas have included native grasses based on 

their potential for resisting invasion through their functional traits (Funk et al., 2008) and/or 

limiting similarity (Hess et al., 2020), but we did not find support for the biotic resistance 

hypothesis in our analysis. Support for the phylogenetic distance hypothesis does contribute to 

evidence supporting the limiting similarity hypothesis, assuming that more closely related 

species will also share traits that have been evolutionarily conserved. There are, however, 

concerns about the utility and practicality of basing restoration efforts on the hypothesis that 

limiting similarity may lead to biotic resistance, due to the challenge of determining the 

necessary degree of similarity, and due to the specific conditions or amount of time needed for 

effects of limiting similarity to act (Hess et al., 2020).  

Research Needs for Improved Allelopathy-informed Restoration Practices 

 For some of the allelopathy-informed restoration practices, background knowledge is 

needed for the practice to be implemented successfully (Figure 2.5). These “knowledge needs” 

point to areas where there is an urgent need for additional research. Research on the ability of 

specific microbes to degrade allelochemicals can contribute to the use of microbial inoculum in 

restoration practices. There are commercial soil amendments that include specific microbes for 

improving plant growth, so research into these microbes may contribute to similar commercial 

products that can be specifically targeted towards grass-invaded areas. Research testing the 

ability of different plant species to “re-culture” grass-invaded soil is also needed, and 

researchers may want to prioritize testing common resilient native plants or domesticated crop 

species, as these species may be more accessible for use in the field. Finally, the continued use 

of activated carbon in a variety of contexts can contribute to an improved understanding of 

what contexts are appropriate for activated carbon amendments. The consideration and 

simulation of climate change on the efficacy of allelopathy-informed restoration practices is 

critical, as there is evidence that some climate events like drought can increase the potency of 

allelochemicals (Borbély & Dávid, 2008). In addition, innovative communication strategies are 

needed for research to have meaningful impact on restoration practices outside of academia. 

Platforms like the Restor Foundation’s RESTOR (restor.eco) have been developed during the 

UN’s Decade of Restoration (United Nations, 2020) with the aim of collecting relevant data, 
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but practitioners may still need to invest substantial time and effort to determine the most 

appropriate, financially feasible practice for their context. 

 

Conclusions 

The rise and fall of allelopathy as a trending research topic has left research gaps, but our 

findings supporting allelopathy as a potential mechanism that can help explain strong dominance 

and impact (including legacy effects) by invasive grasses. By highlighting evidence that invasive 

grasses may often produce allelochemicals, we hope to stimulate further research and promote 

consideration of allelochemical amelioration strategies after invasive grass removal, as a strategy 

for producing tangible improvements in conservation and restoration outcomes. It’s clear that in 

the UN Decade of Restoration, the stakes for restoration success are high, and when it comes to 

the broad impacts of invasive grasses worldwide, allelopathy research presents an important 

opportunity to make major headway. 
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Table 2.1. Estimated difference and 95% CI for each hypothesis. Negative differences were 

predicted a priori for each hypothesis test. 

 

 Estimate  95 LCI  95 UCI   

Novel Weapons Hypothesis  -0.14  -0.25  -0.03  *  

Biotic Resistance Hypothesis  0.09  -0.01  0.19   

Phylogenetic Distance Hypothesis  -0.22  -0.36  -0.07  *  
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Figure 2.1. PRISMA flowchart. 
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Figure 2.2. Test of the novel weapons hypothesis: Center, bean plot of distribution of predicted 

mean effect size with long line showing the average prediction, overlayed on strip-chart of 

distribution of predicted population. To each side, notched boxplot, overlayed with jittered 

points, showing distribution of observed effect sizes. Colors represent effect of native (green, 

right) and non-native (magenta, left) grasses on native recipients. Center-left, bean plot of 

predicted difference (light pink) between average effect of native grasses and average effect of 

non-native grasses on native recipients, with long line showing average predicted difference. 

Annotation “**” denotes significance at 95% CI level. 
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Figure 2.3. Test of the biotic resistance hypothesis: Center, bean plot of distribution of 

predicted mean effect size with long line showing the average prediction, overlayed on strip-

chart of distribution of predicted population. To each side, notched boxplot, overlayed with 

jittered points, showing distribution of observed effect sizes. Colors represent effect of native 

grasses on native (green, right) and non-native (light green, left) recipients. Center-left, bean plot 

of predicted difference (light pink) in average effect size of native grasses on native recipients 

compared to non-native recipients, with long line showing average predicted difference.  

Contrary to the hypotheses, natives had stronger impacts on natives than on non-natives. 

Annotation “**” denotes significance at 95% CI level. 
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Figure 2.4. Post-posterior predicted mean effect size (+ 95% CI) across phylogenetic distance 

(unitless, from distance matrix calculated using aptg package), overlayed with points 

representing observed effect sizes (pink) and point-ranges (in blue) representing mean + SE of 

observed effect sizes within y-axis bounds. Black numbers are average predicted change in effect 

size for that interval of phylogenetic distance. 
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Figure 2.5. Four allelopathy informed restoration practices (out planting, microbial inoculum, soil 

transplant and activated carbon), with a summary of their underlying mechanisms and what is 

required to utilize the practice effectively. 
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Appendix A- Supplementary Tables 

 

Table S1. LOO and WAIC comparison of full and intercept models. 

 

Model  LOO  WAIC  

m_full  0.000  0.000  

m_intercept  -4.665  -4.616  
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Appendix B- Supplementary Figures 

 

 

Figure S1. Power analysis graph based on number of studies used (23, n1 and n2=20). 

Heterogeneity was set to “high” and expected mean difference was set to 0.288 based on Zhang 

et al. (2020). Power was 86%. 
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Figure S2. Funnel plot of standard error and meta-analytic residuals from the intercept model 

with contour zones. The spread of the points suggests publication bias, although Egger’s test 

does not provide strong statistical support for publication bias (the y-intercept 95% confidence 

interval includes zero). Points outlie the funnel on both the negative and positive side. Some 

extreme outliers were excluded for clarity of visual. 
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Figure S3. Post-posterior predicted smoothed relationship between year published and 

allelopathic effect size with confidence intervals. Rug plot on x and y axis represent distribution 

of observed effect sizes. 
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Figure S4. Bean plot of distribution of observed effect sizes (light blue) and strip chart (black) of 

post-posterior predicted mean by study (consolidated across any substudies and trait measured). 

  



58 
 

 

Figure S5. Bean plot of distribution of observed effect sizes (light blue) and strip chart (black) of 

post-posterior predicted mean by trait (consolidated across studies). 
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Figure S6. Ridges plot of distribution of observed effect sizes (magenta) and predicted average 

effect size (blue) by method. Points represent observed effect sizes (red) and long line represents 

mean of observed effect sizes (red). 
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Figure S7. Ridges plot of distribution of observed effect sizes (magenta) and predicted average 

effect size (blue) by study duration (consolidated across methods). Points represent observed 

effect sizes (red) and long line represents mean of observed effect sizes (red). 
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Figure S8. Ridges plot of distribution of observed effect sizes (magenta) and predicted average 

effect size (blue) by dose (or imputed dose). Points represent observed effect sizes by reported 

dose (black) and imputed dose (red). Long line represents mean with imputed dose values (red) 

and with only reported dose values (black). 
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Figure S9. Balloon plot showing distribution of observed effect sizes by recipient species (x-

axis) and grass species (y-axis). Balloon size represents frequency of each species pair.  Triangle 

points represent the model predicted average effect size for each grass and recipient species. 

Color of balloons and triangles represents mean effect size. 
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CHAPTER 3 

UTILIZING THE SOIL MICROBIOME AND SOIL CHARACTERISTICS TO INFORM 

RESTORATION PRACTICES AND SUCCESS: A CASE STUDY OF MEGATHYRSUS 

GRASS INVASION IN HAWAI’I 
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Abstract 

Restoration projects are challenged when invasive grasses return after being controlled 

initially. We compared soil properties and the soil microbiome at a restored and grass-invaded 

site in Hawai’i and found differences in physical soil properties and microbiome 

communities; some key bacteria and fungi seem to be "hold outs" from pre-grass removal, 

even after native replanting. Soil legacy effects can affect restoration, and we suggest that 

increased attention to soil microbiomes can help inform and improve restoration strategies. 

Introduction 

Restoration of areas invaded by dense populations of non-native plants is one of the 

most pressing environmental issues of modern times (United Nations, 2020) . Non-native 

invasive plants can leave a soil legacy that negatively impacts the growth of restored native 

plants (Grman & Suding, 2010), and further examination of these resulting soil legacies is 

critical to consider in restoration, and where appropriate should be built into restoration goals, 

practices, and measures of success. Here, we demonstrate how incorporating belowground 

measures of the soil microbiome and soil characteristics can illuminate meaningful insights 

about the mechanisms and processes affecting restoration success. 

Megathyrsus maximus (Guinea grass) is a perennial African grass that has been 

deliberately introduced throughout the tropics as a pasture forage species (Soti & Thomas, 

2021), and is considered invasive throughout Hawaiʻi and the Pacific Island Region (US 

Forest Service, 2021), so the development of successful restoration practices following 

invasions by this grass has broad relevance to conservation. In Hawaiʻi, compared to native 

forest ecosystems, the rate of fire spread in invaded grasslands, such as those dominated by 

M. maximus, is up to 5 times faster (Ellsworth et al., 2014), making restoration particularly 

urgent. In abandoned or non-grazed areas of M. maximus on Oʻahu, restoration with grass 

removal alone or in combination with native seed supplementation have not been effective in 

restoring substantial native cover (Ammondt et al., 2013), which could be explained by many 

factors, including a potential soil legacy effect.  

Beyond Hawaiʻi, M. maximus pastures are associated with modification of soil 

characteristics, including increases in total N (Müller et al., 2004; Holland, Thomas & Soti, 

2022), which can contribute to or drive soil legacies. M. maximus is known to benefit from 
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nitrogen-fixers, with evidence supporting a positive correlation between inoculation with 

nitrogen fixing bacteria Azospirillum and dry mass yield (Leite et al., 2019). In Hawaiʻi, 

nitrogen-fixing bacteria and associated native and non-native plants have been identified as 

potentially contributing to plant-soil interactions that reduce native plant recruitment (Walker 

& Vitousek, 1991; Yelenik, D’Antonio & August-Schmidt, 2017) and improve conditions for 

non-native invaders (Allison & Vitousek, 2004).  

Case Study: Camp Palehua, Oʻahu 

To explore how the soil microbiome and soil characteristics can be integrated into 

restoration experiments, so as to help illuminate the mechanisms and processes affecting 

restoration success, we examine a case study at Camp Palehua located in south-west Oʻahu.  

The site has an annual precipitation of 925 mm (Giambelluca et al., 2013) and Grass 

Reference Surface potential evapotranspiration of 1437 mm (AI = .64)(Giambelluca et al., 

2014). The soil is a well-drained Oxisol from volcanic ash (Mahana silty clay loam) (Soil 

Survey Staff, 2014), and acidity and nutrient deficiencies have been identified as key issues 

that may impact plant communities (Andie Gill, personal communication). 

Two sites were compared for the purposes of examining differences in soil 

microbiome and soil characteristics that could provide insights into mechanisms that may 

promote or hinder restoration success. A restoration site at Camp Palehua was established in 

early 2020 through a collaboration with a non-profit community organization (Malama 

Learning Center) (Figure 3.1, “Restored Site”). Soil conditions at the restored site eighteen 

months post-restoration were compared to conditions at an actively grazed M. maximus area 

roughly 200m south-east of the restored Site (Figure 3.1, “Megathyrsus Site”). The two sites 

share the same soil classification, slope, elevation, climate conditions, and a multi-decade 

history of consistent cattle grazing use.  Grazing can have impacts on the soil microbial 

community (Wang et al., 2006; Devi, Yadava & Garkoti, 2014) and soil characteristics 

(Braunack & Walker, 1985; Berhe, 2019), which can persist even 100 years after cessation 

(i.e. soil legacy) (Fichtner et al., 2014). 

We hypothesized that the restored site would have different abiotic soil characteristics 

and a significantly different soil microbial community, compared to the Megathyrsus site. We 

hypothesized that microbial community diversity would be greater at the restored site 

compared to the Megathyrsus site (as indicated by greater PCA dispersion of within-site 
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community samples, as well as by greater mean Shannon Diversity Index and Simpson’s 

Diversity Index) because soil microbial diversity is expected to be correlated with plant 

community diversity (Masumoto et al., 2021), which was higher at the restored site. Finally, 

we hypothesized that the average abundance of nitrogenase enzyme complex would be higher 

at the Megathyrsus site due to a previously reported association between Megathyrsus and 

nitrogen fixing microbes (Leite et al., 2019). 

Methods 

Prior to restoration, grass culms were cut off close to the base, and then the base and 

root were removed using a pick (Mashuri Waite, personal communication). Native plants such 

as Acacia koa, Plumbago zeylanica, Sida fallax and Waltheria indica were planted in clusters 

across an area of roughly 0.10 hectares in January of 2020. A clustering strategy was utilized 

due to the significant regrowth of Megathyrsus maximus in a previous project where outplants 

were deliberately spaced. In a nearest-neighbor survey (Cottam & Curtis, 1956) of 15 

randomly generated points conducted on October 29th 2021, the nearest-neighbor estimate 

(Byth & Ripley, 1980; Krebs, 1999) was 5 plants per square meter and the average distance 

was 0.11 m. Each random point was within one of the plant clusters, and clusters were spaced 

around 3-5 m apart (Manya Singh, personal observation). The native outplants appeared to be 

growing at a decent pace given the age of the project, with most native tree/shrub species 

being at least 1 m tall, and most shrub/ground cover species being wider than 0.5 m at the 

widest point (personal observation, Manya Singh). Despite the relative success in maintaining 

a native community at the restored site 18 months post planting, the site required intensive 

weeding of Megathyrsus, meaning this practice cannot feasibly be scaled to larger areas 

without enormous labor inputs. Even with on-going weeding, Occasional Megathyrsus 

maximus individuals were present at the restoration site on the date of the nearest-neighbor 

survey (personal observation, Manya Singh). In contrast, at the M. maximus site, the M. 

maximus cover was 70%, with the remaining cover being bare ground (based on a survey of 

50 randomly generated points). No unaltered or un-managed native ecosystem was proximally 

available to compare with the restored and Megathyrsus sites.  

Soil descriptions and soil sample collection at the restored site and Megathyrsus site 

occurred on May 24th, 2021. Sampling points were randomly generated via ArcGIS. At the 
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restored site, the nearest plant species to each soil sampling point was noted. Samples were 

taken using a 2.5 cm diameter and 10 cm deep soil core. The probe was cleaned with a bleach 

wipe between samples. Basic soil descriptions were conducted in accordance with NRCS 

standards (Schoeneberger, Wysocki & Benham, 2012). 

Soil samples were homogenized but not pooled, and for each sample DNA was 

extracted from four, 0.25 g  replicates using the DNeasy PowerLyzer PowerSoil Kit as per 

manufacturer’s directions (Qiagen Inc, Valencia, CA). The presence of DNA was verified via 

DNA quantification, then prepared for Illumina Inc. (Hayward, CA) NextGen sequencing.      

Primers were generated by Illumina Inc for the V3-V4 region of the 16S rRNA gene (Yadav 

et al., 2021) and ITS region (Raja et al., 2017) were amplified by PCR to generate raw 

sequences for our analyses.  

The 16S sequences in fastq format were run through the general DADA2 workflow 

(Callahan et al., 2016). Then, IDTAXA from the “decipher” package (Wright, 2016) was 

utilized to assign taxonomy based on the SILVA database from 2019 (Quast et al., 2012; 

Yilmaz et al., 2014). The ITS1 sequences were also run through the DADA2 workflow. Then, 

IDTAXA from the “decipher” package was utilized to assign taxonomy based on the UNITE 

database from 2020 (Nilsson et al., 2018; Kõljalg et al., 2020). The “vegan” package 

(Oksanen et al., 2013) in R was used to generate diversity statistics and generate a Bray-Curtis 

dissimilarity matrix for principal coordinates analysis. Differences in centroid dispersion were 

tested using an ANOVA with the function betadisper, and each term was tested individually. 

Differences in centroid centers were tested using a PERMANOVA and the function adonis2. 

The “pheatmap” package (Kolde, 2019) was used to generate heatmaps to visualize 

community composition and determine clustering based on correlation between genera 

abundance. 

Additionally, qPCR was performed to quantify the nitrogenase enzyme complex in 12 

soil samples to compare the presence of nitrogen fixing bacteria in the restored site and 

Megathyrsus site. Ct. values were assessed for samples in which detectable amounts of 

amplicon product were generated during the early exponential phase of the reaction. 

Rhizobium was collected from the root nodules of sunn hemp (Crotalaria juncea, harvested 

from the garden at Leeward Community College, Pearl City, HI) to serve as a positive 

control. DNA was extracted from the sunn hemp plant nodules and the nifH gene (Gaby & 
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Buckley, 2012) of the nitrogenase enzyme complex was amplified via qPCR. PolF and PolR 

primers (Integrated DNA Technologies, Coralville, IA) were chosen based on efficiency and 

two duplicates were established in a dilution series from 139 to 0.08 ng of template DNA. An 

ANOVA followed by a Bonferroni paired t-test was used to test for significant differences in 

average nitrogenase enzyme complex abundance between sites. 

Results 

Soil Abiotic Characteristics 

The two sites differed in soil structure and color, but not in root or pore characteristics 

(Table 3.1). Soils from the two sites were similar in manner of failure (i.e,. response to 

increasing pressure on an aggregate), other than brittleness, where the Megathyrsus site was 

deformable (gradual response to pressure, also referred to as poor friability), while the 

restored site was brittle (sudden rupture, also referred to as “friable”) (Table 3.1). Brittle 

failure can indicate that the soil was generally drier, and therefore stronger (Baver, Gardner & 

Gardner, 1972), and in restoration, the associated increased penetration strength has been 

linked to poor root growth (Davies, Younger & Chapman, 1992). Deformable soil, on the 

other hand, has been linked to plants with roots that spread out through the surface layers of 

the soil (Gao et al., 2016). Additionally, soil structural characteristics, such as pedality, the 

structure of the soil into peds that can take on various forms including blocky or granular, can 

correlate to abiotic features like shrink-swell capacity (Carter, 2004). High shrink-swell 

capacity is an issue seen in some Hawaiian soils that can complicate the ability to successfully 

build structure and/or cultivate plants (Deenik & McClellan, 2007)) and may become more 

problematic as climate change contributes to increased variability in precipitation regimes 

(Frazier & Giambelluca, 2017; Pendergrass et al., 2017).  

Soil Fungal Community  

Fungal community composition differed significantly by site (Figure 3.2), nearest 

plant species (F(3, 36) = 23.606, P = 0.001, R² = 0.274), and sampling point (F(7, 36) = 12.942, P 

= 0.001, R² = 0.350). Site explained 24% of the variation in fungi composition, while nearest 

plant species explained 27%, and sampling point explained 35%. Fungal community across-

site diversity (i.e. dispersion of community samples) differed significantly by site (Figure 

3.2), and sampling point (F(11, 36) = 3.911, P = 0.0009), but not by nearest plant species (F(4, 43) 
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= 2.471 p > 0.05). Fungal diversity averaged higher in the restored site compared to the 

Megathyrsus site, based on both Shannon and Simpson’s Diversity (Figure 3.2). 

Abundant fungi genera appearing in more than one sample at the Megathyrsus site 

were Glomus, Leohumicola and Preussia, while abundant fungi genera at the restored site 

were Glomus, Coprinellus, and Fusarium (Figure 3.3). The remaining genera only appeared at 

one sampling point, but some appeared at very high relative abundance (Figure 3.3). 

Soil Bacterial Community 

 Bacteria community composition differed significantly by site (Figure 3.4), nearest 

plant species (F(3, 46) = 10.817, P = 0.001, R² = 0.126), and sampling point (F(7, 46) = 18.706, P 

= 0.001, R² = 0.509). Site explained 23% of the variation in bacteria composition, while 

nearest species explained 13%, and sampling point explained 51%. Bacteria community 

within-site diversity differed significantly by nearest plant species (F(4, 42) = 7.791, p < 0.01), 

but not by site (Figure 3.4) or sampling point (F(11, 35) = 0.597, p > 0.05). Bacterial diversity 

was higher in the restored site, compared to the Megathyrsus site, based on both Shannon and 

Simpson’s Diversity (Figure 3.5). 

Some of the most abundant bacteria genera (Xanthobacteraceae, 67-14, Candidatus 

Udaebacter) were present at similar levels at both sites (Figure 3.5). Some genera were only 

present at one site, such as Bacillus at the restored site, and Conexibacter at the Megathyrsus 

site. The average abundance of nitrogenase enzyme complex was significantly higher at the 

Megathyrsus site compared to the restored site (Figure 3.6). There were also significant 

differences based on nearest species (F(3, 75) = 21.885, p < 0.01) and sampling point (F(7, 75)= 

5.767, p < 0.01). 

Discussion 

 Differences in soil color suggest that the two sites differ in chemical composition 

(Torrent et al., 1983; Schwertmann, 1993; Shengli et al., 2001), which can contribute to the 

physical, structural characteristics of soil. Soil structure can influence water infiltration, with 

depth of infiltration tending to be increased in more structured soil (Flury et al., 1945), like 

that at the restored site. In silty clay loam, the growth of plants associated with arbuscular 

mycorrhizal fungi, such as Sida fallax and Waltheria indica (Koko, Swift & Hynson, 2021), 



70 
 

can improve soil aggregation (i.e., tendency to form larger peds like blocky peds, rather than 

smaller peds like granular peds) (Thomas et al., 1986), so the choice of outplanting species 

may explain or contribute to differences in soil structure. Poor friability (i.e., tendency to 

deform rather than crumble) at the Megathyrsus site is associated with high traffic areas and 

may be an indicator that the water-holding capacity of the soil is outside of the optimal range 

of water content (i.e., too low or too high) in a restoration context, meaning that an organic 

matter amendment may be useful (Munkholm, 2011).  

Support for our hypothesis of differences in abiotic soil characteristics suggests that 

the restoration practice at the restored site has led to critical improvements in the soil. 

Although it is possible that there were inherent differences between the two sites prior to 

restoration, the two sites have many similarities (soil Order, slope, history of grazing, and 

proximity), with the restoration treatment being the largest obvious difference between the 

two sites that could account for observed soil differences. The native aboveground growth can 

contribute to shifts in soil abiotic characteristics through differences in litter quality (Wiegner 

& Tubal, 2010) or degradability (Allison & Vitousek, 2004) and by influencing light 

availability which can impact the soil microbial community (Koorem et al., 2017; Neuenkamp 

et al., 2020). Other former pasture restoration projects have found significant changes in soil 

microbial community measures in short time frames, such as a significant increase in 

microbial enzyme activity after two years (D’Angioli et al., 2022). Pasture use in formerly dry 

forest regions is associated with significant losses in critical soil functions, but there are 

instances of restoration practices resulting in significant improvements in soil characteristics, 

which can then influence the soil microbial community (Ayala-Orozco et al., 2018; Pedrinho 

et al., 2019). 

The history of grazing may have impacted soil characteristics such as soil compaction 

(Hamza & Anderson, 2005), so another potential explanation for differences in soil 

characteristics would be the elimination of active grazing and/or the physical manipulation 

and disturbance of the soil that occurred at the restoration site during the planting stage. Soil 

compaction can influence root growth (Unger & Kaspar, 1994), so the disruption of 

compaction may provide some release to that effect, and root growth can influence physical 

soil structure (Angers & Caron, 1998). Root growth would also influence the availability and 
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impact of root exudates, which can influence nutrient cycling directly and indirectly via the 

soil microbial community (Coskun et al., 2017; Zhao et al., 2021; Wen et al., 2022).  

 Our hypothesis that the across-site diversity statistics in both bacterial and fungal 

communities would be higher at the restored site, compared to the Megathyrsus site, was 

supported, which is in line with research finding a positive correlation between microbial 

community diversity and plant community diversity (Hamonts et al., 2017). If we apply 

typical microbial community restoration goals retroactively to the original restoration 

practice, the results of our analysis would be evidence of restoration success. Another 

restoration goal could be to shift the composition of a specific functional group within the 

microbial community, such as nitrogen fixers. Bacillus, a nitrogen fixing bacteria, was 

detected solely at the restored site, while Conexibacter, another nitrogen fixing bacteria, was 

detected solely at the Megathyrsus site. The lower incidence of the nitrogenase enzyme 

complex in restored sites together with the sequencing data seem to suggest that the 

restoration modified the nitrogen-fixing functional group, with reduced nitrogenase activity, 

potentially supporting the success of native plants (Yelenik, D’Antonio & August-Schmidt, 

2017). 

 We were interested in whether the high abundance genera in the bacteria or fungi 

communities remain the same across the unrestored and restored sites, or whether differing 

key genera are present in relatively similar abundance across the two sites. In our study, high 

abundance genera shared across the two sites include bacterium Candidatus Udaeobacter and 

fungi Glomus, both of which have been associated with grazed grasslands (Fox et al., 2022). 

If these genera are holdovers contributing to soil legacy effects (e.g., Jordan et al., 2012; 

Pickett et al., 2019; Hannula et al., 2021), it is possible that they can contribute to or support 

the re-establishment of Megathyrsus, or prevent or limit the ability of native plants to recruit 

key microbes necessary to their own establishment and/or growth, which could lead, at least 

in part, to the continued need for weeding at the restored site.  

While the restoration practice that occurred at the restored site did not originally 

include any belowground restoration goals, this analysis demonstrates the importance and 

benefits of incorporating belowground restoration goals into restoration practices. Not only 

can belowground measures and goals improve our ability to assess the holistic nature of 

ecosystem restoration, but the measures used to assess belowground goals can illuminate 
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mechanisms that may contribute to invader re-emergence, allowing practitioners to improve 

upon restoration practices. With some commercial labs offering bacteria and fungi analyses at 

<US$200 per sample, microbial community analyses are becoming more accessible to 

practitioners. If such analyses are not within budget, insightful soil descriptions can still be 

made at little to no cost. Baseline belowground analyses, such as those presented here, can be 

usefully applied to help evaluate and facilitate restoration of large swaths of Megathrysus or 

other grass-invaded areas across the tropics (Perkins, Nimmo & Medeiros, 2012), and more 

generally, they may contribute insights any time a soil legacy effect of invasion is suspected.
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Table 3.1. Basic soil description of soil structure, color, roots, pores, brittleness, fluidity, and 

smeariness based on NRCS Field Book. 

 Megathyrsus Site Restored Site 

Soil structure Fine, granular Medium, blocky, angular 

Dry color 5 YR 3/ 6  7.5 YR 3/ 6  

Wet color 5 YR 2/ 4  7.5 YR 3/ 4  

Roots Many fine roots throughout 

Pores Many, fine dendritic tubular 

Brittleness Deformable Brittle 

Fluidity Non-fluid 

Smeariness Non-smeary 
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Figure 3.1. Map showing location of Restored Site (R) and Megathyrsus Site (M). Circular 

points (red and blue) indicate location of soil sampling for microbial community analysis. 

Upper right corner, the yellow point indicates the location of Camp Palehua on the island of 

Oʻahu. Lower left corner, overview images of each site, labeled R for Restored Site and M for 

Megathyrsus site.  
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Figure 3.2. Top, Bray-Curtis PCoA of fungal community by site. Point color denotes 

sampling point of each sub-sample, and point shape denotes the closest plant species at each 

sampling point. P1-P6 are samples from the restored site and P7-P12 are samples from the 

Megathyrsus site. Dispersion of samples (ANOVA, F(1, 46) = 23.865, P = 0.0001) and centroid 

location (PERMANOVA, F(1, 36) = 61.343, P = 0.001, R² = 0.237) differed between sites. 

Bottom, Shannon Diversity Index (F(1, 36) = 222.640, P < 0.001) and Simpson’s Diversity 

Index (F(1, 36) = 238.838, P = 0.00) by site. *** denotes significance at p < .01. 
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Figure 3.3. Heatmap of percent relative abundance of fungi genera. Each row represents one 

subsample, and grouped rows represent one sampling point. Left sidebar denotes site, with red 

indicating the sample was from the Megathyrsus site, and blue indicating the sample was from 

the Restored site. Right sidebar indicates nearest plant species and point number. * indicates 

unclassified genera within a family. 



84 
 

 

Figure 3.4. Top, Bray-Curtis PCoA of bacterial community by site. Point color denotes 

sampling point of each sub-sample, and point shape denotes the closest plant species at each 

sampling point. P1-P6 are samples from the restored site and P7-P12 are samples from the 

Megathyrsus site. Centroid location, but not sample dispersion, significantly differed between 

sites (PERMANOVA, F(1, 45) = 9.9789, P = 0.001, R² = 0.1815). Dispersion did differ, 

however, by closest plant species (ANOVA, F(4, 42) = 7.927, p < 0.001), as did centroid 

location (PERMANOVA, F(4, 42) = 4.7421, P = 0.001, R² = 0.311). Bottom, Shannon Diversity 

Index and Simpson’s Diversity Index by site. *** denotes significance at p < 0.01. 
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Figure 3.5. Heatmap of percent relative abundance of bacteria genera. Each row represents 

one subsample, and grouped rows represent one sampling point. Left sidebar denotes site, 

with red indicating the sample was from the Megathyrsus site, and blue indicating the sample 

was from the Restored site. Right sidebar indicates nearest plant species and point number. * 

indicates unclassified genera within a family. 
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Figure 3.6. Point-range (average and standard error) of normalized average abundance of 

nitrogenase enzyme complex by site. The difference between sites was significant (ANOVA, 

F(1, 75) = 60.146, p < 0.001; Bonferroni paired t-test, p < 0.001). 
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CHAPTER 4 

MEGATHYRSUS MAXIMUS SOIL MICROBIOME DRIVES BELOWGROUND 

COMPETITION WITH AN ENDEMIC HAWAIIAN SHRUB CHENOPODIUM OAHUENSE 
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Abstract 

 The invasive grass Megathyrsus maximus has a wide range of impacts across much of the 

tropics, including the Hawaiian Islands. Restoration of grass-invaded areas has faced challenges 

due to low native seed germination, suggesting, among other explanations, that there is 

potentially a soil legacy effect at play. We conducted a greenhouse plant-soil feedback (PSF) 

study, using a whole soil inoculum approach to determine the effect of the Megathyrsus soil 

microbial community on Megathyrsus as well as on the Hawaiian endemic dry forest shrub 

Chenopodium oahuense, a common choice for restoration projects in the Hawaiian Islands. We 

also employed a moderate drought treatment to test if PSF was impacted by water availability. 

We hypothesized that there would be positive con-specific and negative hetero-specific PSF, 

with PSF effects being enhanced by the presence of drought. We found evidence of positive con-

specific PSF (i.e., Megathyrsus inoculum on Megathyrsus growth) that increased belowground 

growth, suggesting the Megathyrsus maximus soil microbiome mediates belowground 

competition between Megathyrsus and native plants. In addition, we found that moderate drought 

interacted with the presence of the Megathyrsus soil microbiome to delay Chenopodium 

oahuense germination, suggesting that drought enhances negative PSF effects on the native, 

which can worsen the disadvantage that native plants face due to competition with the fast-

growing invasive grass. Delayed germination and reduced resource availability from increased 

Megathyrsus maximus root growth, imparted by the soil microbiome of Megathyrsus maximus, 

could have a negative impact on restoration projects that include Chenopodium oahuense; other 

native plants might be similarly disadvantaged by the Megathyrsus soil microbiome. 

 

Introduction 

Reciprocal interactions between the abiotic soil environment, soil microbial community 

and plant community, known as plant-soil feedbacks (PSF), can have positive, negative, or 

neutral impacts on measures of plant fitness, such as growth and germination (Bardgett & 

Wardle, 2010; Miller, Perron & Collins, 2019). Here, PSF refers to direct or individual PSFs 

(Kulmatiski et al., 2008), meaning that the soil was conditioned by a single plant species, and 

PSF is measured as the effect of that conditioned soil on the growth of the conditioning plant 

species or a competitor. There is evidence that PSF can contribute to the long-term impacts of 
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invasive plants, making restoration more challenging (Yelenik & D’Antonio, 2013); therefore, 

distinguishing the mechanism(s) responsible for negative PSF effects can improve interventions 

intended to mitigate their impact (Kama, Sun & Afzal, 2020). Some of the most prolific invasive 

plants are invasive grasses that have been deliberately introduced as pasture grasses (Fusco et al., 

2021; Rhodes et al., 2021; Rayment, French & Bedward, 2022). The impacts of these grasses 

include increasing wildfire intensity (Fusco et al., 2019, 2021; Kerns et al., 2020; Walker & 

Morgan, 2022), and threats to native ecosystems, home to at-risk endemic species, in places like 

Hawai’i (Goergen & Daehler, 2002; Cabin et al., 2002; Daehler & Goergen, 2005; D’Antonio, 

Hughes & Tunison, 2011; Ammondt et al., 2013; Kerns et al., 2020). Multi-dimensional PSF 

research has emerged as a pressing research need (Baxendale et al., 2014; Gundale & Kardol, 

2021), and in Hawai`i, incorporating the context of climate change in PSF research is important 

for projecting future impacts of PSF. Climate change is expected to increase the frequency or 

intensity of drought (Foster, 2001; Chu, Chen & Schroeder, 2010); however, below-ground 

ecosystem responses to drought have been understudied, with one review estimating that around 

¾ of the drought literature examines aboveground responses only (Vilonen, Ross & Smith, 

2022). 

Megathyrsus maximus, commonly known as Guinea grass, and previously known as 

Panicum maximum, is native to Africa, but has been widely introduced elsewhere as a pasture 

grass. It is known to be especially successful as an invader in tropical and warm temperate areas 

and is drought and fire resistant. In Megathyrsus maximus populations in Texas, there is evidence 

of positive con-specific feedback that reinforces invasion, although the mechanism requires 

further investigation (Bowman, Plowes & Gilbert, 2023). In Hawai`i, restoration efforts in areas 

invaded by Megathyrsus maximus have found that grass removal alone was not an effective 

restoration strategy (Ammondt et al., 2013), suggesting that there could be a soil legacy effect. 

Native seed additions in grass removal areas were largely unsuccessful (Ammondt et al., 2013), 

which could likewise suggest that a soil legacy was limiting germination of native species. On 

the other hand, past studies have shown that biomass of M. maximus increased in the presence of 

common native Hawaiian plants used in restoration (Ammondt & Litton, 2012), which implies 

that native plants could have a facilitating effect on grass growth.  

An invader’s competitive advantage due to direct competition may be less relevant to the 

early stages of a restoration project, where herbicide and mechanical removal of the grass 
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invader minimize competition from the invader. It is during such early life stages that soil legacy 

effects may be the most important for determining plant community trajectories. In this study, we 

focus on the potential for soil legacy effects by an invasive grass on a native plant, in the absence 

of direct competition with the invader. Soil legacy effects can influence early stages of a 

restoration project, which are critical to the long-term restoration success (Grman & Suding, 

2010; Middleton & Bever, 2012; Wolfsdorf et al., 2021). Our objective was to determine if the 

Megathyrsus maximus soil microbiome may have a negative effect on native plant germination 

and/or native plant growth, leading to a negative, heterospecific PSF. We also investigated if the 

Megathyrsus maximus soil microbiome had a positive effect on M. maximus seedling survival 

and/or growth, which would lead to a positive, conspecific PSF.  

The native plant used in this experiment was Chenopodium oahuense, an endemic shrub 

that is a common choice for restoration projects in Hawai`i (Daehler & Goergen, 2005; 

Ammondt et al., 2013; Medeiros, Allmen & Chimera, 2014; Ellsworth, Litton & Leary, 2015; 

Koko, Swift & Hynson, 2021). The growth of C. oahuense is known to be sensitive to nutrient 

availability (Cole et al., 2021), but previous studies have not characterized its potential response 

to soil microbiota, We hypothesized that Chenopodium oahuense would experience negative 

heterospecific PSF in response to Megathyrsus soil microbiota. Conversely, we hypothesized 

that Megathyrsus maximus would experience positive con-specific PSF when exposed to its own 

microbiota. We also hypothesized that drought would make negative heterospecific feedback 

more negative, and positive conspecific feedback more positive (Veresoglou et al., 2022). We 

tested for potential PSF on Megathyrsus maximus seedling survival, Chenopodium oahuense 

germination, days to germination, and seedling survival, as well as: aboveground biomass, 

belowground biomass, total biomass and root-to-shoot ratio of both species.  

Methods 

This PSF study used the ‘conditioned’ vs ‘control’ design, a modification of the ‘self’ vs 

‘other’ design (Brinkman et al., 2010), with the soil inoculum method. The inoculum method is 

ideal for isolating the impact of soil biota when the inoculum volume is less than 5% (Smith-

Ramesh & Reynolds, 2017).  

For simulating drought in our pot studies, we employed slow drying and re-wetting 

cycles (Turner, 2019), rather than abrupt irrigation discontinuation, which does not resemble 
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drying rates in typical ecosystems (Poorter et al., 2012). More gradual drought stress exposure 

allows species to display osmotic adjustment (Bartlett et al. 2014), rehydration capacity, and 

adjustments to photosynthetic yield (Harb et al., 2010; Trueba et al., 2019), all of which are 

critical to drought tolerance and competition dynamics in drought conditions. 

On October 2nd, 48 conetainers (3.8 cm diameter, 30 cm height) were filled with 90 g of 

Niu Brand Professional Blend Potting Soil (Niu Nursery, Honolulu, HI). The conetainers were 

thoroughly drenched daily for the next three days to break up soil surface tension. On October 9th 

2022, three of the drenched conetainers were each wetted with 100 mL of water, and allowed to 

drain for 24 hours before the volume of the drainage was measured. The average water 

absorption (100 ml – volume of drainage) was 17 ml, which we considered to be 100% pot 

capacity (PC). For the soil conditioning phase and the regular water condition of the growth 

phase, each pot received 15 ml (90% PC) every three to four days (i.e. infrequent deficit 

irrigation). In the drought water condition of the growth phase, each pot received 10 ml (60% 

PC) every three to four days. In the greenhouse, a 70% aluminet shade cloth was set-up to 

protect conetainers from direct sunlight and reflectance from south side of the greenhouse 

(Figure 1). Remaining sides were also partially shaded due to presence of a neighboring building 

and a storage area within the greenhouse. 

Megathyrsus maximus seedlings were collected from around the Campus Services 

Building at the University of Hawaii at Manoa, with care taken to extract seedlings with the roots 

intact. From all the seedlings collected, seedlings with no more than 2 leaves, and with a height 

less than 7.5 cm were selected. The root of each seedling was rinsed in water until no more soil 

particles were visible prior to planting each seedling in its own pot. Chenopodium oahuense was 

grown from seeds gifted by the Malama Learning Center nursery staff, sourced from plants on 

their property in Kapolei, Oahu. For each pot, approximately 10-15 Chenopodium oahuense 

seeds were added. Whether adding seeds or seedling, a blunt probe was used to create a 

depression in the center of the soil surface, a few mm deep, and the seeds or seedling were added 

into that depression, and then the probe was used to gently push soil back to lightly cover seeds 

or cover the root of the seedling. The probe was wiped with an unscented bleach wipe between 

use for each pot. 
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The three conetainers used to determine pot water holding capacity were set aside, and 

not used further in the conditioning phase. Megathyrsus maximus seedlings were added to the 

remaining 45 conetainers. Twenty-four Megathyrsus maximus individuals survived the five-week 

conditioning phase (October 10th-November 13th, 2022). At the end of the conditioning phase, 

the aboveground biomass was removed, and after emptying the contents of the conetainer into a 

paper bag, the belowground biomass was removed as well, leaving only the soil. On the same 

day, the growth phase conetainers were filled with either 86 g (inoculum conetainers) or 90 g 

(control conetainers) of Niu Brand Professional Blend Potting Soil and thoroughly drenched. A 

randomizer (RANDOM.org) was used to randomly assign inoculum from each of the surviving 

conditioning trial pot numbers (hereafter, inoculum IDs) to one growth phase pot for each 

species, (i.e., one Chenopodium pot, and one Megathrysus pot). From each inoculum pot, 4g of 

soil were transferred from the bag containing soil from the assigned inoculum ID and added on 

top of the commercial 86 g of soil.  

For the growth phase, we started with 12 trials per soil condition (inoculated or 

uninoculated soil) per growth species (Megathyrsus maximus, Chenopodium oahuense) per water 

condition (regular water/drought). On November 14th, growth species were added to each 

conetainer, the conetainers were thoroughly drenched, and then the conetainers were 

immediately transitioned to their assigned watering regime. The earliest germination in 

Chenopodium oahuense trials was recorded on December 12th. If more than one seed germinated 

in a pot, the second and any subsequent seedlings were thinned such that the oldest seedling 

remained. Due to a heat wave, all Megathyrsus maximus seedlings added on November 14th died, 

and were replaced on November 27th, and all but four conetainers (ID: 21, 40, 42, 59) were 

replaced for a final time on December 12th. Only one of those four individuals survived the full 

growth period (ID: 42), and this individual was excluded from biomass-based analyses. In 

January 2023, any Chenopodium oahuense seedlings that had to be thinned from conetainers 

with existing seedlings were lightly rinsed in water and placed into conetainers without 

germinants to increase replicates in the drought condition. Transferred seedlings were excluded 

in statistical analysis of germination rates and time to germination. Ultimately, the drought 

condition did not have sufficient surviving replicates for biomass analysis, so transferred 

seedlings did not impact any biomass-based analyses. After 7 weeks, each pot was assessed for 

presence of absence of germination and seedlings were harvested, with the last pot harvested 
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occurring on March 6th 2023. Seedling biomass was then dried for 24 hrs at 50 C. Aboveground 

and belowground dry mass measurements were recorded for each trial.  

A logistic regression was used to test the predictive power of soil condition and water 

condition on Megathyrsus maximus survival rate and Chenopodium oahuense germination rate 

and survival rate, using the “binomial” family in the glm function (R Development Core Team, 

2022). A linear regression was also used to examine effects of soil and water condition on days 

to germinate for Chenopodium oahuense, using “glm.nb” from the MASS package (Ripley et al., 

2013). For all non-biomass models, we tested soil condition, water condition, and the interaction 

of the two, as predictors. The anova function using the “Chisq” test and the “drop1” function was 

utilized to test the significance of each predictor, and the emmeans package (Lenth et al., 2019) 

was utilized to determine confidence intervals and treatment pair comparison ratios or log-odd 

ratios based on the models. 

To calculate PSF effects on biomass, we paired inoculated and uninoculated conetainers 

within the same growth species and water condition, pairing each uninoculated conetainer to the 

inoculated conetainer directly adjacent or directly diagonal on the greenhouse bench (Figure S1). 

We used the pairwise comparison formula from Kulmatiski et al. 2016 (Formula 1), rather than 

condition averages, which can lead to inflated type 1 errors (Brinkman et al., 2010).  

Formula 1:  

PSF = (Trial_inoculated-Trial_uninoculated)/[max(Trial_inoculated,Trial_uninoculated)] 

In Formula 1, PSF is assessed from paired trials of species grown in the inoculated condition and 

same species grown in uninoculated condition, in the same water condition. Negative values 

represent depressed biomass production in the presence of inoculum, while positive values 

represent increased biomass production in the presence of inoculum.  

PSF was calculated for aboveground biomass, belowground biomass, total biomass and 

root-to-shoot ratio. Finally, for each PSF measure, we used a mixed effect, generalized Gaussian 

linear model, with fixed effects growth species and water condition, and random effect inoculum 

ID, to account for non-independence in conetainers that shared an inoculum source. If the sample 

size for drought trials was insufficient (n < 5), we ran the mixed-effects linear model on the 

regular water trials only and removed water condition as a fixed effect. We utilized “glht” with 
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the “holm” adjustment from the multcomp package (Hothorn, Bretz & Westfall, 2008) to test the 

hypothesis that for aboveground, belowground and total growth, PSF was greater, or more 

positive in Megathyrsus, compared to Chenopodium. We also used “glht” to test the hypothesis 

that, for aboveground, belowground, and total growth feedback, Megathyrsus maxmius would 

have positive feedback (i.e., greater than 0) and Chenopodium oahuense would have negative 

feedback (i.e., less than 0). For the root-to-shoot ratio, the alternative hypothesis remained two-

sided for all tests. The DHARMa package was used for model diagnostics (Hartig, 2020).  

Results 

Plant-soil feedback effects on germination and survival 

 Neither soil condition, nor water condition were significant predictors of Megathyrsus 

survival (P > 0.1, Figure 2D). There were also no significant differences between any of the 

groups (uninoculated soil-regular water, uninoculated soil-drought, inoculated soil-regular water, 

inoculated soil-drought). In contrast, water condition was a significant predictor of Chenopodium 

germination (ANOVA, P = 0.02, “drop1” P = 0.03). The difference in germination between 

drought and regular water conetainers in the uninoculated soil condition was significant (P = 

0.045, log-odds ratio 1.95, 95% CI [0.04, 3.85]). The average germination rate in regular 

uninoculated conetainers was 83% (95% CI [52%. 96%], Figure 2A) while the average 

germination rate in drought uninoculated conetainers was 42% (95% CI [19%, 69%], Figure 2A). 

The interaction between soil and water condition was not significant (P > 0.05).  

 For the time to germination, the interaction between soil condition and water condition 

was significant (ANOVA, P = 0.01, “drop1”, P = 0.01). In uninoculated soil, there was no 

difference between regular water and drought conditions in time to Chenopodium germination 

(mean = 41 days versus 38 days, respectively, P = 0.45 Figure 2C). However, in inoculated soil 

with drought conditions, Chenopodium time to germination was delayed, relative inoculated soil 

with regular water conditions (52 days versus 41 days respectively, P = 0.01, Figure 2C). Thus, 

the significant interaction term indicated that, while drought alone or inoculum alone did not 

delay germination, the drought and inoculum combined delayed germination significantly, 

compared to all other groups (uninoculated soil-regular, uninoculated soil-drought, inoculated 

soil-regular), with the delay ranging from 11 to 14 days. The interaction term had to be dropped 

from the Chenopodium survival model due to model fitting issues (standard error over 2000 for 
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some predictors), but Chenopodium survival did not differ among inoculation and water 

treatments (P > 0.05, Figure 2B). Survival in the regular water condition was 84% and 92% in 

the uninoculated and inoculated conditions, respectively, and survival in the drought water 

condition was 55% and 72%, respectively. 

Plant-soil feedback effects on growth 

Due to low sample size in the drought condition (n = 3 Chenopodium pairs, n= 3 

Megathyrsus pairs), we did not test for any effect of drought condition on biomass PSF. The 

average PSF valude for Chenopodium growth was –0.05, and the probability that the population 

average feedback value Chenopodium oahuense growth would be negative was 71% for 

belowground growth and 75% for total growth. The difference in average feedback value 

between Chenopodium oahuense and Megathyrsus maxmius was significantly greater than zero 

for belowground and total biomass (p = 0.047, p = 0.03, respectively, Figure 3). The presence of 

the Megathyrsus maximus microbiome improved belowground/total growth 20% more in 

Megathyrsus maxmius, compared to Chenopodium oahuense (belowground PSF = 0.20, one-

sided hypothesis, 95% lower bound 0.003; total biomass PSF = 0.20, one-sided hypothesis, 95% 

lower bound 0.03). The average feedback value for belowground Megathyrsus maximus growth 

was significantly greater than 0 (0.16, one-sided hypothesis, 95% lower bound 0.01). 

Additionally, the average feedback value for total Megathyrsus maximus growth was 

significantly greater than 0 (0.15, one-sided hypothesis 95% lower bound 0.03). 

Discussion 

Phenological Mismatch: Delayed Germination of the Native with Drought and Megathyrsus Soil 

Inoculum  

 For the endemic shrub Chenopodium oahuense, we found no evidence of a difference in 

germination or survival between uninoculated and inoculated condition treatments, indicating 

lack of a PSF on germination or survival. However, as expected, regular water improved 

germination compared to drought, and this effect was consistent across soil conditions. Time to 

germination in drought uninoculated, well-watered uninoculated, and well-watered inoculated 

treatments was 27%, 22% and 21% faster, respectively, compared to germination in the drought 

and inoculated treatment (Figure 2C). This suggests that the negative impact of the Megathyrsus 
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maximus soil microbial community on Chenopodium oahuense germination becomes important 

under drought stress, resulting in delayed germination. 

Delayed germination by C. oahuense could have implications for establishment and 

persistence of C. oahuense. There is evidence that species invading outside of their native range 

often exhibit less delayed germination compared to native species in their native range under 

drought or reduced water availability (Young et al., 2015; Funk, Hoffacker & Matzek, 2015). 

Germination timing is a key factor affecting the outcome of interspecific competition (Gioria, 

Pyšek & Osborne, 2018), especially in the case of Megathyrsus maximus, which quickly builds 

up a large seed bank (Soti & Thomas, 2021) and is known to outcompete native Hawaiian 

species for light very quickly (Ammondt & Litton, 2012). There is evidence that shifting 

lifecycle timelines and inter-species competition for light can influence resource allocation 

strategies as time goes on (Heberling et al., 2019). Ultimately, delayed germination may further 

contribute to the already significant disadvantages that Chenopodium oahuense faces in 

Megathyrsus maximus invaded areas. 

Belowground Competition and the Soil Microbiome: Conspecific PSF is significantly more 

positive than Heterospecific PSF 

 We found that inoculation of soil with the Megathyrsus soil microbiome resulted in 

significantly more positive feedback for conspecific individuals compared to heterospecific 

individuals (15% vs -5%, respectively). The average feedback of Megathyrsus inoculum for 

belowground and total growth of Megathyrsus maximus was 15% (i.e., 15% greater growth in 

the presence of inoculum compared to without inoculum), and the model predicted that the 

probability that the population average feedback value for total growth of Chenopodium 

oahuense would be negative was over 70%, indicating that PSF on C. oahuense is most likely 

negative or near neutral. Our finding of positive con-specific feedback agrees with evidence of 

positive con-specific feedback in other parts of Megathyrsus maximus’ non-native range 

(Bowman, Plowes & Gilbert, 2023). Our finding of positive feedback specifically for 

belowground biomass could be related to specific bacteria commonly found in pastures which 

have been found to improve root development and biomass in M. maximus (Argumedo-Delira, 

Gómez-Martínez & Mora-Delgado, 2022).   
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Here, the evidence suggests that the M. maximus soil microbiome may have a key role in 

mediating belowground competition for space and resources by increasing con-specific growth, 

while potentially suppressing heterospecific growth. Root biomass contributes to an individual’s 

soil resource acquisition zone (Casper & Jackson, 1997; Craine & Dybzinski, 2013), meaning 

that increased root growth in Megathyrsus maxmius in the presence of its own microbiome limits 

the space in which any other individuals, native or non-native, can develop a resource acquisition 

zone sufficient to support nutrient requirements. Many Megathyrsus maxmius invaded areas 

already have degraded soils with limited nutrient availability related to grazing, soil erosion or 

other past land use, like sugarcane. If the M. maximus microbiome contributes to further limiting 

the resource acquisition zone of other species, this could be a significant obstacle in successful 

restoration, or even conversion to any other plant community more generally.  

Our findings of PSF should be followed up by field experiments, since results of 

greenhouse experiments aren’t always consistent with field studies (Hemrová, Knappová & 

Münzbergová, 2016; van der Putten et al., 2016; Schittko et al., 2016; Forero et al., 2019), 

potentially because  soil conditions, such as nutrient availability can impact strength and 

direction of plant-soil feedback (Revillini, Gehring & Johnson, 2016; in ’t Zandt et al., 2019). 

Field studies will be substantially more challenging, due to difficulties estimating root biomass 

and manipulating soil in the field.  One experimental approach that could be attempted in a field 

setting is to neutralize or modify the M. maximus soil microbiome by adding activated carbon to 

field soils (Wurst, Vender & Rillig, 2010). Additionally, the experiment could be expanded 

within the greenhouse by incorporating competition between native plants and Megathyrsus 

maximus at various densities and life stages. 

Implications for Restoration in Hawai`i  

To mitigate the positive impact of the Megathyrsus maximus microbiome on M. maximus 

growth, further research is needed to establish more specific mechanisms of impact, and to 

determine and test methods of suppressing soil microbiomes. Activated carbon, which was 

formerly used to test for allelopathic effects, has a suppressive impact on the soil microbial 

community (Wurst, Vender & Rillig, 2010; Kulmatiski, 2011; Shan et al., 2015), but can be 

costly to use (Kulmatiski & Beard, 2006). Another option could include finding other plant 

species that are effective at “re-conditioning” the soil (Brinkman et al., 2017) to recruit a soil 
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microbiome that is more favorable to native Hawaiian plants and less favorable to Megathyrsus. 

Finally, use of soil transplants (Benetková et al., 2020), or a soil inoculum (Wolfsdorf et al., 

2021), either from existing native plant communities, or artificially developed in controlled 

environments, may be a less expensive option in terms of material costs, but would require an 

investment of time and resources into the necessary research. 

Conclusion  

The soil microbiome of invasive grasses, like Megathyrsus maximus, may influence 

competitive outcomes by shifting belowground competition in favor of the grass, by imparting 

positive con-specific feedback and negative hetero-specific feedback towards native plants. In 

addition, we found that the soil microbiome can interact with moderate drought to delay a native 

plant’s germination, which can worsen some of the disadvantages that native plants already face 

against fast-growing, high seed producing, non-native grasses. Restoration is constrained by the 

limits of time and resources, and failed restoration projects can reduce public support for 

allocating more resources towards future restoration. Improving restoration practices in grass-

invaded areas by investigating potential mechanisms of PSF can have a benefical impact on the 

trajectory of restoration science and outcomes for the next decade.  
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Table 1. Mean (+/- se) mass (g) by growth species and soil condition. 
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Figure 1.  Photo taken at the start of the experiment, showing how the aluminet cloth shaded the 

conetainers (aluminet also covered the top of the table, not shown in photo). 
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Figure 2. Average and 95% CI for non-biomass measures, by soil condition (y-axis) and water 

condition (point range color). Red point ranges represent drought (60% PC), while black point 

ranges represent regular (90% PC). “**” indicates significance at the p < 0.05 level. 
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Figure 3. Distribution of observed belowground (left) and total (right) biomass feedback values 

as violin plot (gray) by growth species (x-axis), with point-range indicating mean and 95% CI. P 

value above bracket represents coefficient significance from hypothesis testing for difference 

between growth species. P value just above x-axis represents significant difference of predicted 

average of each growth species from 0. 
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Appendix C- Supplementary Figures 

 

Figure S1. Image depicting how individuals were paired to generate feedback values for the 

biomass-based analyses. 
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CHAPTER 5 

ACTIVATED CARBON AND RAKING DISRUPT BELOWGROUND SOIL LEGACY OF 

MEGATHYRSUS MAXIMUS TO IMPROVE GROWTH OF NATIVE HAWAIIAN 

OUTPLANTINGS 
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Abstract 

 Megathyrsus maximus is a pasture grass that has had wide-spread invasive success, 

including in Hawai’i. Here, we conducted an experimental restoration, incorporating activated 

carbon (AC) and sewage-sludge based biochar (BC) into an active outplanting restoration site. In 

addition to monitoring outplant survival and growth, we monitored total C and N, plant-available 

inorganic nutrients, infiltration rate, and the soil microbial community, taking measurements and 

soil samples six months and one year after initiating the restoration. We found that the height of 

Dodonaea viscosa increased by 8% with the application of AC at 0.5 kg/m². In addition, we 

found that, for the soil fungi community, AC was associated with reduced community dispersion 

based on Bray-Curtis Dissimilarity, reduced abundance of three fungi genera, and lower Shannon 

Diversity Index compared to that in control plots, based on a community-level physiological 

profile of carbon preferences of the soil bacteria community. Observed changes in the soil 

microbial community, specifically in terms of carbon preferences and degradation, may explain 

the improvement in Dodonaea viscosa growth. Activated carbon in the fine granular form 

applied here is expensive, and we discuss options for more cost-effective approaches to utilizing 

AC in restoration. In addition to the benefit of AC, we found that raking was associated with an 

improvement in the width of Plumbago zeylanica, by 24%. Future research could focus on 

suppression of the soil microbial community and disruption of soil compaction, to mitigate the 

effects of the Megathyrsus maximus soil legacy on native Hawaiian plants, which may contribute 

to increases in restoration success.  

Introduction 

In the last decade, there has been an effort to connect aboveground-belowground biotic 

interactions, including plant-soil feedback, to restoration theory and practices (Kardol & Wardle, 

2010; Farrell et al., 2020). Plants can play a significant role in influencing C, N, P (Rumpel & 

Chabbi, 2019) and Si (Yang & Zhang, 2018; Schaller et al., 2021) cycling. The majority of plant 

dry biomass is made up of C, N and P biomass (Rumpel & Chabbi, 2019) and there is evidence 

that Si addition can improve plant productivity (Xu 2020). Exotic invasive plants may be 

associated with a soil legacy that negatively impacts the growth of native plants, which is why 

priority effects, and resulting soil legacies are critical to consider in restoration (Grman & 

Suding, 2010). Soil legacies can also contribute to instances of secondary invasion, which can 



113 
 

then disrupt restoration efforts and increase the spread of additional invasive species (Pearson et 

al., 2016). Invasive plants that have been investigated for microbial community impact were 

often found to modify soil characteristics and microbial community structure (30-40% of cases 

studied) (Dawkins et al., 2022), which together may be driving negative feedback on native 

plants. Recent research has focused on the goal of reducing the competitive advantage of 

invasive plants, including potential advantages associated with the soil microbial community, 

including mycorrhizae (Shahrtash & Brown, 2021), and decades of research has established the 

importance of mycorrhizae in restoration more generally (Smith, Charvat & Jacobson, 1998; 

Allen, 2009; Liu et al., 2019).  Further research is required to establish the potential roles of soil 

microbial communities in failed and successful plant restoration (Farrell et al., 2020).  

Isolating the role of soil microbial communities in the field is challenging, but one 

emerging method involves adding activated carbon (AC) to the soil and tracking the impacts on 

both the soil microbes and plants growing in the treated area. Activated carbon can be made from 

a variety of sources and is designed to be used to decontaminate gasses or liquids by increasing 

surface area available for chemical reactions (Hagemann et al., 2018). Activation is achieved 

through chemical reactions involving ZnCl2, KOH, and H3PO4 or physical processes like 

exposure to steam (Hagemann et al., 2018). Activated carbon has commonly been used to 

suppress potential allelopathic activity, but studies have shown that it may also impact microbial 

communities directly (Nolan et al., 2015). Activated carbon can significantly reduce microbial 

biomass (Shan et al., 2015) and microbial abundance (Kulmatiski, 2011; Que et al., 2019). More 

specifically, AC addition was associated with decreases in bacterial community diversity through 

suppression of existing soil bacteria (Liu et al., 2018a; Que et al., 2019), and in some instances, 

recruitment of new dominant soil bacteria (Liu et al., 2018a), although these effects may be dose-

specific (Que et al., 2019). In addition, AC addition has been associated with decreased 

abundance of mycorrhizae (Weißhuhn & Prati, 2009). 

In addition to direct impacts on the microbial community, AC can affect general soil 

chemistry, which further impacts microbial communities (Lau et al., 2008; Weißhuhn & Prati, 

2009; Wurst, Vender & Rillig, 2010). Activated carbon can increase soil pH, nitrate, K, and Fe, 

and conversely can decrease ammonium, Ca, Mg, Zn, and Mn (Lau et al., 2008). In some 

instances, AC addition was associated with increases in plant-available P (Weißhuhn & Prati, 

2009). Use of carbon amendments (AC or BC) to modify resource availability is especially 
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relevant in PSF research, as nutrient availability can impact the magnitude and direction of 

feedback in invasion contexts (Klinerová & Dostál, 2020; Wang et al., 2020). Activated carbon 

added to soils has facilitated successful plant restoration, leading to increases in native cover in a 

variety of contexts (Kulmatiski, 2011; Nolan et al., 2015).  

Activated carbon falls under the umbrella of pyrogenic carbonaceous material, along with 

the term “biochar.” Biochar is produced from renewable/sustainable sources, and when used in 

non-agricultural contexts, can be used for the goal of carbon sequestration. In contrast, AC can 

be produced from fossils, waste, or renewable/sustainable sources, and is specific to chemical or 

physical processes of activation to maximize surface area, with physical activation being 

distinguished from general pyrolysis by the involvement of oxidative gases (Hagemann et al., 

2018). If used in a project where carbon sequestration is a goal, a coconut shell-based AC 

amendment would also be considered an activated biochar, while a sewage-sludge based 

commercial fertilizer would be considered biochar but not activated carbon because it was heat-

dried, and not chemically or physically activated. Biochar has been used to mitigate the 

allelopathic impact of two common tropical invaders, Psidium cattleianum and Cymbopogon 

flexuosa (Sujeeun & Thomas, 2017, 2022). Priming effects, which examine the impact of the 

addition of an organic amendment that modifies available carbon via microbial activity, have 

been observed with BC additions to soil and can be associated with modifications to functional 

diversity within a microbial community (Blagodatskaya & Kuzyakov, 2008).  

Megathyrsus maximus grass invasions and impacts 

Past restoration efforts in areas invaded by Megathyrsus maximus have found that grass 

removal alone was not an effective restoration strategy (Ammondt et al., 2013), suggesting that 

there could be a soil legacy effect left by M. maximus. Soil volumetric measurements showed 

that areas invaded by M. maximus were significantly drier than restoration areas (Ammondt et 

al., 2013). Analysis of photosynthetic rates suggests that M. maximus goes through dormancy in 

Hawai’i as on average, temperatures increase and precipitation decreases starting in August 

(Ammondt et al., 2013). Native seed additions following M. maximus removal were largely 

unsuccessful, which could suggest that the microbial community may be limiting germination of 

native species (Ammondt et al., 2013). Here, we hypothesize that AC will improve measures of 

restoration success, such as survival and growth of native outplantings. We hypothesize that, in 

accordance with previous studies, AC will have a suppressive impact on the soil microbial 
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community diversity and composition. Further, we hypothesize that the suppressive impact will 

allow native outplantings to establish and recruit new members to the soil microbial community, 

which we will test for using representative native species that have been commonly used in 

restoration. Finally, we hypothesize that AC will significantly improve field infiltration rate and 

soil organic carbon, while increasing plant-available nutrients. We applied AC (12x40 Coconut 

Shell Activated Carbon, Carbon Bulk Sales, Irvine, CA) independently as a soil amendment, and 

in combination with a locally sourced, sewage sludge based BC (Granulite® by Synargo®, Sand 

Island Wastewater Treatment Plant, Honolulu, HI) to test if similar results can be achieved at 

lower cost, by using half the amount of AC in combination with a BC fertilizer (i.e., fertilizer 

that meets criteria to be considered BC). 

Methods 

Restoration Site Description 

The restoration site at Camp Palehua, Oahu qualifies as a dryland (Aridity Index, or AI < 

0.65), with an annual precipitation of 925 mm (Giambelluca et al., 2013) and Grass Reference 

Surface potential evapotranspiration of 1437 mm (Giambelluca et al., 2014). The soil is 

classified as Mahana silty clay loam, and past analyses have identified acidity and nutrient 

deficiencies (C, Ca, K, organic matter) as key issues that may impact plant communities (Andie 

Gill, personal communication). Most of the property consists of abandoned or active pastures of 

Megathyrsus maximus, which was likely deliberately planted to support cattle (Texas 

Longhorns), which are active in areas surrounding the fenced restoration area. The Restoration 

Site is up slope from the main Camp Palehua property, is generally steep (6-12%), and is 

bordered on the north-west end by a section of the property that has a significant presence of 

Eucalyptus trees. While the restoration site is fenced-in, the belowground impacts of prior cattle 

grazing, including decreasing water infiltration rate (Franzluebbers & Stuedemann, 2008), total 

and macroporosity, and air permeability (Drewry & Paton, 2005), increasing soil erosion (Berhe, 

2019), compaction, surface hardness (Braunack & Walker, 1985), bulk density (Drewry & Paton, 

2005), and microbial biomass C, N and P (Clegg, 2006; Wang et al., 2006; Devi, Yadava & 

Garkoti, 2014) and shifting microbial community composition and abundance (Clegg, 2006; 

Wang et al., 2006; Fichtner et al., 2014), can be significant even 100 years after the cessation of 

the practice (i.e. soil legacy) (Fichtner et al., 2014). The site has been fenced-in for many years, 
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but cattle were able to frequently ingress, until the fences were improved in the last five to ten 

years (Mashuri Waite, personal communication). In 2019, a native tree restoration project 

focused on establishing over 100 native trees was conducted in the general vicinity of the site, 

however outplantings experienced very high mortality (Mashuri Waite, personal 

communication). The general goals of the land manager at the site were to restore native 

vegetation, to improve soil quality, to improve water infiltration to reduce run-off and erosion, 

and to improve carbon sequestration. 

Experimental design and treatments 

After partnering restoration practitioners (Mashuri Waite, Gill Ewa Lands) conducted 

grass removal and herbicide treatments, thirty 4 m2 plots were established at the Restoration Site, 

with six plots randomly assigned to each of five treatments (control, raking only, AC, BC, 

combination AC and BC) (Figure 1). The control condition was the standard restoration practice 

that the land manager has been using at the site, including in the previous unsuccessful 

restoration planting, as follows: outplanting, followed by periodic irrigation, weeding, and 

thatching from dead Megathyrsus maximus biomass in between rows of outplantings. Irrigation, 

hand weeding, and re-application of thatching was done weekly for the first four months, then 

monthly for the following eight months. Hand weeding during restoration has been 

recommended when weeds are easy to remove (Humphries & Florentine, 2021) and when no or 

light competition between native and invasive plants is the target condition (O’Dwyer & Attiwill, 

2000). Hand weeding has been used successfully to establish native plant communities in areas 

formerly invaded by perennial grasses (Bourdôt & Saville, 2019). Plots were arranged in blocks 

of three rows at roughly the same elevation, hereafter referred to as rows. Three rows (blocks) 

were arranged on each side of a natural gully-like depression resulting from erosion, with the 

side closer to the road referred to as the “road side” and the side further from the road referred to 

as the “mountain side.” The rows were referred to as row 1,2, and 3, with the numbering starting 

at the row with the lowest elevation (Figure 1). 

Unlike AC, the BC is a slow-release organic matter fertilizer made from local sewage 

that the land manager was interested in testing to see if the nutrient-poor quality of the soil could 

be remedied. The combination treatment used half strength of AC and BC (0.25 kg/m² each) 

compared to AC or BC alone plots (0.5 kg/m²). On February 6th, 2022, soil amendments were 
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added to the designated plots and lightly raked into soil surface. The raking only condition 

allowed us to distinguish between the impact of any soil amendment (which included raking) and 

the impact of the disturbance associated with raking used to blend soil amendments with soil. 

Dodonaea viscosa grown from seeds and Plumbago zeylanica grown from cuttings were 

purchased from Malama Learning Center (Kapolei, Oahu) for outplanting. These plants were 

started in pots at the same time, using the same potting mix base, such that within each species, 

outplants were roughly of the same height, with minimal width at the widest point. For each 

species, outplants were started in containers of the same size, such that the volume of potting mix 

and space for root growth were consistent. Due to the slope of the site, outplants were planted in 

a cup-like depression created by compressing backfilled soil around the stem to a depth ~ 1 cm 

below the surrounding soil, to improve water availability for each plant. At the time of 

outplanting, all outplants were less than 5 cm tall as measured from the soil surface (Figure 1C). 

In each plot, we marked five rows in 0.5 m intervals starting from the bottom boundary and 

ending with the top boundary, and four columns in 0.5 m intervals starting from the right 

boundary. Not counting the corner positions on the right boundary, that created 18 planting 

points, each separated from any other outplant by 0.5 m in any direction. Plots were immediately 

next to each other, so the six plots on the right most edge had 21 planting spots. In row 2, there 

was a separation between Plot 15 and Plot 14 due to a tree stump, so Plot 16 also had 21 planting 

spots since it was the right most edge of that section of row 2.  

Two to four weeks after applying appropriate amendments, outplanting took place over 6 

planting days (February 19th, 25th, March 1st, 5th, 18th and 22nd). We planted up to 4 Dodonea 

viscosa plants and up to 17 Plumbago zeylanica plants in a specific pattern (Figure 1A). There 

was occasional incidental variation in number of outplants and positioning due to physical 

limitations such as plants or rocks that needed to be avoided, as well as some human error in 

placing plants in the correct location. This variation was accounted for in analysis by using 

models that account for the number of trials (i.e., number of plants). The land manager also 

spread native seeds (Sida fallax, 10 per plot) and planted single individuals of other native plants 

(Santalum haleakalae, Sesbania tomentosa, Erythrina sandwicensis, 1 per plot) across all plots 

(personal communication, Mashuri Waite), but the seed addition and additional single plant 

outplantings failed to establish across all plots, so no analyses could be done regarding this 
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aspect of the restoration practice. Plots were monitored for one year (February 2022 - February 

2023). Since outplanting occurred within a time span of less than a month, we did not distinguish 

between the outplanting date blocks in analyses where months post restoration was a predictor. 

Plant Surveys 

Six and twelve months after outplanting, surveys were done to assess survival of each 

outplanting. Percent survival of each species was analyzed through a logistic regression and 

likelihood ratio test. For the final analysis twelve months after outplanting, plant growth was 

assessed by measuring the height and width at the widest point of each native outplanting. Plants 

were measured in centimeters, to the nearest millimeter. Plant measurements were taken across 

three days (February 14th, February 21st and March 4th). All measurements were taken by Manya 

Singh. 

Soil Properties 

All soil samples were taken using a 2.5 cm diameter corer (LaMotte™ Soil Sampling 

Tube, Chestertown, MD), which was malleted into the soil to 10 cm deep. Any organic material 

was removed from the soil surface prior to placing the corer down. The corer was then gently 

removed from the soil, and the extracted soil core was removed. The corer was sterilized with 

alcohol wipes in between samples. After being air-dried and homogenized, the soil from the core 

was split into two containers, one was stored at 4˚C for microbial community analysis, and the 

other was dried and stored at room temperature for C/N analysis. Total carbon and total nitrogen 

analysis was performed by the University of Hawai’i at Manoa Agricultural Diagnostic Services 

Center using a combustion analyzer. 

Baseline soil sample collection occurred on February 2nd 2022, after the herbicide 

treatment and marking of the plots. Samples were collected from the un-treated, unaltered areas 

of Megathyrsus maximus directly adjacent to the plots (hereafter referred to as ‘pre-practice 

samples’). Funding limitations only allowed analyses of six baseline samples, so we collected 

one sample from each of the six row/side blocks and took the sample from the Megathyrsus 

maximus area on the low-elevation end of the center-most plot in each block. Since the pre-

practice samples were not taken directly from any of the plots, they were not included in 

repeated-measures models analyzes mid-point and final soil later sampled within the plots. Mid-
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point and final soil samples were taken from each plot between the bottom-left most Dodonaea 

viscosa and the nearest Plumbago zeylanica directly to its right when facing up slope. 

Plant-available nutrients 

Soil nutrients were tracked since they can be altered by plant growth. Ion-exchange resin 

bags were used to measure available soil N, P and Si pools (Sitters, Edwards & Olde Venterink, 

2013), and were used in combination with soil total C and N to provide a wholistic picture of the 

nutrient cycling. Ion-exchange resin bags, made from 100 sq cm of nylon mesh (60 micrometer 

Sefar AG) containing 2 g of mixed-bed ion-exchange resin (Amberlite IRN 150, H+- and OH—

forms, Sigma Aldrich), were used to monitor soil N, P and Si release rates. Conditioning 

consisted of 2 h of shaking in a 1M KCl solution. Resin bags that were buried 5 cm below the 

soil surface (with no bag exposed at the soil surface) in September 2022 were unretrievable due 

to loss, presumably due to excavation by birds or rats. The land manager observed some activity 

by birds and noted that a higher level of predation seemed to be impacting outplant mortality in 

the mountain side, row 1 block (Mashuri Waite, personal communication). We modified the 

resin bag shape, from rectangular to circular and used zipties rather than thread to seal them, in 

accordance with NutNet Resin Bag Protocol (Harpole, 2009). A second set of midpoint resin 

bags was installed in October 2022, and a final set of resin bags was installed in January 2023. 

Due to high rates of plant mortality on the mountain side, presumably due to predation, row 1 

block was excluded from the experiment. Bags were installed in the remaining 25 plots, and not 

in the five plots in mountain side, row 1 block. In each plot, when facing up slope, one resin bag 

was installed between the top right Dodonea viscosa and the Plumbago zeylanica directly to the 

left for both midpoint and final analyses and left buried in the soil for four weeks. At the mid-

point sampling, one bag (plot 23) was not retrievable. After bags were removed, they were rinsed 

in distilled H2O, and then extracted via 1 h of shaking in 30 ml of 2 M KCl solution. The thrice 

filtered extract was analyzed colorimetrically for NO3
- + NO2

-, PO4
3-, NH4

+, and H4SiO4 using a 

Seal AA3 AutoAnalyzer (SEAL Analytical Inc., Mequon, WI) at the University of Hawai’i at 

Manoa School of Ocean and Earth Science and Technology Laboratory for Analytical 

Biogeochemistry.  

Soil Water-Holding Capacity 
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To measure soil water holding capacity, field infiltration tests were conducted at the 

midpoint of the field experiment using a 16.5 cm diameter bucket with the bottom removed. The 

bucket became damaged after mid-point measurements, so the end-of-experiment field 

infiltration tests were conducted using a 19.1 cm diameter cardboard tubes meant for forming 

concrete columns. Multiple tubes of the same brand and size (QUIKRETE® 8-in Tube Form, 

Quikrete, Columbus, OH) were used for different plots, as the tubes started to deteriorate after 

two uses. The procedure consisted of two 1 L pours, with time to full infiltration recorded for the 

second pour, which was used to calculate infiltration rate. The difference in diameter and 

resulting surface area of the two different sized tools was accounted for in calculating the field 

infiltration rates.  

Field infiltration tests were conducted at the Restoration site in October and November of 

2022 for midpoint analysis, and January and February of 2023 for final analysis, with one 

infiltration test done per plot at each time point. Infiltration tests were done in roughly the same 

area as the soil sampling, but occurred after soil sampling was completed. Additionally, local 

weather data was sourced from the National Centers for Environmental Information, pulling 

from hourly and daily reports by the Ewa Kalaeloa Airport weather station, which is around 10 

km from the site. For each sampling day and the two days prior, we recorded the dry bulb 

temperature and relative humidity at noon (11:53:00 AM) and the daily rainfall. Temperature and 

humidity were averaged across the three days, and the rainfall was summed up across the three 

days. Noon was chosen over maximum or minimum because measurements occurred either in 

the morning or afternoon, overlapping with noon either way. All measures were mean centered 

(i.e., the mean of the observed values was subtracted from each observed value to create a 

dummy variable centered around 0) for analyses to avoid multicollinearity issues. 

Microbial Community Description and Analysis 

A randomizer was used to determine which baseline soil samples and plot soil samples 

for each soil treatment would be sent for next-generation sequencing analysis, with 4 samples 

selected for baseline, 5 samples selected for control and raking only, and 4 samples selected for 

AC, and 2 samples selected for combination AC and BC. Plots in the mountain side, row 1 block 

were excluded from the randomization due to previously discussed concerns. Next-generation 

sequencing was conducted by the University of Hawai’i Cancer Center Genomics and 
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Bioinformatics Shared Resource, and DNA extraction was performed in accordance with 

manufacturer instructions using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research, Irvine, 

CA). Sequencing was done on an Illumina iSeq100 (Illumina, Inc., San Diego, CA), and raw 

fastq files were exported for analyses. The 16s fastqs were run through the general DADA2 

workflow (Callahan et al., 2016) and then the function ‘assign.taxonomy’ was used, based on the 

SILVA database (Quast et al., 2013; Yilmaz et al., 2014) . The ITS1 fastqs were run through the 

DADA2 workflow, and then the function ‘assign.taxonomy’ was used, based on the UNITE 

database (Nilsson et al., 2018). Because the fastqs were short reads, they did not overlap during 

the merge step of DADA2, so forward and reverse reads were processed seperately, and the 

taxonomic matrices were joined as the final step.  

The vegan package (Oksanen et al., 2013) in R was used to generate diversity statistics, 

and generate a Bray-Curtis dissimilarity matrix for principal coordinates analysis. A repeated-

measures ANOVA was run on diversity metrics, using “lmer” from the lme4 package (Bates et 

al., 2015) and “glht” from the multcomp package (Hothorn, Bretz & Westfall, 2008). Differences 

in dispersion among community samples from different treatments were tested using an 

ANOVA, with the function “betadisper”, and each term (outplanting, raking, AC, BC, side, row, 

plot ID) was tested individually. Differences in community centroids of different treatments were 

tested using a PERMANOVA, and the function “adonis2”. Indicator species analysis, using the 

indicspecies package (Cáceres & Legendre, 2009), was performed on the 50 most abundant 

species, testing for indicators of each level of each predictor.  

One year (end of experiment) soil samples were assayed using Biolog EcoPlates to 

estimate functional diversity and average metabolic response to various forms of carbon. From 

the mid-point samples, sufficient soil was only available for 22 of the 30 plots, so mid-point soil 

samples were not assayed. Inoculation of the Biolog Plates consisted of 150 microliters from the 

1:10,000 serial dilution of 1g of soil using 0.15 M NaCl (Sugiyama et al., 2013). Plates were 

incubated at 20 C and read at 595 nm every 24 hrs for 96 hrs (Garland & Mills, 1991; Sugiyama 

et al., 2013; Deng et al., 2019). Substrate specific average well color development was calculated 

from the 72 hrs point (Sugiyama et al., 2013). Overall average well color development was 

calculated per replicate for each incubation time point using the formula from Deng (2019). The 

72 hr time point was used for calculating Shannon and Simpson indices (Deng et al., 2019), and 
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richness and evenness. Samples were analyzed at Leeward Community College in Pearl City, 

Hawai’i on a plate reader (Model 680, Bio-rad Laboratories, Hercules, CA). 

Additional Statistical Analyses 

 To distinguish between the effects of different components of the restoration treatments: 

outplanting (yes or no); raking (yes or no); and any soil amendment, we coded these predictors 

separately, rather than treating the assigned treatment as one predictor. For outplanting, all pre-

practice (pre-outplanting) samples were coded as 0, and all data from midpoint and final point 

(post-outplanting) were coded as 1. For raking, we coded baseline and the control treatment as 0 

(no raking), and raking, and all amendment conditions (which included raking) as 1. Each soil 

amendment had its own predictor. For AC, the AC treatment was coded as 1, the combination 

treatment was coded as 0.5, to account for utilizing half the concentration, and all other 

treatments were coded as zero.  For BC, the BC treatment was coded as 1, the combination 

treatment was coded as 0.5, to account for utilizing half the concentration, and all other 

treatments were coded as zero. 

 All analyses used a base formula (Formula 1), with some variations. Outplanting was 

included as a predictor where pre-outplanting samples were available: total carbon and nitrogen, 

plant-available nutrients, and next-generation sequencing. Time was included in repeated-

measure analyses for total carbon and nitrogen and plant-available nutrients. Climate variables 

(average temperature at noon, summed rainfall, and average humidity) were included in the 

infiltration rate analysis. Row and Side were added as random variables to account for possible 

spatial variation, with Row nested within Side. Plot ID or plot number was included as a random 

variable in repeated-measures analyses: total carbon and nitrogen, plant-available nutrients, next-

generation sequencing, and plant growth. 

 [Outplanting +] 

Dependent Variable ~ Raking + AC + BC+ AC:BC 

 [+Average Temperature at Noon + Summed 

Rainfall +Average Humidity] 

[+ Time + AC:Time + BC:Time + AC:BC:Time ] 

 + (1|Side/Row) 
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  [+ (1|Plot)] 

 

Formula 1. Formula used in statistical analyses. Bolded terms indicate the main formula, while 

predictors in brackets represent predictors that only appear in some analyses. Random variables 

are indicated with parentheses. Interactions are indicated with colons; “|” indicates by group; “/” 

indicates nesting.  

 Models were chosen based on assumptions necessary for each dependent variable. For 

outplant survival, we used the “quasibinomial” family in glm, with the logit link. For outplant 

growth, plant-available nutrients and infiltration rate, we used the “gaussian” family in glmer 

with the log link. For total carbon and nitrogen, we used the “beta” family in glmmTMB (Brooks 

et al., 2017) for both the repeated measures and non-repeated measures models. Model 

visualizations were generated using the “plot_model” function in the “sjPlot” package (Lüdecke, 

2018). Hypotheses about differences in the impact of different predictors were tested using the 

“confint,” “pairs,” and “lsmeans” functions from the “lsmeans” package (Lenth, 2016; Lenth & 

Lenth, 2018). All code used to generate analyses and figures are available at 

doi.org/10.6084/m9.figshare.22177823. 

 All statistical analyses that included pre-practice (pre-outplanting) measures but did not 

include repeated measures used the formula: ~ Outplanting + Raking + AC + BC + AC:BC + 

(1|Side/Row). All statistical analyses that excluded baseline measures used the formula: ~ 

Raking + AC + BC + AC:BC + (1|Side/Row). All analyses that were repeated measures, 

excluding microbial community data, used a mixed effects design, with Plot ID included as a 

random effect. For repeated measures microbial community data, we included plot ID as a fixed 

effect in the model, for the purposes of using adonis2, which does not allow for random effects. 

The inclusion of plot ID as a fixed effect meant that the model dropped the interaction term 

(AC:BC) from the output. For the infiltration model, we first tested the full formula (Formula 1, 

bolded, plus climate variables average temperature, average humidity, sum rainfall) and then we 

tested the full model against a second model where we dropped any non-significant climate 

variables. If the full model was stronger (p < 0.05, ANOVA, type III), we used that model, but if 

the full model was not stronger (p > 0.05, ANOVA, type III), we used the reduced model, to 

avoid overfitting with unnecessary variables. Due to significant differences in weather between 
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the mid-point (temperature average: 29.14 C, humidity average: 55%, rain average: 0.01 cm) and 

final point (temperature average: 26.51 C, humidity average: 60%, rain average: 0.59 cm), for 

infiltration rate, we separated data for the midpoint and final point, and analyzed each dataset as 

a separate model without repeated measures. 

Results  

Outplant Survival and Growth 

 There were no discernable effects of treatments on Dodonaea viscosa survival. For mid-

point survival of Dodonaea viscosa, out of 30 plots, five plots had one dead plant, so five plots 

had a survival rate of 75%, while the remaining plots had a survival rate of 100%. Only two plots 

had additional mortality between the mid-point and final point, and seven plots had a survival 

rate of 75% at the end point. Two treatments had no D. viscosa mortality (AC, BC), while the 

remaining three treatments had two or three dead plants total. Some treatments having no 

mortality at all would make it challenging for the model to find significant differences, since a 

confidence interval cannot be generated. Due to this limitation, outplant survival was not 

statistically analyzed for Dodonaea viscosa. All of the plots in the row 1, mountain block had 

100% survival of Dodonaea viscosa, so despite earlier concerns about mortality, this block of 

plots was not excluded as outliers from the Dodonaea viscosa analyses. 

For both the mid-point survival data and final survival data, none of the predictors had 

significant coefficients for Plumbago zeylanica survival (Table S1). Mean Plumbago zeylanica 

survival for each treatment ranging from 86% to 89% (SE 4 – 5%). Mean survival for mid-point 

was very similar, with treatment means ranging from 86% to 90% (SE 3 – 5%). Between the 

mid-point and final surveys, eight plots had one additional plant death, and one plot had two 

additional plant deaths. Plot 10 had the lowest P. zeylanica survival, with seven mortalities at the 

six-month mark, and eight mortalities total at the final survey, but it had 100% survival of 

Dodonaea viscosa, so it was not removed.  

Activated carbon tended to benefit Dodonaea viscosa growth, while BC had negative 

effects. There were three significant predictors for Dodonaea viscosa height: AC, BC and the 

interaction between AC and BC (p < 0.001, Table S2). Use of AC at 0.5 kg m^-2 was associated 

with a height increase of around 4 cm (+ 8%), while use of BC at 0.5 kg m^-2 was associated 



125 
 

with a height decrease of around 4 cm (- 12%, Figure 2). The combination of AC and BC seemed 

to mediate the negative effect of BC, with a decrease in height of 1-2 cm compared to the control 

(- 4%, Figure 2). In testing additional hypotheses (Table S3), the effect of AC on Dodonaea 

viscosa height was significantly more positive compared to raking (+ 6%), AC:BC (+ 15%), and 

BC (+ 22%). Furthermore, the coefficient of raking was significantly more positive compared to 

AC:BC (+ 8%) and BC (+ 14 %). Finally, the effect of AC:BC was significantly more positive 

compared to BC (+ 6%). There were no significant predictors for Dodonaea viscosa width (p > 

0.05, Table S2), and no significant support for additional hypotheses (AC & BC & AC:BC > 

Raking, AC & AC:BC > BC, p > 0.05). 

Biochar tended to reduce Plumbago zeylanica height and width, while other treatments 

had no discernable effect. Use of BC was a significant negative predictor for Plumbago 

zeylanica height and width (p < 0.001, Table S2), and raking was a significant positive predictor 

for Plumbago zeylanica width (p = 0.02, Table S2). Use of BC at 0.5 kg m^-2 was associated 

with a decrease of roughly 5 cm in both height (- 27%) and width (- 38%) of Plumbago 

zeylanica, while use of raking was associated with an increase of roughly 2 cm in width of 

Plumbago zeylanica (+ 24%, Figure 3). In additional hypothesis testing (Table S3), we found 

that the effect of BC on Plumbago zeylanica height was significantly more negative compared to 

raking (- 37%) and AC (- 28%) and the effect of BC on Plumbago zeylanica width was 

significantly more negative compared to raking (- 50%). Additionally, the effect of AC:BC on 

Plumbago zeylanica width was significantly more negative compared to raking (- 38%). 

Soil Properties 

 In the AC and BC treatments, total carbon and nitrogen seemed to decrease over time. 

Additionally, the raking treatment seemed to increase total nitrogen. For the repeated measures 

model for total carbon and nitrogen, the AC/time interaction term was significant (TC: p < 0.001, 

TN: p = 0.01, Table S4). For total carbon, AC and time were also significant individually (p = 

0.02, p = 0.01, respectively). The model predicted that, with no AC there was a positive linear 

relationship between months post-restoration and total carbon and total nitrogen, but with 

increasing amounts of AC, the slope became negative (Figure S1). Additionally, raking was a 

significant predictor of total nitrogen (p = 0.02, Table S4). Raking was associated with an 

increase in total nitrogen of roughly 0.15% (Figure S2).  
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 In the model comparing the pre-practice samples to final samples, both AC and BC were 

significant predictors of total carbon (p < 0.001) and total nitrogen (p < 0.001, p = 0.01, 

respectively, Table S5). Use of AC had a negative linear relationship with total carbon for the 

final samples (Figure 4), but AC use was not a significant predictor of total carbon when 

comparing M. maximus samples to mid-point samples (Table S5). BC application had a negative 

linear relationship with total carbon (Figure 4) and total nitrogen (Figure S3). For total nitrogen, 

raking was also a significant predictor for the final samples (p = 0.01, Figure S3), but not for 

mid-point samples (Table S5). Raking was associated with an increase of roughly 0.25% total 

nitrogen (Figure S3). Additional hypotheses comparing the effects of predictors were not 

significant for any total carbon or total nitrogen models (TC & TN: AC & BC & AC:BC & 

Raking > Outplanting, AC & BC & AC:BC > Raking, AC & AC:BC > BC, AC > AC:BC, p > 

0.05) . 

Plant-available nutrients 

 Over time, P cycling seemed to decrease, and both the raking and BC treatments were 

associated with decreases in Si cycling. For P cycling, time was the only significant predictor (p 

< 0.001, Table S7), with P cycling having a negative linear relationship with months post 

restoration (Figure S5). For Si cycling, raking and BC use were significant predictors (p < 0.001, 

p = 0.03, respectively, Table S7). Use of raking was associated with a decrease in Si cycling of 

roughly 0.015 ug g resin^-1 day^-1, while use of BC at 0.5 kg m^-2 was associated with a 

decrease in Si cycling of roughly 0.05 ug g resin ^-1 day^-1 (Figure 5). For the repeated-

measures models, there were no significant predictors of inorganic N cycling (p > 0.05). 

Additional hypotheses comparing the effects of predictors were not significant for all inorganic 

nutrient cycling models (N, P, Si). 

Soil Water Holding Capacity 

 There was a positive linear relationship between average temperature at noon and 

infiltration rate (Figure S4). For the mid-point infiltration rates model, climate variables were 

dropped after the model fitting process, and raking was the only significant predictor (p = 0.03, 

Table S6). Raking was associated with a decrease in infiltration rate of roughly 0.25 cm/min 

(Figure S4). The final infiltration rate model had only one climate variable after the model fitting 

process: average temperature during the infiltration test (Table S6), which was significant (p = 
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0.01, Table S6). Additional hypotheses comparing the effects of predictors were not significant 

for any infiltration rate models (AC & BC & AC:BC > Raking, AC & AC:BC > BC, AC > 

AC:BC, p > 0.05). 

Microbial Community Analysis 

 For the fungi community, two predictors significantly shifted composition: raking and 

BC (p = 0.03, p = 0.04, respectively, Table 1). Additionally, AC was associated with differences 

in community dispersion (p = 0.01, Table 1), which is an estimate of alpha diversity, with AC 

having a homogenizing effect. Shannon Diversity Index, an estimate of community diversity, 

differed with BC addition (p = 0.05, Table 1), with use of BC associated with decreases in 

diversity. Simpson’s Diversity Index, another estimate of community diversity, differed by the 

interaction of AC and BC (p < 0.001, Table 1), with the use of both amendments associated with 

decreases in diversity. 

 In the fungi indicator species analysis, there was evidence suggesting that AC addition 

suppressed specific fungi genera and families. For the fungi indicator species analysis, there 

were indicators found for the outplanting, raking, AC and BC predictors (Table 1). Outplanting 

was associated with increased abundance of indicators Arachnomyces (p = 0.05, specificity 0.83, 

sensitivity 0.94) and Talaromyces (p = 0.01, specificity 0.87, sensitivity 1). Outplanting was 

associated with the suppression of indicators Alfaria (p = 0.03, specificity 0.83, sensitivity 1), 

unclassified Pezizaceae (p = 0.03, specificity 0.93, sensitivity 1), and Trichodemra (p = 0.02, 

specificity 0.83, sensitivity 1). Within the raking predictor, unclassified Bionectriaceae was an 

indicator of no raking (p = 0.01, specificity 0.21, sensitivity .81). For the AC predictor, 

indicators of the no AC level were Coniophora (p = 0.03, specificity 0.99, sensitivity 0.79), 

Saitozyma (p = 0.02, specificity 0.83, sensitivity 0.82) and Talaromyces (p = 0.01, specificity 

0.64, sensitivity 1). For the BC predictor, Absidia was a predictor of the no BC level (p < 0.001, 

specificity 0.68, sensitivity 1); Aspergillus (p = 0.01, specificity 0.66, sensitivity 1) and 

Distoseptispora (p = 0.05, specificity 0.85, sensitivity 1) were predictors of the BC level; 

Naganishia was a predictor of the combination level (p = 0.04, specificity 0.77, sensitivity 1). 

 For the bacteria community, no predictor was associated with a significant shift in 

composition (PERMANOVA of centroid center, p > 0.05). Outplanting and BC were associated 

with differences in dispersion (ANOVA of community samples, p = 0.03, Table 2), a measure of 
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beta diversity, with outplanting having a diversifying effect, while BC had a homogenizing 

effect. The interaction between AC and BC was associated with a decrease in Shannon Diversity 

Index (p = 0.05, Table 2). For the bacteria indicator species analysis, the predictors outplanting, 

AC and BC were associated with indicator taxa. Within the outplanting factor, the control (i.e., 

pre-practice) level had the indicators FCPS473 (p = 0.01, specificity 0.91, sensitivity 1) and 

unclassified Ktedonobacteriaceae (p = 0.04, specificity 0.81, sensitivity 1) while outplanting 

indicators were Soilrubrobacter (p = 0.02, specificity 0.66, sensitivity 1) and unclassified 

Thermkmonosporaceae (p = 0.01, specificity 0.85, sensitivity 0.97). Within the AC predictor, use 

of the combination of AC and BC was associated with increased abundance of unclassified 

Soilrubrobacteraceae (p = 0.03, specificity 0.56, sensitivity 1). Within the BC predictor, BC use 

was associated with suppression of Candidatus Soilbacter (p = 0.03, specificity 0.52, sensitivity 

1, for no BC level) and increased abundance of unclassified Beijerinckiaceae (p = 0.04, 

specificity 0.62, sensitivity 1).  

 Generally, AC and BC addition seemed to homogenize the carbon preferences of the soil 

bacteria community, increasing the usage of polymer sources (Table 3). By contrast, the 

combination treatment seemed to shift preferences away from polymers towards amino acids 

(Table 3). For the community level physiological profile focused on carbon preference within the 

bacteria community, none of the predictors were significantly associated with differences in 

composition or dispersion (p > 0.05, PERMANOVA, ANOVA). Activated carbon had 

significantly lower Shannon Diversity Index, compared to the control condition (p = 0.04, Table 

3), while the combination of AC and BC had increased Shannon Diversity Index compared to the 

control (p = 0.05, Table 3). None of the predictors were associated with differences in evenness, 

richness, or Simpson’s Diversity Index (p > 0.05). In the model testing if treatment influenced 

carbon preferences by category, there were significant interactions between soil amendments and 

two carbon preference categories (Table 3). For the polymer category, AC (p < 0.001) or BC (p 

= 0.01) soil amendment alone was associated with an increase in average well development 

color, while AC and BC in combination was associated with a decrease in average well color 

development, a measure of preference or usage (p <0.001). For the amino acid category, use of 

AC and BC in combination was associated with an increase in average well color development 

(p = 0.01). Additional hypotheses comparing the effects of predictors were not significant for any 
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microbial community models (AC & BC & AC:BC > Raking, AC & AC:BC > BC, AC > 

AC:BC, p > 0.05). 

Discussion 

 Overall, both AC and BC altered the soil microbial community, and were associated with 

impacts on plant growth. The impacts on plant growth differed by outplant species and differed 

in direction. While AC improved some measures of plant growth, BC decreased other measures 

of plant growth. Other impacts of AC and BC were aligned, such as the shift in carbon source 

preferences towards polymer sources. Out of the factors we examined, the unique finding for the 

AC treatment that may explain or contribute to the improved plant growth was the suppression of 

specific fungi genera and families, based on the indicator species analysis. 

Impact of Outplanting and Raking  

We found that outplanting was associated with an increase in an estimate of beta diversity 

in the bacteria community, but no changes to the fungi community, or total C or N Within the 

bacteria community, outplanting seemed to suppress FCPS473 (Family Ktedonobacteraceae, 

specificity 0.91), while recruiting or supporting the abundance of Thermomonosporaceae 

(specificity 0.85). FCPS473 has been found to be a pre-dominant genus in soil samples from 

Lolium and Pennisetum sp. dominated grasslands in China (Deng et al., 2021). Additionally, 

there is evidence that reclamation of post-coal mining soils in South Africa was associated with 

reduced abundance of the genus FCPS473 (Ezeokoli et al., 2020). The family 

Thermomonosporaceae is associated with increased soil temperature (Cardenas Gomez et al., 

2022), so increased abundance may be attributable to 2022 being the 14th warmest year on record 

for Hawai’i (NOAA National Centers for Environmental Information).  

For fungi, outplanting seemed to suppress the abundance of Pezizaceae (specificity 0.93), 

while recruiting and/or supporting the abundance of Talaromyces (specificity 0.87). The family 

Pezizaceae is associated with grasslands in China (Hu et al., 2008; Zhang et al., 2018), Iraq 

(Abdulla Salih et al., 2019), Minnesota (Dickie & Reich, 2005) and with non-fertilized 

Megathyrsus maximus pastures in Wailua, on the neighboring island of Kaua’i (Heisey et al., 

2022). Multiple Talaromyces sp. have been investigated for plant-growth promotion, biocontrol, 

and bio-remedation potential, with positive findings (Naraghi et al., 2012; Vinale et al., 2017; 
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Goh et al., 2020; Liu et al., 2022). Talaromyces, however, was also an indicator of the no AC 

condition, but at a lower specificity (0.64). Activated carbon treatments were not associated with 

decreased outplanting growth, so this genus likely is not likely to be a driver of differences in 

outplanting growth observed in our experiment.  

Raking was associated with a decrease in Si cycling, total nitrogen, and infiltration rate in 

the short-term (6 months), but was also associated with a significant shift in fungi community 

composition, and increase in Plumbago zeylancia height of roughly 2 cm. One potential 

explanation is that long-term grazing can increase soil compaction (Daniel et al., 2002; Sharrow, 

2007; Drewry et al., 2008), and soil compaction can limit root and rhizome spread (Kirby & 

Bengough, 2002; Hamza & Anderson, 2005), so the release of upper soil layer compaction 

through raking may have allowed roots to spread more quickly through soil to better access 

resources, which in turn could allow increased resource allocation towards aboveground growth. 

Furthermore, there is evidence that the soil microbial community of Megathyrsus maximus 

mediates belowground competition through positive feedback towards its own belowground 

growth (Chapter 3). In the indicator species analysis, no-raking was associated with one low-

specificity fungi indicator (Bionectriaceae, specificity = 0.21, Table S7). In Washington, 

Bionectriaceae was an indicator of the deepest strata of soil in a no-tillage wheat system 

(Schlatter et al., 2018), supporting a negative association between this family and mechanical 

soil disturbance. It is possible that suppressing this family of fungi disrupted belowground 

positive feedback on Megathyrsus maximus, contributing to its increased growth, in combination 

with the direct effects of releasing soil compaction.  

Impact of AC 

Activated carbon was associated with an increase in Dodonaea viscosa height of 8% 

(Figure 4). Based on hypothesis testing, AC had a more positive coefficient compared to BC 

(height of both species), raking (Dodonaea viscosa height) and the combination treatment 

(Dodonaea viscosa height) in plant growth outcomes. In addition to impacting outplant growth, 

AC was associated with impacts to total C and N and the soil microbial community. We found 

that AC was associated with a decrease in total C and N at the one-year mark, but not at the six-

month mark, suggesting that there may be a delay or lag in this decreasing effect. The effect of 

AC in the literature on C and N is mixed, but our results are in line with studies that have shown 
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an overall decrease (Kulmatiski & Beard, 2006; Weißhuhn & Prati, 2009). AC was not 

associated with any changes in nutrient cycling, so increased nutrient availability from microbial 

decomposition is not a likely explanation for the benefit to the growth of Dodonaea viscosa.  

We found that AC was associated with reduced beta diversity in the fungi and bacteria 

community (Table 1, Table 2), and decreased alpha diversity in carbon source preference in the 

bacteria community (Table 3). In the analysis of carbon preferences, we found that AC addition 

was associated with an increase in preference for polymers (Tween 40, Tween 80, Alpha-

cyclodextrin, Glycogen), suggesting an increase in capacity for polymer digestion. Overall, the 

homogenizing effects on the fungi and bacteria community, and the carbon-source preferences of 

the bacteria community suggest an overall suppressive effect on the soil microbial community, 

which is supported by the literature (Kulmatiski, 2011; Shan et al., 2015; Liu et al., 2018b; Que 

et al., 2019). These impacts are unlikely to have driven the increased growth, as suppressed soil 

microbial community diversity and functional diversity and increased polymer preference was 

also found to be associated with BC, which lacked the increase in growth.  

AC was associated with the suppression of fungi Coniophora (specificity 0.99 for no AC 

level), so it is possible that Coniophora plays some role in belowground feedback, such that 

suppression may contribute to improved growth. In abandoned cattle pastures turned native tree 

plantations in Costa Rica, Coniophora has been identified as capable of degrading complex C 

(Eaton et al., 2019). Our hypothesis that after initial suppression, over the course of the year, the 

native outplants would have opportunity to recruit new soil microbiome members, such that there 

would be indicators for the AC treatment that grew in abundance, was not supported. In a three-

year study, Nolan et al. (2015) found that AC addition was associated with an increase in 

Actinomycelates and unidentified bacterium, so it may be that it takes more time to see AC 

addition have promote or support the abundance of specific microbes. Activated carbon is known 

to have a neutralizing effect on allelochemicals, and there is evidence that allelopathic abilities 

contribute to the success of non-native grasses (Singh & Daehler, 2023), and this impact can be 

dose-dependent, so this may explain increased growth in the AC but not combination treatment if 

the negative impacts of BC could not be compensated for by the positive impacts of AC, which 

is supported by the difference in magnitude between AC:BC and BC impacts. 

BC and AC-BC Combination 



132 
 

 While raking and AC were associated with improved plant growth compared to the 

control, BC, and to a lesser extent, the combination treatment, were associated with decreased 

plant growth. Plumbago zeylanica had decreased plant height and width with BC addition, and 

Dodonaea viscosa had decreased height in both the BC and combination treatments, with AC 

appearing to mediate the depressive impact of BC on height. Based on additional hypothesis 

testing, BC suppressed growth compared to raking alone (both Plumbago zeylanica measures + 

Dodonaea viscosa height), AC (height of both species) and the combination treatment 

(Dodonaea viscosa height). As previously mentioned, BC was associated with an increase in 

preference for carbon polymer sources in the community-level physiological profile of carbon 

preferences in the bacteria community. BC addition was associated with decreased fungi alpha 

diversity, and significantly shifted fungi community composition (centroid test, PERMANOVA). 

Additionally, BC was associated with decreases in Si cycling and total carbon and nitrogen. 

Based on visual inspection at the end of the experiment, BC was still present in plots, suggesting 

that its direct effects may be persistent for at least one-year (Manya Singh, personal observation). 

It is possible that as a slow-release fertilizer, it takes more than one year to see benefits, or that 

climate conditions at the site, such as the record-setting warmth, and shifting precipitation 

regime towards heavy but infrequent rain, contributed to delays in seeing benefits to plant 

growth, or that unrecognized negative impacts of BC may outweigh potential fertilization 

benefits. Ultimately, these limitations suggest that land managers and conservation practitioners 

in Hawai’i should consider the potential downsides, or lack of benefits, when determining 

whether to incorporate it into restoration practice.  

The rationale for the combination treatment was that the combination of AC and BC 

would mitigate some of the downsides of AC established by the literature, specifically the high 

cost (Kulmatiski & Beard, 2006) and decreased nutrient availability (Lau et al., 2008). Had this 

been the case, then in interaction graphs, the combination line would be higher, or have a more 

positive slope, compared to the AC only line. We found no impact to nutrient availability 

associated with AC or AC:BC, contributing to the mixed evidence on this effect (Wurst, Vender 

& Rillig, 2010). In every instance where AC:BC was a significant predictor in a model (Figure 2, 

Figure 4, Figure S3), the AC only treatment was superior to the combination treatment, 

suggesting that instead of BC mitigating negative impacts of AC, AC mitigated negative impacts 

of BC. In additional hypothesis testing, we found that the impact of AC:BC was significantly 
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more positive than BC on Dodonaea viscosa height, but AC still outperformed AC:BC on the 

same measure. One interesting finding unique to the combination treatment is the reversal of 

preference for carbon polymers, instead favoring amino acid carbon sources. Thus, the 

mitigating effect of AC on BC impacts could be due to additive effects, or could be due to 

unique impacts of the combination treatment, such as the shift in carbon preferences in the 

bacteria community. The magnitude of the negative impact of the combination treatment on 

Dodonaea viscosa height is less than the negative impact of BC, but the lack of improvement in 

plant outcomes when BC was included as an amendment suggests that land managers would be 

better off with the control practice (raking only) compared to the combination treatment, while 

AC appeared to be the best performing treatment overall. If the cost of AC is prohibitive, our 

findings suggest that the raking alone treatment is superior to use of BC, due to decreased 

Plumbago zeylanica width one year after outplanting with BC addition. However, our study is 

limited in that we are unable to assess longer term patterns of growth. 

Recommendations and Outlook 

 Overall, if money was unlimited, based on our one-year study, the restoration practice of 

outplanting, plus raking, plus AC would have the best outcomes for growth of native 

outplantings. Due to the cost of shipping AC from continental USA to Hawai’i, our AC 

amendments cost $32 per plot, or $16/m^2, for the AC only treatment. Without the cost of 

shipping, the cost would come down to $14 per plot, or $7/m^2. We used an AC powder, but the 

cost for the same treatment using AC in pellet form (Penn-Plax Activated Aquarium Filter 

Carbon, Penn-Plax, Hauppauge, NY) could be accomplished for $7 per plot, or $3.50/m^2. 

Activated carbon may become increasingly affordable as it becomes more commonly used in 

water filtration systems, both commercial and in home aquariums. Ultimately, AC may never be 

financially feasible for large scale projects, but at lower concentrations and less-expensive forms 

and in smaller areas, AC may be a good way to disrupt a soil legacy driven by bacteria and/or 

fungi, and create a small, sustaining native plant community, from which soil samples could be 

taken in the future for soil transplants, or soil inoculum treatments to be used in combination 

with fungicide if inhibitory fungi are present. Additionally, AC may be beneficial in directly 

neutralizing allelochemicals (Del Fabbro & Prati, 2015) and/or commercial herbicides (Madsen 

et al., 2014). Activated carbon may be used more cost effectively in protection pods around 
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native seeds (Madsen et al., 2014), and future research could try to identify an equivalent 

technique that would work with outplanting, such as coating outplant roots in fine AC powder 

prior to installation in the ground. For cost-limited projects, the raking treatment was an 

improvement upon the BC and raking treatment in three of the four plant measures. 

Conclusion 

This project was limited in scope to one site, with a specific land use history, climate, and 

soil characteristics. Nevertheless, our experimental design allowed us to identify statistical trends 

in plant outcomes across different restoration practices, and illuminated mechanisms through 

which Megathyrsus maximus soil legacies may hamper restoration outcomes. We found that AC, 

in combination with raking, had the best outcomes, and if the cost of AC is prohibitive, raking 

alone has better outcomes than BC and the AC:BC combination treatment. While our restoration 

practice itself may not be a prescription that is sure to work in every context, we have shown 

evidence that soil compaction, allelochemicals and/or specific fungi that are present after 

multiple decades of grass invasion may hamper restoration, and considering the broad invasive 

range of Megathyrsus maximus across the tropics, we recommend exploring whether soil 

legacies may hamper restoration at other Megathyrsus maximus sites, and to consider 

implementation of AC soil amendments or other mitigating treatments to support increased 

growth of outplantings. 
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Table 1. Results for fungi community composition PERMANOVA, dispersion ANOVA (top-

left) and diversity indices analyses (top-right). Dropped predictors were ns at p < 0.05. Bottom, 

results from fungi indicator species analysis, by predictor (second column) and level (fourth 

column) and reporting specificity (“A”) and sensitivity (“B”). 
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Table 2. Results for bacteria community dispersion ANOVA (top-left) and diversity indices 

analyses (top-right). Dropped predictors were ns at p < 0.05. All predictors were ns for 

composition PERMANOVA. Bottom, results from bacteria indicator species analysis, by 

predictor (second column) and level (fourth column) and reporting specificity (“A”) and 

sensitivity (“B”). 
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Table 3. Left, summary of diversity indexes analyses. All predictors were ns at p < 0.05 for 

Simpson’s Diversity Index, richness, and evenness. Right, summary of carbon category model. 

Dropped predictors and carbon source categories were ns at p < 0.05. 
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Figure 1. Map showing layout of plots at restoration site at Kapolei, Oahu. Plot fill represents 

treatment, and plot outline represents date restored. Upper-left callout, Oahu, with point 

representing location of Camp Palehua. Right: A) diagram demonstrating the layout of each plot; 

B) example of irrigation set-up in an AC plot; C) picture of planted row. 
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Figure 2. Model predictions for Dodonaea viscosa height by AC use (x-axis) and BC use (line 

and fill color). 
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Figure 3. Model predictions for Plumbago zeylanica width (top, bottom) and height (center) by 

use of raking (top) and use of BC (center, bottom).  
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Figure 4. Model predictions for total carbon (%) by AC use (x-axis) and BC use (line and fill 

color) in the non-repeated models (top: mid-point model, bottom: final point model). 
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Figure 5. Model predictions for Si cycling across use of raking (above) and use of BC (below).  
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Appendix D- Supplementary Tables 

Table S1. Model summary for Plumbago zeylanica outplant survival. 
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Table S2. Model summary for Plumbago zeylanica (left) and Dodonaea viscosa (right) height 

and width. Predictors were ns if p > 0.05. 
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Table S3. Summary of hypothesis testing for plant growth. 
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Table S4. Summary of ANOVA on repeated-measures models for TC% and TN%. Dropped 

predictors were ns at p < 0.05. 
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Table S5. Summary of ANOVA for models comparing mid-point samples (left) and final 

samples (right) to pre-practice samples for total carbon and total nitrogen. Dropped predictors 

were ns at p < 0.05. 
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Table S6. Summary of infiltration rate analysis. Dropped predictors were ns at p < 0.05. 
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Table S7. Summary of ANOVA results for inorganic nutrient models. Dropped predictors were 

ns at p < 0.05. All predictors were ns for N. 
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Appendix E- Supplementary Figures 

 

Figure S1. Total carbon (above) and total nitrogen (below) across months post-restoration (x-

axis) and by AC use (line color and fill), based on repeated-measures model. 
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Figure S2. Total nitrogen (%) across use of raking, based on the repeated-measures model. 
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Figure S3. Above, total nitrogen by AC use (x-axis) and BC use (line color and fill), from the 

final point model. Bottom-left, total nitrogen across raking use from the final point model. 

Bottom-right, total nitrogen across BC use from the mid-point model. 
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Figure S4. Above, infiltration rate across raking use based on the mid-point model. Below, 

infiltration rate across average temperature at noon based on the final point model. 
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Figure S5. P cycling across months post-restoration. 
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CHAPTER 6 

CONCLUSION 
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The aim of this work was to improve our understanding of specific mechanisms of 

invasive grass soil legacies, and to improve our ability to mitigate the mechanisms in restoration. 

I focused specifically on allelopathy and the soil microbial community, two mechanisms that are 

not mutually exclusive. Elucidating the details of mechanisms is challenging, given the role of 

context and the complex inter-locking nature of belowground processes. Improving soil legacy 

mitigation strategies, and improving restoration success more generally, is not just critical to 

conserving native plants and ecosystems. Restoration projects require resources, and allocation 

of resources from many sources requires the public to view restoration as worth the investment. 

While there is much to learn from failed restoration projects, failure has an undeniable cost in the 

world of public opinion. Restoration ecology, and many of its’ key concepts, are ultimately 

based in pragmatism (Morse et al., 2014; Miller & Bestelmeyer, 2016; Backstrom et al., 2018). 

In this body of work, I hoped to contribute pragmatically to the field of restoration ecology, and 

by focusing on invasive grasses, I am hopeful that this project provides practical, actionable 

information for land managers in places far beyond Hawai’i. 

In the second chapter, I found support for the role of allelopathy in the disproportionate 

invasive success among grasses. Allelochemicals in the Poaceae family are increasingly of 

interest, particularly benzoxazinoids (Frey et al., 2009; Niculaes et al., 2018; Hu et al., 2018). 

This finding suggests that incorporating allelopathy-informed restoration practices in 

management of grass-invaded areas may improve restoration success, and allelopathy-informed 

restoration practices that practitioners may want to consider are summarized in Figure 2.5. There 

is still a lot of room to explore and develop allelopathy-informed restoration practices further, as 

some, like soil amendment with activated carbon, are cost-prohibitive, and others, like soil 

transplants, will only be possible in very specific mitigation project contexts. The full list of 

identified mechanisms of allelopathy is expansive (Cheng & Cheng, 2015), and further efforts 

towards identifying specific mechanisms, and identifying commonalities in mechanisms within 

Poaceae, could assist in improving the efficacy of mitigation strategies as well. As previously 

mentioned, the mechanisms of allelopathy and feedbacks involving the soil microbial community 

are not mutually exclusive, and studies have found that benzoxazinoids have anti-fungal 

properties (Niculaes et al., 2018), suggesting that suppressing specific fungi may be a mechanism 

of allelopathic impact.  
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In the third chapter, I examined a previously restored site, and compared the soil 

properties and the soil microbiome to a currently invaded, actively grazed area of the invasive 

grass Megathyrsus maximus. Since we could not compare the restoration site before and after 

restoration, we selected a M. maximus site that shared soil classification, slope, aspect and land-

use history with the restoration site with the objective of identifying soil characteristics that may 

be associated with grass invasion or restoration  In this comparison, we found that there was 

diversification of the soil microbial community at the restored site, which is in-line with the 

general tend towards soil microbial community diversity having a positive correlation with plant 

community diversity. We also found that there were key pasture-associated fungi and bacteria 

genera that were highly abundant at both sites, suggesting that despite the restoration, it is 

possible that these genera at the restored site were “hold-overs” from prior grass invasion. As 

hold-overs, they may contribute to on-going issues at the restoration site, including the 

continuing grass re-emergence, requiring intensive weeding the site to maintain the native plant 

community. In considering how to effectively scale restoration to larger sections of land, this 

analysis suggests that, if hold-over microbes promote grass re-emergence or other negative 

impacts to the native plant community, adapting the practice to shift or suppress the soil 

microbial community may help to ameliorate these issues. 

In the fourth chapter, I conducted a plant-soil feedback study with Megathyrsus maximus 

and a dry forest endemic shrub, Chenopodium oahuense. I found that the soil microbial 

community associated with Megathyrsus maximus seems to drive belowground competition by 

having positive feedback on M. maximus belowground and total growth. Specifically, the 

increased Megathyrsus maximus root biomass is expected to limit the soil resource acquisition 

zone that any other species can access. In addition, the Megathyrsus soil microbiome was 

associated with a significant germination delay in Chenopodium oahuense, under moderate 

drought conditions, which can increase the competitive growth advantage that M. maximus has 

by giving M. maximus a headstart as precipitation regimes shift toward dryer conditions.  

Both findings are relevant to restoration projects in M. maximus invaded areas. While we 

did not find that the M. maximus microbiome had significantly negative feedback towards 

Chenopodium oahuense belowground growth, the feedback of the Megathyrsus soil microbiome 

on Chenopodium belowground growth had a ~70% probability of being negative, suggesting that 
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further studies may find that the M. maximus microbiome mediates belowground competition 

through positive con-specific feedback and negative hetero-specific feedback. Additionally, 

outplanting typically has a higher cost compared to dispersal of seeds, so as precipitation 

decreases, restoration may require more resources if establishment by seeds is essentially 

ineffective. Since in the previous chapter we found that even in a successful restoration project, 

high-abundance microbes can be hold-overs from the days of M. maximus invasion, it seems that 

directly incorporating some method of suppressing or shifting the soil microbial community 

could contribute to neutralizing or at least moderating the feedback effects. 

Finally, in the fifth chapter, I tested the efficacy of activated carbon (AC) as a mitigator 

of soil microbiome mediated or driven Megathyrsus maximus soil legacy effects. We found that 

application of AC at 0.5 kg/m² was associated with an improvement in height of Dodonaea 

viscosa of 8%. For the soil fungi community, activated carbon was associated with reduced 

community sample dispersion based on Bray-Curtis Dissimilarity. In addition, the indicator 

species analysis found that AC addition was associated with the suppression of three genera, 

including Coniophora, which had a specificity of 0.99, meaning that that if Coniophora is 

present in a sample, the probability that the sample came from a plot without use of AC is 99%. 

Coniophora has previously been identified in former pastureland converted to native tree 

plantations as a complex C degrader (Eaton et al., 2019). Additionally, in the community-level 

physiological profile of carbon preferences of the soil bacteria community, AC addition was 

associated with significantly lower Shannon Diversity Index values compared to the control plot 

samples. Total C did decrease with AC addition, but only at the one-year mark, and not at the 

six-month mark, even though total C generally decreased with time. Thus, among the aspects of 

the restoration that we examined, a likely explanation for the improvement in Dodonaea viscosa 

growth is the impact to the soil microbial community, specifically in terms of carbon preferences 

and degradation, and this may be related to the lagging C decrease in AC added plots. The 

addition of AC was also associated with decreased total N and increased soil bacteria preference 

for polymer sources, but these findings were also found in the combination AC and biochar 

treatment, which did not have the same increase in plant growth.  

While activated carbon is quite expensive, it may be a worthwhile investment for small 

areas to disrupt soil legacy effects, and potentially create a “source” native ecosystem for soil 
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transplants or soil inoculum. The cost of AC could also be moderated by changing to a different 

source material, or switching from powdered or granular AC to pellet-based AC. Even if 

activated carbon use is unreasonable for many contexts, our findings suggest that further research 

could focus on suppression of the soil microbial community and disruption of soil compaction, to 

mitigate the effects of the Megathyrsus maximus soil legacy on native Hawaiian plants. If a 

fungicide is used, it may be worthwhile to include AC in protection pods around native seeds, to 

protect them from the fungicide in the soil (Madsen 2014), which may be more cost-effective 

than direct application of AC to the soil. If outplanting is being used, perhaps dipping, or coating 

the roots or belowground growth of the outplant in AC prior to installation in the soil could 

achieve the same effect at a lower cost than using an amendment. One more cost-effective 

approach would be to integrate raking alone into restoration practices, as it seems to benefit the 

growth of Plumbago zeylanica, a native plant often used in restoration projects throughout 

Hawai’i. We found that raking was associated with an improvement in the width of Plumbago 

zeylanica, by 24%. The raking treatment shifted the fungi community, increased total N but not 

N cycling, and mechanically disturbed soil compaction, all of which alone or in combination 

could have mitigated soil legacy effects on Plumbago zeylanica. 

While chapters three through six focus heavily on Megathyrsus maximus in Hawai’i, our 

findings have broader relevance because of the wide reach of this pasture grass, and of pasture 

grasses in general. Since increasing nutrient availability generally benefits invasive plants 

(Daehler, 2003), we must consider what alterations to restoration practices can more reliably be 

used to benefit natives over invasive grasses. Here, we show that practitioners ought to consider 

the suppression and/or alteration of the soil microbial community as an area worth additional 

consideration. Further research into soil microbial community focused restoration practices has 

the potential to change the trajectory of conservation of native ecosystems and native plants, not 

only in Hawai’i, but worldwide. Restoration is not only a matter of preserving important native 

species that are the fabric of critical and complicated ecosystems. Restoration contributes to the 

continuation of people and culture, and ultimately, I am grateful to have had the wonderful 

opportunity to contribute to restoration efforts in Hawai’i. 
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