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THESIS ABSTRACT
Emily Hill
Master of Science
Department of Biology
June 2022

Title: Hurricane Disturbance on Soil Fungal Communities in a Tropical Forest

The intensity and frequency of hurricanes are expected to increase Atlantic due to
warming temperatures. Hurricanes are the most common natural disturbance on tropical
coastal forests. Despite what we know about the tree and soil damage after hurricanes, the
effects of hurricanes on soil microbial communities remain poorly known. Soil fungal
communities are critical to the health of plant communities through functional guilds like
pathogens, decomposers, and mutualists. Here, we use soil samples collected from 2012
and 2018 surveys in the Luquillo LTER plot in Puerto Rico across land use history to
investigate the influences of hurricane Maria coupled with land use on fungal
communities. Our hypotheses are: H1) Inputs of leaf litter and debris from hurricane-
force winds increase saprotrophs and plant pathogens which results in distinct pre and
post hurricane composition for both soil and litter communities; H2) Tree defoliation
reduces the relative abundance and diversity of arbuscular mycorrhizal fungi due to a
lack of photosynthetic carbon; H3) Hurricane disturbance exacerbates land use legacy

patterns and further weakens tree microbial signatures.
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CHAPTER1
INTRODUCTION

Climate change is expected to increase the frequency and intensity of natural
disasters (Balaguru et al., 2018), due to anthropogenic warming of ocean temperatures
which contributes to the formation of hurricanes (Lima et al., 2021). Hurricanes are one
of the most common naturally occurring disturbances in tropical forests across the
Caribbean. Strong winds and heavy precipitation during hurricane events can decrease
soil and plant community stability, by causing plant injuries such as defoliation, torn
branches, and root exposure. While we can see the impact of these disturbances to above-
ground communities, the response of soil communities to hurricanes remains
understudied (Alvarez-Manjarrez and Garibay-Orijel, 2021; Vargas et al., 2010).

Soil microbial communities are critical to the structure and function of plant
communities due to their roles as decomposers, mutualists, and pathogens which control
ecosystem processes such as soil formation and nutrient cycling (Chandler et al., 2011;
Van Der Heijden et al., 2008). Past research has shown that the relative influences of
abiotic and biotic factors driving major differences in fungal community composition can
include soil physicochemical properties (Trivedi et al., 2016; Waldrop et al., 2017),
climate (Bennett and Classen, 2020; Classen et al., 2015), land use history (Bachelot et
al., 2016; Moora et al., 2014) and properties of plant communities (Van Der Heijden et
al., 2008). Plant traits, for instance, are known to influence soil fungal community
composition, as different tree species can facilitate assembly of unique communities of
fungi surrounding individual trees, also known as microbial signatures (Bais et al., 2006;

Prescott and Grayston, 2013). In tropical forests, diverse tree assemblages can thus



maintain microbial signatures through highly diverse fungal communities, making their
role in ecosystem functioning and associations with plants particularly useful to study
how terrestrial ecosystems will respond to the impacts of climate change.

Arbuscular mycorrhizal fungi (AM fungi) are obligate plant mutualists that form
symbioses within roots of more than 80% of all terrestrial plants. AM fungi provide a
wide range of benefits to plant hosts such as foraging for limiting nutrients, water
retention, and pathogen resistance (Parniske, 2008; Powell & Rillig, 2018; Van der
Heijden et al., 2015) The functionality of AM fungi makes them key determinants of
plant health and productivity as well as in large global cycles like the carbon cycle. Their
obligate association with plants makes them particularly useful to study how terrestrial
ecosystems will mitigate climate change.

Fungal community assembly can be influenced by hurricane disturbances in
various ways. Hurricanes cause significant defoliation of plants, and the resulting
increase of litter inputs to the forest floor can act as a major mode of dispersal from foliar
microbes into the soil microbiome. In other forest systems, increased litter inputs after
hurricane events have been shown to increase soil organic matter (Gavito et al., 2018;
May and Oberbauer, 2021) and nutrient availability while selecting for greater relative
abundances of saprotrophs (Alvarez-Manjarrez and Garibay-Orijel, 2021). Defoliation of
trees reduces photosynthesis and shifts investment strategies to nutrient storage, which
provides less carbon for below ground allocation and limits mycorrhizal survival and
colonization (Shi et al., 2020; Wiley et al., 2017). Along with nutrient pulses due to litter
inputs and decomposition (Gutiérrez del Arroyo and Silver, 2018; Xu et al., 2004),

increased precipitation during hurricane events has been shown to alter the relative



abundances of functional groups of fungi. Differential responses of fungal functional
groups to these various consequences of hurricanes can have major implications for forest
dynamics under more frequent and intense hurricane events in the tropics.

Over 70% of tropical ecosystems are in some disturbed state with land use being
the largest driver of tropical deforestation. While in protected areas many of these
practices been halted years ago, there is substantial evidence that historic land use can
leave lasting effects on both plant and soil communities, a phenomenon that can persist
for up to 200 years after land use (Bachelot et al., 2016; Foster et al., 2003; Uriarte et al.,
2009). Prior disturbances compounded with a large single disturbance can exceed
ecosystem resilience and create homogenous alternate stable states (Buma and Wessman,
2011; Calder6n et al., 2018; Vellend et al., 2007). Above ground response patterns to
compounded disturbances have demonstrated these effects (Buma, 2015), yet whether
these patterns are reflected below ground remain unclear (Van Der Heyde ef al., 2017;
Yuan et al., 2021). Fungal community response to natural disasters may be context
specific and more complex due to plant host and land use history.

Hurricane Maria decimated much of the Puerto Rican tropical forests during the
fall of 2017. Maria was the strongest hurricane to make landfall in Puerto Rico since
1928 and had a 2 to 12 fold increase in stem breakage compared to the previous two
hurricanes (Uriarte et al., 2019). Here we used soil samples collected before (2012) and
after (2018) hurricane Maria, to study the impacts of hurricane disturbance on fungal
community assembly. By comparing the fungal communities our hypotheses were: H1)
Inputs of leaf litter and debris from hurricane-force winds increase saprotrophs and plant

pathogens which results in distinct pre and post hurricane composition for both soil and



litter communities; H2) Tree defoliation reduces the relative abundance and diversity of
arbuscular mycorrhizal fungi due to a lack of photosynthetic carbon; H3) Hurricane
disturbance exacerbates land use legacy patterns and further weakens tree microbial

signatures.



CHAPTER 11
METHODS
Site description and tree selection
Samples were collected in the Luquillo Forest Dynamics Plot (18°20'N,
65°49'W), a 16-ha plot of tropical forest in El Yunque National Forest. Mean temperature
is 26C and mean annual rainfall is 3500 mm. This plot was originally selected for its land
use gradient as it had previously been used for coffee agriculture, logging, and charcoal
production prior to 1934. This same area was hit by hurricane Maria in the fall of 2017
where near full defoliation had been overserved from the forest trees. For 2012 and 2018
sampling, eight tree species were chosen: Casearia arborea (Rich.) Urb. (Salicaceae),
Dacryodes excelsa Vahl (Burseraceae), Inga laurina (Sw.) Willd. (Fabaceae), Manilkara
bidentata (A.DC.) A. Chev. (Sapotaceae), and Prestoea acuminata (Willd.) H.E. Moore
(Arecaceae), Guarea Guidonia (L.) Sleumer (Meliaceae), Schefflera morototoni (Aubl.)
Maguire, Steyerm. & Frodin (Araliaceae), Sloanea berteriana Choisy ex DC
(Elaeocarpaceae), Tabebuia heterophylla (DC.) Britton (Bignoniaceae). Eight individuals
per species were sampled from low and high land use plots totaling to 16 trees per
species. Trees were chosen between the 50" and 75th dbh quantiles for those species on
the plot, as smaller individuals may not have had large enough canopy or rooting zones to
develop a distinguishable microbial signature. Soil (0 — 20 cm) and litter samples were
taken from 0 to 10m, away from the base of the tree. Distinct length samples were taken
to investigate distance decay effects of microbial communities from the tree host at 0, 1,
3, 6, and 9 m distances from the base of each tree. The 2012 census data was used to find

transect directions for target trees to avoid overlapping tree canopies and rooting zones.



Soil and microbial analyses

Soil cores were first homogenized by using uv-sterilized 2 mm sieves and litter
samples homogenized with liquid nitrogen in a uv-sterilized mortar and pestle. Genomic
DNA from soil and litter samples was extracted using the MoBio Powersoil isolation kit
(MO BIO Laboratories Inc., Carlsbad, CA, USA) followed an adjusted protocol. All
DNA extracts were stored at 20°C until molecular analyses. Fungal communities were
amplified using ITS1 (CTTGGTCATTTAGAGGAAGTAA) and ITS1-F
(GCTGCGTTCTTCATCGATGC) primers and Nextera barcodes (TAAGGCGA,
CGTACTAG) on the forward primer. Successful amplicons were quantified using
fluorometry with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, MA)
on a SpectraMax MSE Microplate Reader (Molecular Devices, San Jose, CA, USA).
Amplicons were pooled in equimolar concentrations and purified using the QIAquick
PCR Purification Kit (Qiagen). The [llumina HiSeq platform (150BP) was used to
sequence ITS samples. The libraries were sequenced at the University of Oregon

Genomics and Cell Characterization Core Facility (Eugene, OR).

Sequence Processing and Bioinformatics

ITS sequence data was demultiplexed using QIIME v.1.9.1 (Caporaso et al.,
2010) and primers were removed using cutadapt (v.1.10.1, Martin 2011). It was then
passed through the DADA?2 pipeline to assemble amplicon sequence variants (ASVs).

ASVs were assigned taxonomy using the UNITE database (Nilsson et al., 2019) and



normalized using variance stabilization. Fungal ASVs were parsed into functional guilds

using the FUNGuild database (Nguyen et al., 2016).

Statistical Analyses

To examine the differences in fungal ASVs between year, tree species, and land
use permutational multivariate analysis of variance (PERMANOVA) was conducted
using the Adonis function in the Vegan package (Oksanen et al., 2020). All ASVs were
converted to Bray-Curtis distances prior to analyses. Bray Curtis counts were then plotted
over distances to visualize overall dissimilarity before and after hurricane Maria.
Compositional differences of soil and litter communities between sampling years was
visualized using nonmetric dimensional scaling (NMDS) using Bray Curtis distances in
the Phyloseq package (McMurdie and Holmes, 2013) . To visualize potential tree species
specific microbial signatures the soil and litter samples, average NMDS scores for each
species were calculated and plotted as centroids.

The FUNGuild program was used to give fungal ASVs functional guild
identification. For this paper, arbuscular mycorrhizal (AM) fungi were singularly selected
for analysis and agglomerated at the genus level. Changes in relative abundance of AM
fungi, by year and land use were investigated using a Kruskal-Wallis test and visualized
using stacked bar charts filtered by the top 15 genera. All figures were created using the
ggplot2 package (Wickam, 2016). Pairwise PERMANOVA comparisons of AM fungal
communities were used to examine compositional differences amongst tree species.

Bonferroni multiple comparisons correction was used to generate adjusted p-values.



Network analyses

Data were parsed into their respective year and land use categories prior to
building bipartite networks using the ‘bipartite’ package. We calculated Beckett’s
modularity index to compute the modularity of each network, which detects interacting
sets of species within networks. We also calculated ¢ and z values for each AM fungal
taxon, where ¢ = ‘participation coefficient’ aka between-module connectivity (Guimera
and Nunes Amal, 2005) and z = within module degrees/connectivity. Taxa that have high
c and z values have been considered ‘hubs’. Modularity (Q) was calculated which
measures how well interactions can be parsed into modules. A module contains species
that interact more within modules than between them; for instance, a completely modular
network would have clusters of interacting organisms that do not interact with those
outside of their module. Further, you can consider how modularity correlates with other
network indices such as degree of specialization, where more specialist organisms will
form modules in an interaction network, and very generalist communities are not

modular.



CHAPTER II1
RESULTS
Hurricane Disturbance on Fungal Communities
We found hurricane status, substrate, land use history, and tree species all to have

a significant effect on overall fungal community composition. Fungal communities were

distinct between soil, litter, and year (F=16.33, R?=0.012, P < 0.001, Fig. 1A).
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Figure 1. A. Compositional differences of fungal communities across year and substrate. B.
Histogram of all pairwise Bray-Curtis dissimilarities between soil and litter samples grouped by
year.



Soils also differed by land use before (F = 4.59, R =0.013, P < 0.001, Fig. 3) and after
(F=3.99,R?=0.015, P <0.001, Fig. 3) the hurricane. Further analyses were done
separately by year and land use due to these differences. Pre-hurricane microbial
signatures of the overall fungal community resulted in 59 out of 72 significant
comparisons (P<0.05) with only low land use only having 2 insignificant pairs.
Comparisons of post-hurricane soils resulted in only 31 out of 72 of the comparisons
which were equal between land use. Overall, Bray Curtis dissimilarity between soil and
litter was reduced post hurricane. Post hurricane dissimilarity counts also had a greater
range than pre hurricane counts (Fig. 1B). Tree species centroids appeared to be
structured by year for both soil and litter communities (Fig. 2). Distance from base of the

tree yielded no significant effects for both soil and litter communities.
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Figure 2. NMDS plots of soil (A) and litter (B) communities with centroids by tree species.

Fungal functional guilds
FunGUILD was used to separate taxa into functional guilds. FunGUILD

identified 84458 out of 119098 ASVs (71%). Unclassified fungi represented the largest
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group among all samples (Fig. 3). Hurricane status significantly structured both
saprotroph (F = 4.33 R?=0.007, P < 0.001, Fig. 3) and plant pathogen (F =4.26, R?
=0.006, P <0.001, Fig. 3) composition. Saprotroph and endophyte relative abundance
significantly increased in post hurricane soils and litter (P<0.001, Fig. 3). Plant pathogen
relative abundance significantly increased in post hurricane soils (P<0.001, Fig. 3).
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Figure 3. Relative abundance of fungal functional guilds in soil and litter by year and land use
history.

Arbuscular Mycorrhizal Composition

Arbuscular mycorrhizal composition was affected by year (F =6.11, R2=0.01, P
< 0.001) and there was a significant interaction between land use and tree species (F =
1.64, R?=0.02, P < 0.001). Only soil samples were used in these analyses AMF are
found in very low abundances in leaf litter since they are root symbionts. Mycorrhizal
relative abundance was significantly greater in high land use plots than low land use

(P<0.001) (Fig. 4), but not by hurricane status. The Shannon diversity index for AM
11



fungi in soil was significantly higher in low land use than in high land use (P=0.015).

Unidentified Glomeraceae was the most abundant genus for both 2012 and 2018 samples.
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Figure 4. Relative abundances of arbuscular mycorrhizal fungi genera by year and land use
history.

Pairwise comparisons of AM fungal communities showed significant differences
between tree species. In high land use areas, pre-hurricane soils had 2 out of 36

significant comparisons while post hurricane there were 6 out of 36 (P adjusted<0.05)
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(Fig. 5). For low land use, only 3 of 36 pairs were significant pre hurricane while there

were 8 out of 36 pairs post hurricane (P adjusted<0.05) (Fig. 5).
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Figure 5. Pairwise PERMANOVAs of AM fungal communities for tree species by year and land
use. P adjusted values are shown for each comparison with P<0.05 in green.

Our bipartite network analyses revealed significantly modular comminutes
compared to our null model. Low land use matrix resulted in Q = 0.122 and z = 9.677,
meaning the interaction network is 9.6 standard deviations more modular than the null
model. Post-hurricane low land use Q= 0.195 z= 11.822 and high land use Q= 0.240 z =

22.72. Tree species were parsed into separate models for each separate community (Fig. 6
13



A-D). Overall high and low land use had similar modularity values before the hurricane,

both of which increased after the hurricane and with greater modularity in high land use

after hurricane.
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Figure 6. Modularity matrices of plant-AM fungal bipartite networks by year and land use. (A.
2012 Low land use, B. 2018 Low land use, C. 2012 High land use, D. 2018 High land use) Red
groupings denote separate modules while blue boxes represent ASV abundance.
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CHAPTER IV
DISCUSSION

Distinct compositional differences such as homogenization in tree fungal
signatures indicate the magnitude hurricane disturbance has on fungal communities
which has implications for forest coexistence mechanisms. We also found changes in
composition and abundance of fungal functional guilds like fungal pathogens and
mycorrhizae which are influential in tree and seedling performance. The Janzen-Connell
(JC) hypothesis, one of the leading mechanisms explaining the maintenance of tropical
tree diversity, posits that species specific enemies increase seedling mortality near
conspecifics adults to allow rare species to establish. JC mechanisms could be weakened
from the hurricane as fungal pathogens were dispersed further across the forest through
strong which results in seedling mortality being largely driven by generalist pathogens.
Common seedling mortality would increase and reduce tree diversity as rare species
cannot rely on enemy specificity.

A land use legacy was still apparent post hurricane which is consistent with our
hypothesis that historical context is important in determining how fungi respond to large
natural disasters. Land use alters soil physiochemical properties and plant community
composition which in turns influences soil microbial composition. Since land use
practices ended in this forest 80 years ago, the current fungal communities in high land
use areas could reflect a secondary state that is both compositionally and functionally
different than low land use. Glomeraceae and Rhizophagus were found in post hurricane
soils and are considered to contain ruderal species. Efforts to sort AM fungi by functional

traits has been proposed to give greater insight into the functionality and assembly of
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these organisms (Chagnon et al., 2013; Zanne et al., 2020). Many of these classifications
follow a competitor-stressor-ruderal framework that is commonly used in plant databases
(Grime, 1977). Ruderal species are characterized as being disturbance tolerant by being
able to quickly produce and regenerate hyphae (Chagnon et al., 2013). Competitor
species like in the genus Gigaspora seemed to decrease in 2018. In high land use areas,
these ruderal fungi could have overtaken slower growing competitive fungi after repeated
disturbances much like secondary forest successional patterns therefore altering
community composition (Guariguata and Ostertag, 2001). These communities could be
selected to be able to withstand large disturbances and maintain their abundance which
would explain greater abundances in high land use plots. Functional traits need to be
further investigated to help understand successional and assemblage patterns of AM
fungi.

AM fungi diverge from overall fungal microbial signature patterns as unique AM
microbial signatures increased post hurricane. AM fungi have been shown to counteract
Janzen-Connell effects by providing benefits like resource acquisition and pathogen
protection to seedlings near conspecific adults. While these mechanisms are complex and
involve both abiotic and biotic variables, an increase in the specificity of mycorrhizal
communities under adult trees could potentially offer more benefits to conspecific
seedlings rather than rare species growing nearby. This trend was seen regardless of land
use, which suggests there is recruitment of plant species-specific fungi post disturbance.
Plant traits and AM phylogeny have been shown to be significant factors in AM fungal-
plant networks (Chagnon 2015). In congruence with the intermediate disturbance

hypothesis (Connell 1978), hurricane disturbance could have removed general species
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and allowed for opportunistic and ruderal fungi to compete for resource space. It will be
interesting to see how if mycorrhizae maintain distinct trajectories or if this an early
successional period.

Tree defoliation was predicted to be a driver in decreased mycorrhizal abundance
through photosynthetic carbon limitations and shifts soil properties, however we did not
find this in our results. Rapid litter decomposition has also been previously shown to
occur in post hurricane (Ostertag et al., 2003; Vargas et al., 2010) which allows for a
pulse of nutrients to be recycled back into soil (May and Oberbauer, 2021; Xu et al.,
2004). Mycorrhizae decrease in abundance in soils with high nutrients (Liu et al., 2020;
Soonvald et al., 2019), however trees still need mycorrhizae to help source limiting
nutrients such as P, K, and N. Reduction in abundance could have also been buffered by
the increased pathogen abundance in soils. Mycorrhizae stimulate a plant immune
response called priming in their plant hosts to reduce infection (Jung et al., 2012; Song et
al., 2015). Primed plants have higher survival rates when introduced to pathogens. In this
study mycorrhizae could be enhancing disease resistance from the influx of pathogens
from leaf litter which is beneficial for plant hosts to maintain the symbiosis.

While our initial sampling time was several months after the hurricane hit, we can
still infer trends from our data that were potentially due to the hurricane. Temporal shifts
occur in ecosystems, however if our results were due only due to these changes, we
should see similar trends or only fine scale variation (Lauber et al., 2013). But as our data
is showing significant differences between pre- and post-hurricane in soil and litter, we
infer this is due to the disturbance, as has been found with other trophic groups in this

system (Hu and Smith, 2018; Meléndez-Vazquez et al., 2019; Schowalter et al., 2021).

18



Here we show homogenization of tree microbial signatures while AM fungi with
changes in taxonomy and abundance for AM fungi after a major hurricane disturbance in
Puerto Rico. This study examines how litter mixture and deposition on soils selects for
homogenous fungal communities. The emergence of differences by land use, show the
toll previous practices have on belowground communities. Contrary to expectations, AM
fungal abundance and diversity did not change post hurricane which highlights the
differences in disturbance response among functional guilds which offers different
mechanisms of disturbance resilience for plant mutualists. As natural disasters are
thought to increase due to climate change and hurricanes will increase in frequency and
intensity. Understanding how microbial communities respond to disturbances along with
other environmental factors is essential to disentangling future fungal assembly patterns,
function, and implications for plant-soil feedbacks as they relate to the maintenance of

diversity.
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