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ABSTRACT OF THE THESIS
CONTROLS ON BENTHIC MICROBIAL COMMUNITY STRUCTURE AND
ASSEMBLY IN A KARSTIC COASTAL WETLAND
by
Nicholas Ogden Schulte
Florida International University, 2016
Miami, Florida
Professor Evelyn Gaiser, Major Professor
The assembly mechanisms underlying microbial community abundance, biotic

interactions, and diversity over space and time are unresolved, particularly in benthic
microbial mats distributed along environmental gradients. Experimental enrichment of
nutrient-limited microbial mats from the Florida Everglades along a nutrient subsidy-
salinity stress gradient stimulated autotrophic and heterotrophic metabolism, growth, and
diversity independent of autotroph-heterotroph interactions across treatments and space.
These results suggest spatial segregation of autotrophic and heterotrophic components
within mats. Considering only the diatom component of Everglades mats over space and
time, the subsidy-stress gradient controlled diatom compositional turnover at broad
spatial scales while environmental and dispersal-based processes structured diatom
communities at the regional scale and environmental processes independent of the
environmental gradient at the temporal scale. These results indicate environmental
gradients may not necessarily increase connectivity and dispersal across space, and
temporal microbial diversity is driven at the local and regional scales by environmental

heterogeneity in benthic microbial communities.
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CHAPTER 1: INTRODUCTION

Biotic community function (e.g., metabolism, organism growth) and structure
(e.g., physical cohesion, compositional diversity) are responsible for overall ecosystem
functioning and biodiversity (Battin et al. 2003, Allan and Castillo 2007). The
interactions within communities determine community function and structure (Cole
1982), but the specific interactions within and between communities and the environment
are unresolved in many groups of organisms and systems, particularly aquatic
microorganisms. To understand overall community and ecosystem sensitivity to
environmental disturbance, which is intensifying at rapid rates because of anthropogenic
drivers (Smith 2003, Hillebrand and Matthiesen 2009), community and environmental
interactions must be considered at appropriate spatial and temporal scales over space and
time.

Within a trophic level, local (e.g., environmental) and regional (e.g., dispersal)
factors structure community compositional turnover (beta diversity) across space and
time (Ricklefs 1987, Chase and Leibold 2002). The regulation of community beta
diversity by local and regional processes can be integrated within the metacommunity
concept of communities linked by dispersal, in which communities can be singularly or
co-regulated by stochastic (neutral model), immigration-emigration (patch dynamics),
local environmental (species sorting), or high dispersal (mass effects) processes (Leibold
et al. 2004). Each of these assembly mechanisms operates at local (intra-habitat), regional
(inter-habitat), and ecosystem (inter-region) spatial and environmental scales over short

(e.g., minutes, days), intermediate (e.g., seasons, years), and long (e.g., decades) temporal



scales, so it is important to consider the spatial, temporal, and environmental extent of
community dynamics to pinpoint the major factors controlling biodiversity (Hillebrand
and Matthiesen 2009, Korhonen et al. 2010).

Environmental gradients occur across spatial and temporal scales and can directly
influence local community resource availability and stress pressures as well as increase
regional and metacommunity connectivity, thereby stimulating dispersal across space
(Heino et al. 2015). How community structure and function differ along natural gradients
has been well-studied, but comparatively little is known about how the mechanisms
underlying community change are structured differently across different regions of a
gradient (Scott et al. 2008). The controls on microbial assemblages in particular are
understudied despite microorganisms being strongly sensitive to subsidy and stress
gradients because of narrow competitive and physiological tolerances to resource
availability and stress (McCormick and Stevenson 1998).

Autotrophic and heterotrophic microorganisms often co-occur in aquatic systems
as plankton or benthic biofilms, and biofilm metabolism, abundance, and composition
have been shown to be dependent upon the balance of autotrophs and heterotrophs in
streams and lakes (Rier and Stevenson 2001, Scott et al. 2008). Along nutrient gradients,
the coupling between algae and bacteria in streams transitions from strongly positive to
independent (Carr et al. 2005, Scott et al. 2008), suggesting under nutrient-poor
conditions algal-bacterial coupling is defined by a mutual facilitation for algal-derived
carbon exudates and bacterially-regenerated nutrients, rather than by competition for
nutrients, and the mutualism breaks down with increased resource availability (Rier and

Stevenson 2002, Scott et al. 2008). However, in thick, benthic microbial mats that have



high quantities of precipitated inorganic carbon, communities typical of karstic wetlands
worldwide, autotrophs and heterotrophs may be spatially segregated within the mat
(Davey and Clarke 1992, Pierson et al. 1990, Donar et al. 2004, Sharma et al. 2005),
which may correspondingly reduce interactions between autotrophs and heterotrophs.
Karstic wetlands are generally phosphorus (P)-limited because of orthophosphate
adsorption to calcium carbonate, and P enrichment in these wetlands can break down the
physical cohesion of mats and increase algal diversity and growth and community
photosynthesis and respiration (Pan et al. 2000, Inglett et al. 2004, Gaiser et al. 2005).
However, the underlying biotic interactions associated with overall microbial community
change in karstic wetlands are unresolved, particularly across gradients of P enrichment.

In addition to local-scale community interactions with the environment, microbial
community diversity can be structured by regional-scale, spatially structured
environmental factors like resource-stress gradients and spatial-based processes like
dispersal limitation or stimulation (Heino et al. 2015). The relative contributions of local
and regional mechanisms to community beta diversity determine ecosystem biodiversity
and resilience to change, so it is important to identify the assembly mechanisms of beta
diversity across all relevant spatial, temporal, and environmental scales.

The Everglades of South Florida, USA is a P-limited karstic coastal wetland
characterized by a high abundance of benthic microbial mat-forming communities, or
periphyton, along an increasing P subsidy-salinity stress coastal gradient extending from
freshwater marsh through an oligohaline ecotone to saline open water (Davis and Ogden
1994). Benthic mat physical cohesion, metabolism, biomass, and algal diversity become

altered in P-enriched regions, but the mechanisms underlying those changes are



unresolved. The diversity of diatoms, a major contributor to the biotic component of the
mats, varies spatially according to environmental heterogeneity and the coastal gradient,
but the relative control of environmental and spatial assembly mechanisms across
multiple spatial and temporal extents are unknown.

The main objective of the present study was to determine the biotic,
environmental, and spatial controls on benthic microbial mat community metabolism,
growth, and compositional turnover along a subsidy-stress gradient of a coastal karstic
wetland. In Chapter 2, | experimentally enriched P-limited benthic microbial mats in
microcosms to assess how the interactions among algae, bacteria, and fungi affected mat
function and structure after P enrichment. | made spatially explicit comparisons between
two regions along a P subsidy-salinity stress gradient in the Florida Everglades to
determine how autotroph-heterotroph functional and structural coupling differed with P
enrichment along an environmental gradient. In Chapter 3, | partitioned the variation in
beta diversity of diatoms from Everglades mats over space and time along the coastal
gradient into environmental, spatially structured environmental, and spatial assembly
mechanisms in order to determine how local, regional, and landscape metacommunity
beta diversities were controlled along an environmental gradient. The results from these
studies contribute to a growing body of research intent on resolving the mechanisms of
aquatic microbial community structure and assembly in order to better assess the effects
of natural local and regional disturbance regimes on biodiversity and potential biotic

change resulting from anthropogenic disturbance.
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CHAPTER 2: AUTOTROPHIC AND HETEROTROPHIC MICROBIAL RESPONSE

TO PHOSPHORUS ENRICHMENT IN KARSTIC MICROBIAL MATS

Abstract

In aquatic systems, the function (e.g., metabolism, growth) and structure (e.qg.,
species composition) of microbial communities is underlain by the degree of coupling
between autotrophs and heterotrophs. Coupling describes the co-dependency between
two groups of organisms and can be approximated using linear correlations. Nutrient
enrichment can stimulate autotrophic and heterotrophic function and structure while
simultaneously decouple autotroph-heterotroph interactions, leading to broad-scale
changes in overall ecosystem health and functioning. Studies based on how microbial
interactions within oligotrophic stream biofilms and marine plankton are affected by
natural and anthropogenic nutrient inputs along nutrient gradients suggest tight coupling
between autotrophs and heterotrophs under oligotrophic conditions is the result of a
mutual facilitation between algal-generated extracellular organic carbon and bacterially
regenerated nutrients that breaks down with increased nutrient availability. However, the
interactions between autotrophs and heterotrophs along nutrient subsidy gradients are
poorly studied in vertically laminated benthic microbial mats like those found in
phosphorus (P)-limited karstic wetlands worldwide. The present study assessed autotroph
and heterotroph function, structure, and coupling within benthic microbial mats from the
karstic Florida Everglades, USA at naturally oligotrophic and experimentally P enriched
conditions in order to determine how the underlying mechanisms of community function

and structure change with nutrient disturbance. | considered benthic mats along a P



subsidy-salinity stress coastal gradient within the Everglades to measure variability in
response to nutrient enrichment across environmentally distinct regions. Under initial, P-
limiting conditions, algal and bacterial biomass coupling and algal composition-bacterial
biomass coupling were low despite strong metabolic coupling between net ecosystem
production and ecosystem respiration, and fungi were undetectable. Phosphorus additions
stimulated algal, bacterial, and fungal growth that resulted in further decoupling within
algal-bacterial biomass, metabolism, and composition and increased coupling between
algal and fungal biomass. Mats from either end of the subsidy-stress gradient were
similarly stimulated by P, but decoupling between algal-bacterial biomass in freshwater,
low subsidy-stress mats was slightly higher. Enrichment shifted the dominant algal taxa
from cyanobacteria and diatoms to a coccoid green alga, and within the diatom
community from endemic, oligotrophic species to cosmopolitan, nutrient-loving species.
The change in algal community composition and diversity correlated weakly with
primary production and algal and bacterial biomass. Overall, the results from the present
study indicated a low degree of coupling between autotrophic and heterotrophic
microbial communities in natural Everglades mats along the coastal subsidy-stress
gradient that decreased slightly with nutrient enrichment, which is possibly attributable to
spatial segregation of autotrophs and heterotrophs within thick, benthic mats. The lack of
microbial coupling is inconsistent with strong algal-bacterial coupling in stream biofilms
that is decoupled after nutrient enrichment, indicating the mechanisms underlying
microbial community function and structure differ across aquatic systems and microbial

communities.



Introduction

In aquatic systems, the degree of coupling between microbial autotrophs and
heterotrophs in biofilms underlies biofilm function (metabolism and biomass) and
structure (physical cohesion and composition) (Cole 1982, Rier and Stevenson 2002, Carr
et al. 2005, Scott et al. 2008). Coupling can be considered the co-dependency of biotic
groups and can be approximated by linear correlations (Scott et al. 2008). Biofilm
metabolism, abundance, and composition regulate aquatic ecosystem nutrient availability
(Allan and Castillo 2007), carbon storage (Battin et al. 2003, Hessen et al. 2004, Ishikawa
et al. 2014), and consumer dynamics (Worm et al. 2002, Chick et al. 2008) and are
therefore necessary to consider in understanding ecosystem drivers of change associated
with disturbance. Nutrient mobilization is a global phenomenon affecting aquatic
ecosystem structure and function (Smith 2003), and the functional and structural
responses of microbial biofilms to nutrient enrichment can be used to measure ecosystem
water quality and resilience to change (Pan et al. 1996, McCormick and Stevenson 1998,
Gaiser 2009). However, it remains unresolved how the balance of microbial autotrophs
and heterotrophs is maintained under oligotrophic conditions, how it is affected by
nutrient enrichment, and how those interactions affect biofilm structure and function,
particularly in vertically laminated, benthic microbial mats like those formed in karstic
wetland systems worldwide.

Benthic biofilms are responsible for the majority of microbial metabolic activity,
production, and diversity in low- to mid-order streams, littoral zones of lakes, and
wetlands (Scott et al. 2008). Benthic microbial biofilm communities composed of algae,

heterotrophic bacteria, aquatic hyphomycete fungi, and extracellular organic carbon



(EOC) in the form of organism-derived extracellular polymeric substances (EPS) are
good models for microbial biotic and abiotic interactions because of their sensitivity to
disturbance and representative, rapid changes in composition; multiple internal trophic
levels; and micro-scale carbon dynamics (McCormick and Cairns Jr. 1994). Stromatolites
— laminated, calcified, benthic microbial mats — have existed on Earth for 3.5 billion
years (Hofmann et al. 1999), actively generate mineralized structures, and were likely the
primary contributors to the oxygenation of Earth's atmosphere 2.3 billion years ago
(Bekker et al. 2004). Modern carbonate mats found in karstic systems worldwide can
exceed 10 cm in vertical thickness and can be laminated into distinct regions of
autotrophic and heterotrophic activity and diversity (Davey and Clarke 1992, Pierson et
al. 1990, Donar et al. 2004, Sharma et al. 2005, Thomas et al. 2006). Karstic mats are
strongly phosphorus (P)-limited in part because of orthophosphate adsorption to and
coprecipitation with lithified carbonate (Kitano et al. 1978), and P enrichment has been
shown to increase community metabolism and bacterial and algal growth and to promote
shifts in algal and bacterial community composition (Rejmankova and Komarkovéa 2000,
Gaiser et al. 2006, Stanish et al. 2013, Corman et al. 2015). Stromatolitic mats provide a
distinct opportunity to investigate autotrophic-heterotrophic coupling in assemblages
representative of ancient interactions with high EOC availability, spatial lamination of
autotrophs and heterotrophs, naturally P-limited conditions, and well described algal
composition and mat cohesion.

Autotroph-heterotroph linkages have been well-studied between epilithic stream
biofilm algae and bacteria, and some fungi, but the microbial interactions underlying

autotroph-heterotroph coupling and decoupling remain unresolved (Scott et al. 2008). In
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oligotrophic biofilms, algae can act both as substrata and sources of EOC for bacteria
(Cole 1982), and bacterial and fungal growth and metabolism have been shown to
increase in the presence of algae and algal-derived EOC (Kuehn et al. 2014, Wyatt and
Turetsky 2015). Bacterial and algal linkages are not driven by competition for nutrients
(Carr et al. 2005, Scott et al. 2008) and instead appear to be controlled by a mutual
facilitation in which algae depend on bacteria for regenerated nutrients and bacteria on
algae for photosynthetically-derived EOC (Rier and Stevenson 2002, Carr et al. 2005,
Scott et al. 2008). Nutrient enrichment stimulates algal and bacterial metabolism, growth,
and compositional turnover while also decoupling algal and bacterial production (Rier
and Stevenson 2001, Stevenson et al. 2006, Scott et al. 2008), which is speculatively
attributed to a breakdown of the mutual facilitation between algae and bacteria (Carr et
al. 2005, Scott et al. 2008). Scott and Doyle (2006) similarly observed algal-bacterial
production to be tightly coupled in nitrogen (N)-limited floating microbial mats in a
temperate wetland with decoupling induced by N enrichment despite stimulation of algal
and bacterial production. Sharma et al. (2005) described spatial and trophic segregation
of phosphatase activity within P-limited floating stromatolitic mats in the subtropical
Florida Everglades that indicated possible algal-bacterial coupling mediated by bacterial
P regeneration and algal EOC production, suggesting similar processes may underlie
autotroph-heterotroph linkages in biofilms and laminated microbial mats.

Biofilm structure and function are sensitive to nutrient subsidies but also chemical
stress disturbance, under which community diversity generally decreases with low-level
stress and community biomass and metabolism decrease under high stress (Niyogi et al.

2002). Biofilm metabolism and biomass can be reduced in freshwater streams exposed to
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increased salinity, acidity, and toxicity (Niyogi et al. 2002). Coincident community
stimulation from resource subsidy and community depression from chemical stress may
increase community resilience to changes in either subsidy or stress. Community
diversity in moderately subsidized and stressed communities can exceed that of both
oligotrophic, low stress communities and eutrophic, high stress communities because of
larger species pools composed of low, moderate, and high subsidy-stress species with
broad tolerances. To understand ecosystem-scale sensitivity of biofilms to enrichment, it
IS necessary to consider environmental subsidy-stress heterogeneity that affects the
resilience of communities to change.

The Florida Everglades is a P-limited, karstic coastal wetland characterized by a
gradient of increasing P and salinity from the freshwater marsh to Florida Bay, with an
oligohaline ecotone between (Gaiser et al. 2012). Benthic stromatolitic mats are abundant
throughout the system and are composed primarily of cyanobacteria, diatoms,
heterotrophic bacteria, and aquatic hyphomycete fungi laminated in a matrix of EPS,
precipitated calcium carbonate, and detritus (McCormick et al. 1997). Strong gradients in
mat metabolism, abundance, and composition are found along the coastal gradient, but
little is known about the microbial linkages underlying these patterns and how they may
be affected by nutrient enrichment, particularly in mats from the oligohaline ecotone.
Photosynthesis and respiration are often tightly coupled, and metabolic activity and algal
biomass and diversity are elevated in freshwater regions enriched in P (Gaiser et al. 2006,
Hagerthey et al. 2011, Gaiser et al. 2014). Algal compositional changes occur at chronic,
low-level P enrichment, and the physical cohesion of freshwater mats has been shown to

break down after sustained P enrichment (McCormick and O’Dell 1995, Pan et al. 2000,
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Inglett et al. 2004, Gaiser et al. 2005). Coincident with mat dissolution are increases in
autotrophic production and algal species shifts from cyanobacteria and diatoms
characteristic of carbonate wetlands to green algae and diatoms with cosmopolitan
distributions (Gaiser et al. 2006). These responses suggest strong autotroph-heterotroph
coupling under oligotrophic conditions that is mediated by mutual facilitation of nutrients
and EOC and is highly modifiable by limiting nutrient additions. The Everglades
provides an ideal system to investigate autotrophic-heterotrophic microbial interactions in
laminated communities and the consistency of patterns across a natural subsidy (P)-stress
(salinity) gradient.

The purpose of the present study was to determine the influence of oligotrophic
conditions and nutrient enrichment on the trophic coupling of benthic microbial mat
function (metabolism and total mat, autotroph, and heterotroph biomass) and structure
(physical cohesion and algal composition) and the consistency of response over a natural
subsidy-stress gradient. | tested three hypotheses regarding microbial mat response to the
addition of a limiting nutrient (P): (1) P addition stimulates heterotrophy over autotrophy,
resulting in reduced microbial mat biomass and metabolism and decoupling between
autotrophs and heterotrophs. (2) Heterotrophic stimulation facilitates mat dissolution
through EOC decomposition, and autotrophic stimulation is associated with algal species
shifts to non-mat forming species independent of heterotrophic nutrient regeneration. (3)
Autotroph-heterotroph decoupling is strongest in regions of extreme oligotrophy and low
stress. To test these hypotheses, | experimentally manipulated benthic microbial mats

from along a P nutrient-salinity gradient with P additions in a microcosm setting.
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Methods
Study system

The Florida Everglades is a subtropical, oligotrophic coastal wetland in South
Florida, USA covering over 6000 km? and underlain by Cenozoic limestone. The
Everglades is canalized into several distinct regions across a fraction of its historic extent,
in which water quality and quantity are intensively managed. The southernmost area,
Everglades National Park, has two drainages each increasing in P and salinity from the
freshwater marsh to an oligohaline ecotone and into the marine waters of Florida Bay
(Gaiser et al. 2012). Saltwater containing higher P concentrations than the interior
freshwater marsh is projected to intrude into the oligohaline and freshwater regions,
thereby affecting the nutrient subsidy available to and chemical stress on the biotic
communities across the gradient (Saha et al. 2011). Biotic community shifts have been
recorded in enriched areas of Everglades National Park, primarily edge habitats near
canals that are generally P-enriched (Gaiser et al. 2011, Gaiser et al. 2014). Benthic
microbial mat-forming communities are prevalent throughout the Everglades and have
been shown to undergo structural dissociation and algal species replacement in enriched
freshwater edge habitats and under experimental enrichment (Gaiser et al. 2005). The
effects of nutrient enrichment associated with sea level rise on benthic mats in the
oligohaline ecotone, in particular, are unknown. The present study focuses on the effects
of increased P subsidy on the biological functional and structural interactions within
benthic microbial mats from freshwater and oligohaline regions of the Everglades coastal
gradient that differ considerably in natural nutrient levels, environmental stressors, and

microbial mat structure.
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Experimental design

Benthic microbial mats were collected from six freshwater and six oligohaline
sites in Everglades National Park (Figure 2.1). For each site, five 2-cm diameter, 2-5 cm
deep microbial mat cores were taken: three for initial values, one as a control, and one as
an enriched treatment. The initial cores were frozen at -20°C for laboratory processing.
The control and enriched cores were transferred to 300-mL clear biological oxygen
demand (BOD) bottles with source water. Natural total P (TP) levels in Everglades mats
rarely exceed 500 ug g ash-free dry mass (AFDM) in the freshwater marsh and 1000 pg
gl AFDM in the oligohaline ecotone, with higher values signifying areas exposed to
elevated P loads (Gaiser et al. 2006, 2009). In order to reduce P limitation to microbes in
a microcosm setting with mats containing P-adsorbing calcium carbonate, a one-time
load of 1000 pg Na2PO4°H20 was added to each treatment microcosm. Control cores
were exposed only to source water and microcosm conditions. Each microcosm was
placed in an outdoor water bath and exposed to ambient light and temperature, protected
from rain by a transparent acrylic sheet roof, and refilled daily with deionized water to
account for evaporative water loss. For twelve hours each day for 60 days the water in
each microcosm was internally circulated to mimic surface water movement of the slow-
flowing Everglades (<3 cm s?) during the wet season (He et al. 2010), after which the
cores were harvested for laboratory processing. Physical cohesion of each core was
assessed macroscopically and qualitatively throughout the study and documented

photographically.
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Sample collection and processing

Source water from each field site and final microcosm was collected and
measured for conductivity as a proxy for salinity. My key metabolic response parameters,
net ecosystem production (NEP), gross primary production (GPP), and ecosystem
respiration (ER), were measured for initial and final control and enriched cores using the
light and dark bottle method (Gaarder and Gran 1927, Hall et al. 2007).

Each initial, control, and enriched core was homogenized using an immersion
blender and deionized water, and known-volume aliquots were set aside for individual
analyses. Because even at high P loads excess P is sequestered by microbial mats in P-
limited wetlands like the Everglades and hence not measurable in the water column
(Gaiser et al. 2004), mat nutrient content rather than water column nutrient content was
used as a measure of P availability. Mat biomass was measured as total organic carbon
(TOC) content. Subsamples were dried (70°C), and mat TOC and total nitrogen (TN)
were measured using gas chromatography, and mat TP was measured using mass
spectrometry. All biotic response concentrations were calculated per gram of AFDM.

Fungal biomass was estimated from ergosterol with methods adapted from Gulis
and Suberkropp (2006). Methanolic KOH was added to the microbial mat homogenate
and heated in a water bath. Deioinized water was added, the sample was centrifuged, and
the supernatant was removed. Pentane was added to the supernatant, mixed thoroughly,
removed as the upper phase, and evaporated to isolate the ergosterol extract. Pentane
partitioning was repeated twice, and the evaporated residue was redissolved in methanol,
filtered, and analyzed by high-performance liquid chromatography (HPLC) equipped

with a Phenomenex Kinetex C18 column and UV detector set at 282 nm. Fungal biomass
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was calculated assuming an ergosterol concentration of 5.5 ug mg™ in aguatic
hyphomycete dry mass (Gessner and Chauvet 1993).

Bacterial cell concentration was calculated from direct bacterial cell counts.
Samples for bacterial analysis were preserved in 2.5% sterilized formalin, serially diluted
to 1% homogenate content, stained with 4’, 6-diamidino-2-phylindole (DAPI), and
vacuum filtered onto black polycarbonate membrane filters (0.2 um pore size). The filters
were mounted onto glass microscope slides and counted with epifluorescent microscopy.
A minimum of 300 bacterial cells and 10 fields of view were counted at 1000x
magnification.

Algal biomass was measured from mat chlorophyll a concentrations. Subsamples
were filtered onto glass fiber filters, acidified with acetone, and analyzed fluorometrically
(Welschmeyer 1994). Homogenates for total algae counts were diluted, dried onto cover
slips, mounted onto glass slides with a drop of water, and sealed with nail polish. For
each sample, 300 naturally occurring algae units and cells per unit were counted and
identified to species by distinct morphologies along random, measured transects using
compound light microscopy at 1000x magnification.

Because diatoms can provide a higher-resolution measure of community response
than other algae because of their diversity and narrow environmental affinities,
subsamples were oxidized to remove organic and inorganic debris to estimate diatom
valve total and relative abundances (Hasle and Fryxell 1970). Oxidized diatoms were
dried onto cover slips and mounted on slides using Naphrax mounting medium. A
minimum of 250 valves were counted and identified along random, measured transects

using compound light microscopy at 1000x magnification. An additional 250 valves were
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observed, recording only taxa not found in the previous 250 counts while doubling the

counts of taxa from the first counting effort for a minimum of 500 valves recorded.

Data analysis

Conductivity was compared across treatments to determine microcosm effects on
initial conditions. Two categories of treatment response were analyzed: functional
(metabolic and total mat, microbial autotroph, and microbial heterotroph biomass) and
structural (microbial autotroph composition). Functional response included nutrient
content (TP and TN), mat metabolism (NEP, GPP, and ER), and biomass (TOC and
algal, bacterial, and fungal biomass). Structural response included total algae and diatom
diversity. Values from the three initial cores were averaged for each variable by site. No
initial NEP or GPP values are available because of measurement error. Random
ergosterol sample loss limited the number of replicates for each treatment and region (for
freshwater initials, n = 3; controls and enriched, n = 5 each; oligohaline initials, n = 4;
controls, n = 3; enriched, n = 4). For all other samples, n = 6 for each treatment-by-
region. For each analysis, samples were analyzed by treatment within region and region
within each treatment in order to contrast treatment- and region-specific functional and
structural responses to enrichment. Analyses were performed using SPSS v. 23, PC-ORD

v.5, and PRIMER v. 9 (McCune and Mefford 1999, Clarke and Gorley 2006).

Functional response
Conductivity and functional response variables were transformed to minimize

skewness and kurtosis for each variable. To test how each variable differed among
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treatments within a region and between regions within a treatment, one-way analysis of
variance (ANOVA) was conducted for each variable. To account for unequal variances
among groups after transformations, Welch ANOVAs were performed with Games-
Howell post hoc tests when ANOVAs were significant. To compare total functional
response across treatment and regions, similarity matrices were constructed using
Euclidean distances, after removing variables with missing values (NEP, ER, fungal
biomass), and analysis of similarity (ANOSIM) was performed. Higher reported R values
indicate increasing similarity between groups, and comparisons with p < 0.05 were
considered significantly different. In order to approximate the degree of coupling
between variables, Pearson’s correlation coefficients were calculated to evaluate the
strengths of linear relationships between variables. Comparisons with Bonferroni

probabilities of p < 0.05 were considered significantly different.

Structural response

Total algae units were standardized for each taxon by dividing the total number of
cells by the total number of units counted across all samples to determine the average
number of cells per unit and back-calculating units per sample. For total algae and diatom
matrices, the abundance of each taxon in each sample was calculated relative to the total
abundance of algae units or diatom valves counted in that sample, respectively. Relative
abundances of each taxon were relativized by their total abundance across samples and
arcsine square-root transformed to more closely approximate normality and to reduce the
relative importance of very abundant taxa (McCune and Grace 2002). From the total

algae dataset, relative abundances of cyanobacteria, diatoms, and green algae groups
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were calculated. Species richness and Shannon’s diversity index were calculated for total
algae and diatom datasets across treatments by region in order to assess change in species
diversity with enrichment. Pearson’s correlation coefficients were calculated to determine
the linear relationships among total algal and diatom species richness and Shannon’s
diversity and algal group relative abundances.

For both total algae and diatom relative abundance data, similarity matrices were
created using Bray-Curtis similarity measures, and ANOSIMs were performed to
determine the similarity within algal and diatom assemblages by treatment and region
groups. Non-metric multi-dimensional scaling (NMDS) ordination was used to visualize
algae and diatom assemblage composition patterns between regions by treatment and
among treatments by region. Agglomerative hierarchical cluster analyses were conducted
to identify groups of samples with 50% compositional similarity, which were overlaid on
the ordinations. Percentage contributions of taxa to assemblage dissimilarity (SIMPER)
were determined among treatments within a region and between regions within a
treatment in order to identify the taxa most explanatory of assemblage differences among

groups.

Functional-structural coupling

Functional response vectors representing the direction and strength of each
functional variable’s correlation with assemblage compositional dissimilarity were
overlaid on the NMDS ordinations for total algae and diatoms across region and
treatment groups. To assess coupling between algal structure and mat function, algal and

diatom richness, diversity, and relative abundances were compared to environmental and
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functional response variables across treatments by region using Pearson’s correlation

coefficients (McCune et al. 2002).

Results
Consistency of experimental enrichment

Initial freshwater and oligohaline mats were representative of each region,
with elevated conductivity and mat TOC, TN, and TP in oligohaline mats (Figure
2.2). Conductivity was consistent across all treatments within each region,
indicating minimal bottle effects on surface water conductivity.

Phosphorus additions significantly elevated mat TP content in all enriched
mats, with no difference between initials and controls (Figure 2.2). Mean TOC:TP
and TN:TP molar ratios were correspondingly reduced in enriched mats, in which
all freshwater and half of oligohaline mats were consistent with N limitation given
the N:P Redfield ratio for benthic algae of 16:1. The remaining three oligohaline

enriched mats approached N limitation with less than 30:1 TN:TP.

Functional response to enrichment

Autotrophic and heterotrophic metabolism and biomass were significantly
higher in enriched mats than in initials and controls in both regions, with no
significant differences in total mat biomass and TN (Figure 2.2). Mean ER was
significantly lower in enriched mats than initials and controls, and GPP was
higher. Net ecosystem production was greater in enriched mats compared to

controls, but significantly so only in freshwater mats. Algal, bacterial, and fungal
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biomass increased with enrichment in both regions.

Mat functional responses followed the same patterns in both regions but with
differences in magnitude (Figure 2.2). Under initial conditions, compared to freshwater
mats, oligohaline mats had higher autotrophic, heterotrophic, and mat metabolism and
biomass. In enriched mats, oligohaline mats showed a significantly lower treatment effect
than freshwater mats in NEP and fungal biomass, with a significantly higher treatment
effect in chlorophyll a. Comparing all functional response variables across treatment
groups and regions, each treatment-by-region was statistically different except
oligohaline initials and controls (Table 2.1).

Pearson correlation coefficients were used to assess coupling among mat total
biomass and autotrophic and heterotrophic metabolism and biomass (Table 2.2). Under
initial conditions, total mat biomass was weakly, positively correlated with algal biomass
and negatively associated with bacterial biomass. The relationships were inversed and
weakened with enrichment. Net ecosystem production and ER were tightly coupled
together under initial conditions and were decoupled slightly in enriched freshwater mats
and moderately in enriched oligohaline mats. Algal and bacterial biomass correlations
with NEP and ER decreased with enrichment in both regions. Autotrophic and
heterotrophic biomass were weakly coupled under initial freshwater and oligohaline
conditions, and enrichment slightly decreased algal-bacterial coupling across regions.
Weak coupling between algal and fungal biomass under initial freshwater conditions was
inversed and strengthened with enrichment. Enriched oligohaline algal-fungal biomass
coupling was strongly negative. Initial bacterial-fungal coupling was weakly negative in

freshwater mats and became positive and slightly stronger when enriched, whereas
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bacterial-fungal biomass coupling was strongly negative in oligohaline mats.
Structural response to enrichment

Qualitative assessments of microbial mat physical cohesion indicated total
dissolution of three of twelve enriched mats, each oligohaline, that were benthic,
suspended, and amorphous at the end of the study (Figure 2.3). One freshwater
and three oligohaline control mats and two freshwater and one oligohaline mat
were partially broken up but retained overall initial mat-like structure in each
fragment. All other mats retained exterior cohesion and appearance similar to the
beginning of the study, except all enriched cores formed small, surficial green

globules or green, crust-like coatings to varying extents.

Total algae

A total of 110 algae species across three phyla were identified across all regions
and treatments: 20 Bacillariophyta (diatoms), 15 Chlorophyta (green algae, including 4
desmids, 8 coccoid unicells or colonies, and 3 filaments), and 75 Cyanophyta
(cyanobacteria, including 54 coccoid unicells or colonies and 21 filaments). Freshwater
and oligohaline mean initial taxon richness was roughly equal, and in both regions
enriched sample richness was substantially lower than both initials and controls (Table
2.3a). Shannon’s diversity of the assemblages was substantially lower among enriched
mats in both regions compared with initials and controls. Oligohaline enriched mats had
substantially lower diversity than did freshwater enriched mats.

Total algae species richness was strongly, positively correlated with algae

Shannon’s diversity across all treatments and regions (Table 2.4). Algae richness
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and diversity correlated weakly with cyanobacteria and green algae relative abundance in
freshwater and oligohaline initial mats but strongly positively with cyanobacteria in
freshwater and oligohaline enriched mats and strongly negatively with green algae in
freshwater enriched mats. Algae richness and diversity were strongly negatively
correlated with diatom relative abundance in freshwater initial mats, a relationship that
weakened with enrichment. Initial diatom relative abundance in oligohaline mats,
however, was strongly positively associated with algae richness and diversity and became
strongly negatively correlated with enrichment. Across all treatments and regions,
cyanobacteria relative abundance was very strongly inversely correlated with green algae
abundance, and diatom abundance was only strongly correlated in freshwater and
oligohaline controls — negatively with cyanobacteria and positively with green algae.
Enriched total algae assemblage composition was significantly different from
initials and controls in both regions, and only initial mats had similar assemblages
between regions (Table 2.1b). The difference in freshwater initial and enriched mats was
largely explained by decreased abundance of cyanobacteria and increased abundance of
green algae (Tables 2.3a, Figures 2.4 & 2.5). Oligohaline enriched mats differed from
initials and controls by increased green unicellular algae and cyanobacteria filaments
with an overall reduction of coccoid cyanobacteria (Figures 2.4 & 2.5). Assemblage
differences between regions were treatment-dependent, with no significant difference
between initials. Among controls, oligohaline mats had lower cyanobacteria filament and
higher diatom abundances than freshwater mats with a shift in dominant coccoid
cyanobacteria taxa. Among enriched mats, oligohaline mats had higher green unicell and

cyanobacteria filament abundances with a shift in dominant coccoid cyanobacteria taxa.
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Diatoms

A total of 152 diatom species across 41 genera were identified across regions and
treatments. Diatom species richness and Shannon’s diversity were strongly positively
correlated across all treatments and regions (Table 2.4). Freshwater enriched mats had
lower richness and Shannon’s diversity than freshwater initials but not controls, while
oligohaline enriched mats were lower than initials and controls in diversity but not
richness. Compared to oligohaline mats, freshwater initial mats had substantially higher
mean richness and Shannon’s diversity, lower mean richness and diversity in controls,
and roughly equivalent richness and diversity among enriched mats (Table 2.3b).

Diatom assemblages across treatments and regions were all significantly different
except between freshwater and oligohaline enriched communities (Table 2.1c). Initial
freshwater mats were characterized primarily by Mastogloia calcarea, Encyonema
evergladianum, and Encyonema silesiacum var. elegans, and dissimilarity with controls
was explained largely by increased abundance of Encyonopsis microcephala and
Gomphonema intricatum var. vibrio in control mats (Figures 2.6 & 2.7). Enriched
freshwater mats differed with large increases in Nitzschia gracilis and Nitzschia palea
var. debilis compared to initials and controls. Initial oligohaline mats were predominated
by Mastogloia calcarea and Encyonema evergladianum, with elevated Nitzschia palea
var. debilis and Nitzschia palaeformis in controls. Enriched oligohaline mats were
dominated by Nitzschia palea var. tenuirostris and Nitzschia palea var. debilis.

Diatom species richness and diversity were moderately correlated with freshwater

cyanobacteria and green algae relative abundance in initial mats — negatively with
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cyanobacteria, positively with green algae — and in enriched mats, in which the
relationships were inversed (Table 2.4). Diatom richness and diversity were only
moderately associated with oligohaline enriched cyanobacteria (positively) and green
algae (negatively) relative abundances. Diatom relative abundance was moderate to
strongly inversely correlated with diatom richness and diversity in both freshwater and

oligohaline enriched mats.

Function-structure coupling
Total algae

Across treatments and regions, total algae assemblage dissimilarity was
characterized by a strong gradient in conductivity (Figure 2.8a). Regardless of region,
initials and controls clustered together and enriched mats clustered together with 50%
compositional similarity (Figure 2.8a-c). Treatment mats were strongly arranged along a
TP gradient correlated with metabolism and algae and bacteria biomass. Freshwater-only
treatments were strongly associated with a TP gradient and also correlated with NEP and
algal, bacterial, and fungal biomass (Figure 2.8b). Initials and controls were widely
distributed across relatively weak TOC and ER gradients. Oligohaline treatment mats
were distributed along a TP gradient coincident with NEP and algal, bacterial, and fungal
biomass (Figure 2.8c). Controls differed from initials by an increasing conductivity
gradient. The correlations between algal diversity and environmental and functional
response variables were ambiguous, and no broad generalizations could be readily made,
as total algae and diatom richness and relative abundance correlated weakly overall

across freshwater and oligohaline initial and enriched mats (Table 2.5).
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Diatoms

Across treatments and regions, freshwater and oligohaline mat diatom
composition differed along a conductivity gradient (Figure 2.9a). Initial and control mats
were most correlated with increasing ER, and enriched mats were scattered loosely along
an increasing TP gradient correlated with NEP and algal, bacterial, and fungal biomass
(Figure 2.9a-c).

Diatom species richness and Shannon’s diversity were moderately correlated with
all environmental and functional response variables in initial freshwater mats, and these
relationships were all inversed after enrichment and strengthened in the cases of TP and
autotroph and heterotroph biomass (Table 2.5). Initial freshwater diatom richness was
most strongly related to conductivity (negatively) and TP, ER, and TOC (positively),
while enriched diatom richness was most correlated with TP, ER, TOC, bacterial
biomass, and fungal biomass (negatively) and algal biomass (positively). Initial
oligohaline mat diatom richness was most strongly correlated with conductivity and
bacterial biomass (positively) and enriched diatom richness with fungal biomass
(negatively). Reversals of the linear correlation from initial to enriched mats in the
oligohaline region were observed between diatom richness and conductivity and TP with
an overall weakening of correlations with all functional response variables after

enrichment except for with fungal biomass.

Discussion
The results from the present study suggest autotroph-heterotroph

functional and structural coupling is naturally low in oligotrophic benthic
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microbial mats of the Florida Everglades, which is possibly attributable to spatial
segregation of biotic components within the laminated mats that may inhibit the
measurement of or reduce microbial interactions. Algal, bacterial, and fungal growth and
metabolism were each stimulated by nutrient enrichment largely independently of strong
linear correlations across trophic groups. Algal shifts to increased green algae and
cosmopolitan diatoms in enriched mats were associated with increased algal and mat
biomass and NEP, but no consistent mat physical structural dissolution was observed.
Freshwater and oligotrophic initial and enriched mats differed substantially in the extent
of functional stimulation and in representative algal taxa, with a slightly greater degree of

autotroph-heterotroph decoupling within freshwater mats after enrichment.

Functional coupling

Algal and bacterial biomass in microbial mats of the Everglades under
oligotrophic conditions were overall weakly correlated across both freshwater and
oligohaline regions regardless of treatment. Initial freshwater algal and bacterial biomass
were moderately coupled, but inversely so (Table 2.2), which indicates competition rather
than mutual facilitation between algae and bacteria and contrasts with stream biofilm
studies indicating no competition under oligotrophy (Carr et al. 2005, Scott et al. 2008).
Algal, bacterial, and fungal biomass were each stimulated with P enrichment, but algal
and bacterial correlations with NEP and ER decreased. The weak metabolic coupling
under initial conditions despite strong NEP and ER correlations with both algae and
bacteria biomass indicate algae and bacteria contributed to initial metabolism relatively

independently. Upon enrichment, the weak coupling between algae and bacteria was
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reduced, as was the correlation between ER and bacterial biomass, indicating a
decoupling of heterotrophic biomass and metabolism. Instead, P enrichment caused algal
biomass to correlate more strongly with community ER, suggesting a higher degree of
coupling between autotrophic biomass and metabolism. Fungal biomass, however,
correlated more strongly with ER with enrichment, suggesting enrichment affects fungal
biomass and metabolism equitably.

Freshwater and oligohaline benthic microbial mats from the Everglades exhibited
a low degree of coupling between autotroph and heterotroph biomass, metabolism, and
composition under oligotrophic and enriched conditions. The lack of tight coupling
rejects my foundational hypothesis and is inconsistent with Everglades studies that have
shown a high degree of correlation between photosynthesis and respiration. | suggest the
lack of coupling may be attributable to spatial segregation of algal and bacterial
components in carbonate mats despite direct observation by Sharma et al. (2005) of
phosphatase-production on cyanobacterial filament sheaths that was attributed to
heterotrophic bacteria in Everglades mats.

In thick, laminated microbial mats vertical gradients of light, oxygen, and
nutrients may exist (Stal et al. 1985), and autotrophic and heterotrophic organisms are
structured in response to these physico-chemical gradients (Cohen and Rosenberg 1989).
Everglades benthic microbial mats are generally characterized by an upper, macroscopic
yellow layer attributable to photobleaching or the pigment scytonemin, a green middle
layer, and a lower gray layer containing organic material and detritus (Sharma et al. 2005,
Thomas et al. 2006). In general, at each layer cyanobacteria filaments dominate, and the

relative abundances of cyanobacteria filaments and coccoid units and diatoms remains
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relatively equal across layers (Donar et al. 2004). Along a vertical section of floating
Everglades microbial mat, Donar et al. (2004) documented thin films of bacteria on the
upper surface and lower layer of the mat with occasional colonies interspersed in other
layers. Vertical distribution and segregation of photoautotrophs and heterotrophic
bacteria within benthic microbial mats has also been noted in direct observation of
cyanobacterial mats from Antarctic glacial meltwater streams (5 mm thick, Davey and
Clarke 1992) and artificial marine growths (6 mm thick, Fenchel 2000). In living
Bahamian reef stromatolites, distinct lithified layers representative of alternating
sedimentation, cyanobacteria lithification, and bacterial decomposition of EPS have been
documented (Reid et al. 2000). It seems possible that while cyanobacteria and
phosphatase-producing heterotrophic bacteria likely co-occur in Everglades microbial
mats, overall vertical distribution of algae and bacteria may reduce measurable
interactions between algae and bacteria using the techniques of the present study.
Aquatic fungi are often considered constituents of Everglades microbial mats, but
while fungi have been found to be important decomposers in Everglades peat (Hackney
et al. 2000) and benthic flocculent material (Bellinger et al. 2012), no studies of which |
am aware have effectively quantified the fungal biomass in microbial mats. Fungal
biomass was undetectable under initial conditions in both regions, indicating fungi do not
significantly contribute to oligotrophic mat structure or function (Figure 2.2). However, P
enrichment substantially stimulated fungal biomass (and respiration, but no clear
correlation existed between ER and fungal biomass), indicating fungi may play an
increasingly larger functional role in disturbed mats of the Everglades contributing to the

decomposition of EOC. The ability of some aquatic hyphomycetes to precipitate
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carbonate (Preat et al. 2003) may provide the opportunity to maintain the calcareous
nature of carbonate mats after enrichment. Moderately strong negative coupling between
enriched algal and fungal biomass suggests competitive interactions between algae and
fungi, in contrast to the lack of a relationship between algae and bacteria, possibly for

space or relatively scarce N after P enrichment.

Structural coupling

Only three instances of complete mat dissolution were observed, and the
dissolution transformed semi-calcareous, oligohaline mats into gelatinous, benthic
matrices inconsistent with the floating, filamentous assemblage observed in Everglades
freshwater enrichment experiments and enriched wetland boundary regions (Gaiser et al.
2006, Gaiser et al. 2014). Instead of compositional and biomass dominance of the
filamentous green alga Mougeotia sp. in severely enriched freshwater mats found in past
studies, both freshwater and oligohaline enriched cores were dominated by an
unidentified coccoid green alga species. The lack of consistent mat dissolution with
experimental enrichment in microcosms could be attributable to the large P load added to
and sequestered by the mats and resultant N limitation that constrained bacterial digestion
of the mat EOC similarly to how P limitation hypothetically controlled heterotrophy
under natural oligotrophic conditions.

The use of microcosms inherently altered surface area to volume ratio of the mats,
water flow, and natural grazer regime, each of which could also have played a role in
retention of physical cohesion in the mats. Benthic microbial mats are often firmly

attached to substrate and the vertical surface is rarely exposed outside of physical
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disturbance. The coring process and experimental manipulations exposed the interior,
vertical surface of each mat to the water column, thereby exposing all functional layers of
the mat that would naturally be covered by a photoautotrophic layer to added nutrients,
light, and water flow. As a result, the vertical surface of the mat may have been able to
more readily uptake P from the water column while being more light and salinity stressed
without an exterior buffer. However, as part of a pilot study, 30-cm? mats were placed in
acrylic microcosms that limited vertical surface exposure to water, and dissolution was
not observed in freshwater or oligohaline mats over a month-long manipulation.

While microcosm surface water was internally circulated rather than replenished
with fresh water, the disturbance slow flow may contribute to mat dissolution was
replicated with limited resultant mat dissolution. Invertebrate and fish grazing were not
considered in this study, despite their possible role in contributing to mat dissolution.
Fish were excluded from the microcosms, and, qualitatively, minimal infauna within the
mats (freshwater amphipods, Hyalella azteca, and small gastropods) were observed
during sample processing. Benthic microbial mats in the Everglades are considered a
relatively poor food source, but grazers preferentially feed upon green algae and diatoms
(Chick et al. 2008). If green algae and diatoms increase in abundance, as was the case in
our enriched mats, it is likely the mats would be more severely grazed, which could lead
to physical disturbance and relaxation of spatial limitation for increased heterotrophy or
filamentous algal growth. Regardless of microcosm effects, our results reveal the isolated
effects of P on benthic mat structure, function, and autotroph-heterotroph interactions.

While physical structure of the mats remained more or less intact throughout the

study, compositional structure was significantly altered. Total algae and diatom taxon
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richness and diversity were dampened in enriched mats and characterized by increases in
a single coccoid green algal species, shifts in dominant coccoid and filamentous
cyanobacteria taxa, and shifts from oligotrophic endemic diatoms such as Mastogloia
calcarea and Encyonema evergladianum — known dependents on the structure of the
periphyton community (Lee et al. 2014) — to nutrient-loving and cosmopolitan species

within the genus Nitzschia that can reach large abundances in polluted waters.

Function-structure coupling

Although this study did not quantify bacterial or fungal taxon diversity, no clear
relationship was observed between algal diversity and bacterial abundance. Stanish et al.
(2013) found no whole-community change in the bacteria assemblage in Antarctic
cyanobacterial mats but did observe taxon-specific coupling among cyanobacteria,
diatoms, and bacteria. It is possible autotroph-heterotroph compositional coupling is
present on a finer scale than was detectable in the present study and that coupling does
play a role in algal composition, which appeared to underlie much of total mat function.

The substantial increases in autotroph and heterotroph biomass concurrent with
little to no change in mat TOC content in enriched mats suggest the loss of organic
carbon from another source, EOC. Although I did not measure EOC in this study,
heterotrophic stimulation and algal species change to non-mat forming diatoms and green
algae are consistent responses to EOC loss and the hypotheses from stream and
Everglades algal-bacterial coupling studies of mutual facilitation between algae and
bacteria. Our results of weak coupling between algae and bacteria in initial and enriched

mats could be attributable to a relationship between algae and bacteria mediated by EOC
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that is abundant enough in natural mats to not clearly link together algal production and

bacterial decomposition of EPS.

Environmental heterogeneity

Freshwater (low subsidy-stress) and oligohaline (moderate subsidy-stress) mats
responded similarly to enrichment despite different initial values, stimulating autotroph
and heterotroph metabolism and biomass but not total mat biomass. Algal-bacterial
biomass coupling was stronger in freshwater mats under initial conditions with a higher
degree of decoupling with enrichment, supporting my hypothesis of more intense
decoupling in low subsidy-stress mats. However, oligohaline mats had lower mean
diatom species richness and diversity, and the change in total algae and diatom mean
species richness and diversity with enrichment was no different between regions. These
results contrast with my expectations of higher initial diversity in oligohaline mats and
lower enriched diversity in freshwater mats and suggest moderate subsidy-stress mats are
equally at risk to biodiversity loss from nutrient enrichment as low subsidy-stress

communities.

Conclusions

Low autotroph-heterotroph coupling in initial and enriched benthic microbial
mats suggests the possibility that spatial distribution of biological components within
mats controls autotroph-heterotroph interactions and overall mat structure and function. |
observed moderate to high degrees of decoupling between algae and bacteria biomass and

metabolism under initial and enriched conditions, with no substantial decoupling
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associated with nutrient enrichment alone. Algae community composition did not
strongly correlate with bacterial metabolism or biomass. Negative coupling between
algae and fungi biomass in enriched mats suggests fungi may compete with algae for
nutrients or space in the same region of the mat. This study contrasts with previous
stream and wetland biofilm studies that observed tight initial algal-bacterial coupling that
was decoupled with enrichment. The lack of algal-bacterial coupling under initial and
enriched conditions in Everglades microbial mats suggests neither competition for
nutrients (negative correlation) or commensalism (e.g., algae as EOC source or substrata
for bacteria) or mutualism (e.g., bacterial nutrient regeneration for algal uptake and algal
EOC production for bacterial uptake; both positive correlations) are occurring in
oligotrophic or eutrophic conditions. Although not measured, it is possible vertical
lamination of biological components within the mat limits algal-bacterial interactions
under initial conditions and autotrophs and heterotrophs respond to environmental change
independently. The lack of mat dissolution or change in total mat biomass in enriched
mats supports this possibility, suggesting vertical lamination may have remained intact
with enrichment, thereby maintaining limited algal-bacterial interactions after
enrichment. Mats from both low and high nutrient subsidy-salinity stress regions of a
coastal environmental gradient responded to enrichment with stimulated community
metabolism, organism biomass, and algal species shifts. Autotroph-heterotroph
decoupling was only slightly higher in freshwater, low subsidy-stress mats. These results
indicate a slightly higher sensitivity of low subsidy-stress mats to enrichment, with
chemical stress having little effect on bacterial and algal response. Mat community

metabolism, organism biomass, and composition were significantly altered by nutrient
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enrichment, but autotroph-heterotroph interactions do not appear to underlie autotrophic,
heterotrophic, or whole community natural or enriched structure and function in benthic,
laminated karstic mats, which may be attributable to segregated autotroph and

heterotroph spatial distribution within mats.
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Tables and Figures

Table 2.1. Analysis of similarity (ANOSIM) matrices of (a) functional response
variables, (b) total algae composition, and (c) diatom composition between treatments by

region. Greater values indicate greater dissimilarity between assemblages.

a. Functional response variables

FWI FWC FWE OHI OHC
FWC 0.26*
FWE 0.93* 0.83*
OHI 0.32* 0.59* 1.00*
OHC 0.46* 0.56* 0.87* 0.04
OHE 0.99* 0.99* 0.79* 0.99* 0.90*
b. Total algae

FWI FWC FWE OHI OHC
FWC 0.02
FWE 0.62* 0.53*
OHI 0.09 0.36* 0.61*
OHC 0.52* 055 0.72* 0.23
OHE 0.85* 0.91* 0.21* 0.86* 0.86*
c. Diatoms

FWI FWC FWE OHI OHC
FWC 0.49*
FWE 0.43* 0.44*
OH1 0.55* 0.82* 0.58*
OHC 0.80* 0.68* 0.56* 0.47*
OHE 0.53* 0.60* 0.18 0.44* 0.37*
* = significant at p < 0.05

42



Table 2.2. Pearson’s correlation coefficients among functional response variables as heat
map for emphasis. Coefficients near 1 indicate strong positive coupling between variables

and those near -1 indicate strong negative coupling.

FW I FW C FW E OH I OHC OHE
NEP ER -
TOC
CHL A
BAC
FUNGI
R TOC
CHLA
BAC
FUNGI - 0.10 0.28 - - -0.37
TOC CHL A
BAC
FUNGI
CHLA BAC
FUNGI
BAC FUNGI

-1.0 0 ' 1.0

BAC = bacteria cell concentration, CHL A = chlorophyll a, FUNGI = fungal
biomass, NEP = net ecosystem production, ER = ecosystem respiration, TOC =
total organic carbon

FW = freshwater, OH = oligohaline
I = initial, C = control, E = enriched
"-" missing data, unable to calculate
* = p-value <0.05

** = p-value <0.01
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Table 2.3. Mean diversity indices by region, treatment, and treatment by region for (a)

Total algae and (b) diatom assemblages.

a. Total algae b. Diatoms
Relative abundances

S H Cyano Diatom Green S H
FWIl 33 331 0.85 0.01 0.15 FWI 40 3.28
FWC 34 335 0.86 0.01 0.13 FWC 16 224
FWE 25 291 0.67 0.00 0.33 FWE 24 252
OHI 35 337 0.76 0.02 0.22 OHI 25 2380
OHC 39 346 0.82 0.06 0.13 OHC 21 268
OHE 20 249 051 0.00 0.49 OHE 22 252
S = species richness, H* = Shannon’s diversity index
FW = freshwater, OH = oligohaline, | = initials, C = controls, E = enriched

Cyano = cyanobacteria, Green = green algae
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Table 2.4. Pearson’s correlation coefficients among algal composition metrics as heat
map for emphasis. Coefficients near 1 indicate strong positive coupling between variables

and those near -1 indicate strong negative coupling.

FWI FW C FWE OHI OHC OHE

Algae  Algae
5 H

Diztom
5

Dizatom
H
Cvano
Relab

Green
Relab

Diztom
ERelab

Diatom Diatom

s H
Cyano
Relab
Green

Relab

Diatom
Relab

Cvano  Green

Relab  Relab
Diatom
Relab 0.24

Green  Diatom
Relab Relab -036

-1.0 0 1.0
Algae S and H = Total algae species richness and Shannon's diversity; Diatom
5 and H = diatom species richness and Shannon's diversity; Cyano, Green,
Diatom Relab = cyanobacteria, green algae, and diatom relative abundance
* = p-value <0.05
*% = p-value <0.01
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Table 2.5. Pearson’s correlation coefficients between algal composition metrics and
functional response variables as heat map for emphasis. (a) Algal species richness vs.
function, (b) algal group relative abundances vs. function. Coefficients near 1 indicate
strong positive coupling between variables and those near -1 indicate strong negative
coupling.

a. Total algae and diatom species richness vs. function

FWI FWC FWE OHI OHC OHE

AlgaeS COND -0.35 -0.18 -0.01
TP 0.06

NEP -0.02 005 -

ER '083 | 002 -035 -0.16

TOC 0.35 0.13 -0.47 0.37
CHLA [-056 0.4
BAC 0.09 -0.12
FUNGI -
Diatom COND
S TP
NEP
ER
TOC 0.47
CHLA -0.39
BAC -0.23
FUNGI -

-0.36

0.37
0.28 -0.33
034 0.27

-1.0 0

Algae and Diatom S = total algae and diatom species richness

COND = conductivity, TP = total phosphorus, NEP = net ecosystem
production, ER = ecosystem respiration, TOC = total organic carbon,
CHL A = chlorophyll a, BAC = bacteria cell concentration, FUNGI =
fungal biomass

* = p-value <0.05

** = p-value <0.01
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Table 2.5 (continued). (b)

b. Algal group relative abundance vs. function

Cyano  COND -0.32
Relab  1p 022  -0.05 -0.29
NEP - 020 -0.07
ER 009 -021 -0.12
TOC -004 -010 021
CHLA 038 005 0.13
BAC  -0.47
FUNGI -  -004 007
Green COND |-064  -062 034
Relab  1p 0.18 0.06 0.25
NEP - 020 005
ER 025 022 014
TOC 002 009 -0.22
CHLA -048 -0.05 -0.13
BAC
FUNGI
Diatom COND
Relab TP -0.06
NEP - 004
ER  |-089% 005 -0.22
TOC 011 023 062
CHL A -0.05 -0.10
BAC -0.30
FUNGI -
[
-1.0 0

-0.42
0.17
-0.18
0.14
0.46
-0.12
0.20
-0.24
0.09
-0.10

0.25
-0.09
0.46

-0.08

0.09

Cyano, Green, Diatom Relab = cyanobacteria, green algae, and diatom

relative abundance

COND = conductivity, TP = total phosphorus, NEP = net ecosystem
production, ER = ecosystem respiration, TOC = total organic carbon,
CHL A = chlorophyll a, BAC = bacteria cell concentration, FUNGI =

fungal biomass
* = p-value <0.05
** = p-value <0.01
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Figure 2.1. Freshwater and oligohaline sample sites in Everglades National Park.
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Figure 2.2. Treatment means across regions for conductivity and functional response variables with analysis of variance (ANOVA)
significance results. Gray bars = freshwater, white bars = oligohaline. Different letters represent significance (p < 0.05) between
treatments within a region (lower case = freshwater, upper case = oligohaline), asterisks represent significance (p < 0.05) between

regions within a treatment.
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Figure 2.3. Photographic documentation of macroscopic changes among initial (1),
control (C), and enriched (E) benthic microbial mat experimental cores. All initial core
pictures were taken on day one of the experiment, all control and enriched cores on the
final day sixty of the experiment. (a) Freshwater replicates, numbers 1 — 6, (b)

oligohaline replicates, numbers 7 — 12.
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b. Oligohaline mat cores
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Figure 2.4. Total algae relative abundance dot plot of taxa >5% relative abundance in at
least one sample, separated by region and treatment. Taxa listed by algal group notation
and catalogued species number for that group, where prefix Cc = cyanobacteria coccoid,
Cf = cyanobacteria filament, Dc = diatom unicell, Gc = green algae coccoid. FW =

freshwater, OH = oligohaline.
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Figure 2.5. Total algae dot plot of taxa >1.0 average dissimilarity between treatment and

region group comparisons. Taxa listed by algal group notation and catalogued species

number for that group, where prefix Cc = cyanobacteria coccoid, Cf = cyanobacteria

filament, Dc = diatom unicell, Gc = green algae coccoid. FW = freshwater, OH =

oligohaline, I = initial, C = control, E = enriched.

FW —

OH —

FW- |

OH

Cyanobacteria

Diatom Green

— e~ A =

2E2E AL

o g -~ = S R W= - = N I B B = et~ B~ N — B, W - B O e oW
T F T e e QEOEOEHE e
L E R A MR AR AR RAAARNOO R EEEMNEA
R I I L L L T L ) - vQ
unuLuULUULDLULULLDLDLDLLULDLDLLLDLLLOLDOUAMD
000000 00000000000 000080 - -000 P~
0000020 . 00000000 000000 -0000|-P-
9000000000000 0000000 o000 P
[ ]

ssvw.ee-ass9

1000000
1 +00000°:-020000°° 000000000 OG0

53

Ivlean
dissimnilarity
e =105
® =10
@ -un

® -




Figure 2.6. Diatom relative abundance dot plot of taxa >5% relative abundance in at least
one sample, separated by region and treatment. Species names listed in Figure 2.7. FW =

freshwater, OH = oligohaline.
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Figure 2.7. Diatom dot plot of species >1.0 average dissimilarity between treatment and
region group comparisons. Taxa listed alphabetically. FW = freshwater, OH =

oligohaline, I = initial, C = control, E = enriched.
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menghiniana, DIOBLOBL = Diploneis oblonga, DIPARPAR = Diploneis parma, ECMICMIC = Encyonopsis
microcephala, ENEVEEVE = Encyonema evergladianum, ENMESMES = Encyonema megianum, ENSILELE =
Encyonema silesiacum var. elegans, ENSJISP03 = Encyonema gjsp03, FAFILFIL = Fragilariafiliformis,
FAFTSP16 = Fragilariaftspl6, FASYNSYN = Fragilaria synegrotesca, GOAURAUR = Gomphonema auretum,
GOINTVIB = Gomphonema intricatum var. vibrio, KOCFPARA = Kobayasiella parazubtilissima, MACALCAL
=Mastogloia calcarea, MALANLAN = Mastogloialanceolata, MAPSEPSE = Mastogloiapseudosmithii,
NACRYCRY =Navicula cryptotenella, NARADRAD = Navicularadiosa, NIGRAGRA = Nitzschia gracilis,
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gerpentiraphe, PIMICMIC = Pinnularia microstauron, PINEONEO = Pinnularianeomajor, SESTRSTR =
Sellaphora stroemii, SMPUSPUS = Seminavis pusilla, STPHOPHO = Stauroneis phoenicenteron.
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Figure 2.8. Non-metric multidimensional scaling (NMDS) of total algae composition with conductivity and functional response
vectors and 50% similarity clusters. (a) Both regions across treatments, (b) freshwater across treatments, (c) oligohaline across
treatments. BAC = bacteria cell concentration, CHLA = chlorophyll a, COND = conductivity, ER = ecosystem respiration, FUNGI

= fungal biomass, NEP = net ecosystem production, TOC = total organic carbon, TP = total phosphorus.
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Figure 2.9. Non-metric multidimensional scaling (NMDS) diatom composition with conductivity and functional response vectors
and 50% similarity clusters. (a) Both regions across treatments, (b) freshwater across treatments, (c) oligohaline across treatments.
BAC = bacteria cell concentration, CHLA = chlorophyll a, COND = conductivity, ER = ecosystem respiration, FUNGI = fungal

biomass, NEP = net ecosystem production, TOC = total organic carbon, TP = total phosphorus
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Appendices to Chapter 2
Appendix A
Table 2A.1. Environmental and functional response values for each treatment-by-site. Sample codes indicate site number,

treatment (I = initial, C = control, E = enriched) and region (FW = freshwater, OH = oligohaline).

(72} ~~

_ 3 . 3 - aco =

>, Q% 5 2 o . o © = 8 = o

£ I 2 9T 3T 9of 32 5% <

= o2 = 2 o 95 2= £« &< o -

S 2 =5 =6 =5 = S o o T o

= T S £ £ o £ HE ZE& &f = o g o S 3

3 = o e S = P2 =z uwg< O6CKZ S ZE S
11FW 7.45 307.00 1.93E+05 6.62E+03 52.76 - 0.12 - 403.45 0.00 3.53E+10
1CFW 7.78 192.30 2.01E+05 7.41E+03 100.24 0.01 0.06 0.07 85.06 0.00 4.30E+10
1EFW 8.76 206.00 2.11E+05 9.61E+03 2041.89 3.78 -3.82 7.60 542.11 3.77 1.36E+11
21 FW 7.66 168.80 2.03E+05 8.21E+03 65.15 0.00 - 169.19 0.00 2.54E+10

2CFW 758 11430 2.13E+05 8.63E+03  76.48 056 -042 0.99 243.93 - 2.83E+10
2EFW 8.3 122.10 2.17E+05 9.55E+03  1742.09 3.07 -3.20 6.26 521.50 0.57 8.47E+10
31FW 744  149.80 245E+05 1.38E+04  140.77 - 0.00 - 230.17 0.00 6.01E+10
3CFW 7.64 107.00 256E+05 1.45E+04 212.61 020 -0.10 031 97.89 0.00 2.56E+10
3EFW 8.16  131.60 250E+05 1.44E+04  3386.02 342 -296 6.38 349.97 1946  1.11E+11
41 FW 721 171.10 3.44E+05 2.42E+04  259.91 - 0.00 - 343.28 - 2.72E+10
4 CFW 8.46  104.50 3.01E+05 2.09E+04  216.37 226 -2.18 4.43 413.33 0.00 7.21E+10
4 EFW 8.53  152.90 - - 506991 541 -589 11.30 650.62 4.66 1.92E+11
51 FW 748  204.00 256E+05 1.94E+04  177.12 - 0.00 - 545.16 - 1.47E+10
5CFW 8.48 118.10 240E+05 1.52E+04  189.87 145 -135 280 457.95 0.13 6.13E+10
5EFW 8.76  161.70 248E+05 1.59E+04 241492 442 474 915 1187.85 1.12 9.91E+10
61 FW 7.83  185.30 1.94E+05 9.83E+03  72.52 - 0.00 - 261.34 - 6.51E+10
6 CFW 755 147.30 2.08E+05 1.19E+04  141.99 040 -0.28 0.68 219.81 0.42 3.29E+10
6 EFW 9.15 211.00 2.04E+05 9.07E+03  2156.86 5.62 -7.95 13.57 808.09 - 8.67E+10
710H 7.88  760.00 242E+05 1.18E+04  94.77 - 0.00 - 328.56 0.00 5.19E+10
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7COH
7EOH
810H
8 COH
8 E OH
910H
9COH
9EOH
101 0OH
10 COH
10 EOH
1110H
11 COH
11 EOH
121 OH
12 COH
12EOH

8.16
9.29
7.88
7.75
9.42
7.45
7.91
8.77
7.25
7.88
8.75
8.18
7.99
9.06
8.18
8.02
9.22

563.00
647.00
760.00
652.00
689.00
1968.00
1600.00
1426.00
2800.00
1920.00
1873.00
249.00
192.40
239.00
249.00
243.00
260.00

3.59E+05
3.01E+05
3.24E+05
2.93E+05
2.49E+05
3.26E+05
3.01E+05
3.29E+05
3.71E+05
3.25E+05
3.43E+05
3.49E+05
3.73E+05
3.19E+05
3.57E+05
3.52E+05

1.72E+04
2.13E+04
1.54E+04
1.61E+04
1.03E+04
2.72E+04
2.40E+04
3.03E+04
2.85E+04
2.94E+04
2.81E+04
2.87E+04
3.12E+04
2.33E+04
3.18E+04
3.11E+04

127.52
5653.20
122.18
248.87
3284.85
262.18
385.95
3995.27
1389.17
404.80
4603.51
203.89
235.31
3817.68
157.51
225.12
2486.03

0.95
4.23

1.60
3.81

2.46
1.25

2.46
1.16

0.49
3.47
0.48
2.16

-0.61
-71.92
0.00

-1.42
-8.39
0.00

-2.44
-5.68
0.00

-2.79
-4.66
0.00

-0.36
-4.86
0.00

-0.50
-3.88

1.56
12.14
3.02
12.21
491
6.93
5.25
5.81
0.86
8.34
0.98
6.05

289.81
2403.77
173.59
401.93
1032.10
867.33
373.76
1475.56
406.25
355.59
1627.71
583.48
295.49
861.42
745.00
23551
911.65

0.00
0.00
2.79

0.00
0.00
0.00

0.00

2.37

0.00
0.70

4,15E+10
1.56E+11
3.77E+10
9.04E+10
5.62E+10
9.29E+10
1.65E+11
1.45E+11
4.32E+10
7.59E+10
7.48E+10
2.67E+10
2.74E+10
7.43E+10
2.53E+10
3.38E+10
6.52E+10

AFDM = ash-free dry mass, C (variable) = carbon, NEP = net ecosystem production, ER = ecosystem respiration, GPP = gross

primary production
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Appendix B

Table 2B.1. Diatom species counts for each treatment-by-site. (a) Freshwater sites and (b) Oligohaline sites. Sample codes indicate
site number, treatment (I = initial, C = control, E = enriched) and region (FW = freshwater, OH = oligohaline). Taxon codes are
arranged alphabetically by genus and species and, where applicable, variety or forma abbreviations. See Table 2B.2 for taxon

names and authorities.
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Table 2B.2. Codes and names of diatom taxa.

Taxon code Taxon name

ACCALCAL  Achnanthidium caledonicum (Lange-Bertalot) Lange-Bertalot 1999
AHMINMIN Achnanthidium minutissimum (Kutzing) Czarnecki 1994
AMAFFAFF Amphora affinis Kutzing 1844

AMCFASP Amphora cf. aspera Petit 1877

AMCOPCOP  Amphora copulata (Kitzing) Schoeman & Archibald 1986
AMLO6L06 Amphora L06

AMSTRSTR Amphora strigosa Hustedt 1949

AMSULSUL  Amphora sulcata Gregory 1854

ASFORFOR Asterionella formosa Hassall 1850

AUAMBAMB  Aulacoseira ambigua (Grunow) Simonsen 1979

AUCRACRA  Aulacoseira crassipunctata Krammer 1991

AUDISDIS Aulacoseira distans (Ehrenberg) Simonsen 1979

AUGRAANG  Aulacoseira granulata var. angustissima (Maller) Simonsen 1979
AUGRAGRA  Aulacoseira granulata (Ehrenberg) Simonsen 1979

AUNSSPO1 Aulacoseira nssp01

AUNSSP02 Aulacoseira nssp02

AUNSSP03 Aulacoseira nssp03

AUNSSP04 Aulacoseira nssp04

AUNSSPO05 Aulacoseira nssp05

BRBREBRE Brachysira brebissonii Ross in Hartley 1986

BRMICMIC Brachysira microcephala (Grunow) Compére 1986

BRNSSP01 Brachysira nssp01

BRVITVIT Brachysira vitrea (Grunow) Ross in Hartley 1986

CABRABRA  Caloneis branderii (Hustedt) Krammer 1985

CACFBAC Caloneis cf. bacillum (Grunow) Cleve 1894

CPCARCAR Caponea caribbea Podzorski 1984

CRCUSCUS Craticula cuspidata (Kutzing) Mann in Round, Crawford & Mann 1990
CRNSSPO1 Craticula nssp01

CSTHOTHO Cyclostephanos tholiformis Stoermer, Hakansson & Theriot 1987
CYIRIIRI Cyclotella iris Brun & Héribaud-Joseph in Héribaud-Joseph 1893
CYMENMEN  Cyclotella meneghiniana Kitzing 1844

CYOCEOCE Cyclotella ocellata Pantocsek 1901

DDCONCON  Diadesmis confervaceae Kitzing 1844

DETENTEN Denticula tenuis Kitzing 1844

DIELLELL Diploneis elliptica (Kitzing) Cleve 1894

DINSSPO1 Diploneis nssp01

DINSSP02 Diploneis nssp02

DINSSP03 Diploneis nssp03

DIOBLOBL Diploneis oblongella (Nageli ex. Kiitzing) Cleve-Euler 1922
DIPARPAR Diploneis parma Cleve 1891

DIPUEPUE Diploneis puella (Schumann) Cleve 1894

ECMICMIC Encyonopsis microcephala (Grunow) Krammer 1997

ECNSSPO1 Encyonopsis nssp01

ENEVEEVE Encyonema evergladianum Krammer 1997

ENFTSP04 Encyonema ftsp04

ENMESMES  Encyonema mesianum (Cholnoky) Mann in Round, Crawford & Mann 1990
ENSILELE Encyonema silesiacum var. elegans Krammer 1997

ENSILSIL Encyonema silesiacum (Bleisch in Rabenhorst) Mann in Round, Crawford & Mann 1990
ENSJSPO3 Encyonema sjsp03

EUARCARC  Eunotia arcus Ehrenberg 1837

EUCANCAN Eunotia canicula Furey, Lowe and Johansen 2011

EUFLEFLE Eunotia flexuosa (Brebisson in Kiitzing) Kitzing 1849
EUNAENAE Eunotia naegelii Migula 1907
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EUNOVNOV
EUNSSPO1
EUNSSP02
EUNSSPO03
EVMETMET
EVPACPAC
FAFTSP16
FANANNAN
FANSSPO1
FANSSP02
FAROBROB
FASYNSYN
FRRHORHO
GOAURAUR
GOCFVIBR
GOGRAGRA
GOINTVIB
GOMACMAC
HAAMPAMP
HANSSPO1
HANSSPO1
HAVIRCAP
HAVIRVIR
HAVIVVIV
KAAMOAMO
KOCFPARA
LUMUTMUT
LUNSSPO1
MACALCAL
MACFBAR
MACFBRA
MACRUCRU
MALANLAN
MAPSEPSE
MAPUSPUS
NACFPLA
NACFRAD
NACRYCRY
NALATLAT
NANSSPO1
NANSSP02
NANSSPO03
NANSSP04
NAPHYPHY
NARADRAD
NEAMPAMP
NIAMPAMP
NIAMPFRA
NICFAMP
NICFFRU
NIDENDEN
NIDISDIS
NIGRAGRA
NILACLAC
NINANNAN
NINSSPO1

Eunotia novaisiae Lange-Bertalot & Ector in Lange-Bertalot et al. 2011
Eunotia nssp01

Eunotia nssp02

Eunotia nssp03

Envekadea metzeltinii Lee, Tobias & Van de Vijver 2013

Envekadea pachycephala (Cleve) Atazadeh & Edlund in Atazadeh et al. 2014
Fragilaria ftsp16

Fragilaria nanana Lange-Bertalot in Krammer & Lange-Bertalot 1991
Fragilaria nssp01

Fragilaria nssp02

Fragilaria robusta (Fusey) Manguin 1954

Fragilaria synegrotesca Lange-Bertalot 1993

Frustulia rhomboides (Ehrenberg) De Toni 1891

Gomphonema auritum Braun in Kitzing 1849

Gomphonema cf. vibrioides Reichardt & Lange-Bertalot 1991
Gomphonema gracile Ehrenberg 1838

Gomphonema intricatum var. vibrio Ehrenberg sensu Fricke 1902
Gomphonema maclaughlinii Reichardt 1999

Hantzschia amphioxys (Ehrenberg) Grunow in Cleve & Grunow 1880
Halamphora nssp01

Hantzschia nssp01

Hantzschia virgata var. capitellata Hustedt in Schmidt et al. 1922
Hantzschia virgata (Roper) Grunow in Cleve & Grunow 1880
Hantzschia vivacior Lange-Bertalot 1993

Karayevia amoena (Hustedt) Bukhtiyarova 1999

Kobayasiella parasubtilissima (H. Kobayasi & T. Nagumo) H. Lange-Bertalot 1999
Luticola mutica (Kitzing) Mann in Round, Crawford & Mann 1990
Luticola nssp01

Mastogloia calcarea (Thwaites ex. W. Smith) Lee et al. 2013
Mastogloia cf. barbadensis (Greville) Cleve 1895

Mastogloia cf. braunii Grunow 1863

Mastogloia crucicula (Grunow) Cleve 1895

Mastogloia lanceolata Thwaites ex W.Smith 1856

Mastogloia pseudosmithii Lee et al. 2014

Mastogloia pusilla Grunow 1878

Navicula cf. placentula (Ehrenberg) Kitzing 1844

Navicula cf. radiosa Kutzing 1844

Navicula cryptotenella Lange-Bertalot in Krammer & Lange-Bertalot 1985
Navicula laticeps Hustedt 1942

Navicula nssp01

Navicula nssp02

Navicula nssp03

Navicula nssp04

Navicula phyllepta Kitzing 1844

Navicula radiosa Kiitzing 1844

Neidium ampliatum (Ehrenberg) Krammer in Krammer & Lange-Bertalot 1985
Nitzschia amphibia Grunow 1862

Nitzschia amphibia f. frauenfeldii (Grunow) Lange-Bertalot 1987
Nitzschia cf. amphibia Grunow 1862

Nitzschia cf. frustulum (Kiitzing) Grunow in Cleve & Grunow 1880
Nitzschia denticula Grunow in Cleve & Grunow 1880

Nitzschia dissipata (Kitzing) Rabenhorst 1860

Nitzschia gracilis Hantzsch 1860

Nitzschia lacunarum Hustedt 1930

Nitzschia nana Grunow in Van Heurck 1881

Nitzschia nssp01
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NINSSP02
NINSSPO3
NINSSP04
NIPAFPAF
NIPALDEB
NIPALPAL
NIPALTEN
NIPARPAR
NISEMSEM
NISERSER
PEBREBRE
PEPSEPSE
PIACRACR
PICFSTR
PIFTSP13
PIFTSP16
PIGIBGIB
PIMICMIC
PINEONEO
PINSSPO1
RHACUACU
RHCFMUSC
RHGIBGIB
RHGIBPAR
ROLINLIN
SACONCON
SACONVEN
SDMEDMED
SDMINMIN
SELAELAE
SELAEPER
SENSSPO1
SEPUPPUP
SEPUPREC
SESTRSTR
SMPUSPUS
SRPINPIN
STCFAMPH
STPHOPHO
SYFILFIL

Nitzschia nssp02

Nitzschia nssp03

Nitzschia nssp04

Nitzschia paleaeformis Hustedt 1950

Nitzschia palea var. debilis (Kiitzing) Grunow in Cleve & Grunow 1880
Nitzschia palea (Kutzing) W.Smith 1856

Nitzschia palea var. tenuirostris Grunow in Van Heurck 1881

Nitzschia parvula W.Smith 1853

Nitzschia semirobusta Lange-Beratlot 1993

Nitzschia serpentiraphe Lange-Bertalot 1993

Pseudostaurosira brevistriata (Grunow) Williams & Round 1988
Pseudostaurosira pseudoconstruens (Marciniak) Williams and Round 1987
Pinnularia acrosphaeria W.Smith 1853

Pinnularia cf. stromatophora (Grunow) Cleve 1861

Pinnularia ftsp14

Pinnularia ftsp16

Pinnularia gibba Ehrenberg 1843

Pinnularia microstauron (Ehrenberg) Cleve 1891

Pinnularia neomajor Krammer 1992

Pinnularia nssp01

Rhopalodia acuminata Krammer in Lange-Bertalot & Krammer 1987
Rhopalodia cf. musculus (Kitzing) Miller 1900

Rhopalodia gibba (Ehrenberg) Miiller 1895

Rhopalodia gibba var. parallela (Grunow) Holmboe 1899

Rossithidium lineare (W.Smith) Round & Bukhtiyarova 1996
Staurosira construens Ehrenberg 1843

Staurosira construens var. venter (Ehrenberg) Hamilton in Hamilton et al. 1992
Stephanodiscus medius Hakansson 1986

Stephanodiscus minutulus (Kutzing) Cleve & Mdller 1882

Sellaphora laevissima (Kitzing) Mann 1989

Sellaphora laevissima var. perhibita (Hustedt) Lange-Bertalot 1985
Sellaphora nssp01

Sellaphora pupula (Kitzing) Mereschkovsky 1902

Sellaphora pupula var. rectangularis (Gregory) Czarnecki 1994
Sellaphora stroemii (Hustedt) H.Kobayasi 2002

Seminavis pusilla (Grunow) E.J.Cox & G.Reid 2004

Staurosirella pinnata (Ehrenberg) D.M.Williams & Round 1988
Stauroneis cf. amphibia Lange-Bertalot, Cavacini, Tagliaventi & Alfinito 2003
Stauroneis phoenicenteron (Nitzsch) Ehrenberg 1843

Synedra filiformis Grunow in Cleve & Grunow 1880
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Appendix C

Table 2C.1. Total algae taxon counts for each treatment-by-site. (a) Freshwater sites and (b) Oligohaline sites. Sample codes
indicate site number, treatment (I = initial, C = control, E = enriched) and region (FW = freshwater, OH = oligohaline). Taxon
names are unresolved and are listed by algal group (cyanobacteria, green algae, diatoms), shape, and identification number.
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Diatom_Amphora sulcata
Diatom_Brachysira
microcephala
Diatom_Encyonema
evergladianum
Diatom_Encyonema
mesianum
Diatom_Encyonema
silesiacum var. elegans
Diatom_Encyonopsis
microcephala
Diatom_Fragilaria ftsp16
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CHAPTER 3: ASSEMBLY MECHANISMS OF PERIPHYTIC DIATOM SPATIAL
AND TEMPORAL BETA DIVERSITY ACROSS A SUBSIDY-STRESS GRADIENT

IN A COASTAL WETLAND

Abstract

The turnover of community composition across space and time — beta diversity —
can be differentially influenced by local (e.g., environmental) and regional (e.g.,
dispersal) assembly mechanisms that can determine how resilient community biodiversity
is to change. However, relatively little is known of how the mechanisms underlying beta
diversity are affected at multiple spatial and temporal scales along environmental
gradients, particularly in microbial communities sensitive to environmental disturbance
and physically contained within attached microhabitats. | assessed the beta diversity of a
periphytic diatom metacommunity across an environmental subsidy (phosphorus) and
chemical stress (salinity) gradient and identified the spatial and temporal extents of the
local and regional mechanisms structuring metacommunity turnover at landscape, inter-
regional, and regional spatial scales and inter-annual temporal scales. The study was
conducted along a freshwater-oligohaline coastal gradient within the Florida Everglades,
USA among 16 sites over 8 years. Landscape environmental conditions were defined
spatially and temporally by the subsidy-stress gradient. The highest spatial and temporal
environmental variation was found within the low subsidy-stress, freshwater region of the
gradient and was attributed to high variation in water availability. Spatial beta diversities
were highest at the landscape and inter-region scales, but temporal turnover was low

across and within regions except for the high subsidy-stress, brackish region. The
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variation of spatial beta diversity was partitioned into assembly mechanisms for each
region: the landscape and inter-regions were environmentally structured, indicative of
species sorting processes associated with the environmental gradient. Environmental and
spatial factors were both significant within regions, indicative of coincident species
sorting and spatial-based processes at the regional scale that fluctuated spatiotemporally.
Temporally, the landscape and each region correlated strongly with non-gradient
environmental factors and variation in subsidy and water availability. These results
indicate environmental gradients can control landscape metacommunity compositional
turnover across space with a low degree of control by spatial factors, but environmental
and spatial mechanisms independent of the gradient operate at regional spatial and

temporal scales.

Introduction

The distributions and abundances of species are controlled by spatially and
temporally structured factors that are increasingly affected by anthropogenic disturbance
and global climate change (Hillebrand and Matthiesen 2009). The identification of local
and regional factors controlling biodiversity is necessary to assess the sensitivity of
communities to change across spatial and temporal scales. However, studies are limited
that consider species diversity at multiple spatial, temporal, and environmental scales in
order to assess the complex mechanisms underlying community assembly that in turn
define ecosystem biodiversity and function (Hillebrand and Matthiesen 2009, Lindstrom
and Langenheder 2012). In particular, relatively little is known about how compositional

turnover is controlled along environmental gradients over space and time, particularly in
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microbial communities that are sensitive to environmental disturbance and spatial
heterogeneity and are physically contained within biofilm communities.

Beta diversity — the compositional turnover of species over space and time — is
regulated by local and regional factors that are nested within the metacommunity concept
of interacting communities linked by dispersal-based processes (Ricklefs 1987, Chase
and Leibold 2002, Leibold et al. 2004). The extent of control on beta diversity of local,
intra-habitat factors (e.g., environmental effects and species interactions) and regional,
inter-habitat factors (e.g., dispersal, species pools, and ecological drift) determines
community assembly and can be represented by the four frameworks within the
metacommunity concept (Leibold et al. 2004). In patch dynamics models, community
composition is controlled by the balance of regional immigration-emigration among
homogenous local patches. Neutral models predict community assembly is regulated by
stochastic processes and dispersal limitation among functionally equivalent species
(Hubbell 2001). Individual species response to local environmental conditions controls
assembly in species sorting (i.e., environmental filtering) models (Hutchinson 1957),
while in mass effects models environmental controls and high dispersal rates interact to
regulate variation in community abundance and composition. In order to fully consider
all possible mechanisms of community assembly, compositional turnover must be
assessed at the spatial, temporal, and environmental scales at which community change
operates (Huston 1999, Hillebrand and Matthiesen 2009).

Species sorting and mass effects are largely responsible for spatial beta diversity
of macro-organisms at regional, landscape, and ecoregion levels (Cottenie 2005), but

microorganism spatial beta diversity has been attributed to species sorting, mass effects,
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neutral processes, and co-control among mechanisms at ecoregion, ecosystem (or
landscape), regional, and local spatial scales. Overall, microorganism spatial beta
diversity in aquatic systems has been predominantly attributed to species sorting
(Potapova and Charles 2002, Landeiro et al. 2011), but the relative contribution of spatial
factors, particularly dispersal-limitation or stimulation, differs by system connectivity,
spatial extent considered, and environmental heterogeneity (Heino et al. 2015). In order
to assess the mechanisms responsible for ecosystem-wide beta diversity, local, regional,
and landscape spatial scales must be considered simultaneously.

Environmental gradients are common across a wide range of spatial scales, but
little is known about how beta diversity is controlled along environmental gradients at
local, regional, and ecosystem spatial scales. In macro-organisms, the larger the spatial
extent of the environmental gradient, the greater environmental control exists (Jackson et
al. 2001), but Potapova and Charles (2001) found greater spatial contributions to diatom
beta diversity along environmental gradients at the ecoregion scale than the landscape
scale, which might be attributed to dispersal limitation generally increasing with
increased spatial extent (Soininen 2012). The linkages among spatial scale,
environmental gradients, and mechanisms of community assembly have yet to be clearly
resolved in microorganisms, particularly when spatial differences in controls are
considered with change over time (Heino et al. 2015, Padial et al. 2014).

Few studies have examined the temporal changes in the mechanisms structuring
metacommunity composition in either macro- or microorganisms (but see Heino and
Mykra 2008, Langenheder et al. 2012, Fernandes et al. 2014, Padial et al. 2014), but

environmental and dispersal-based factors operate at temporal scales that must be
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considered so as not to miscalculate or misattribute spatial effects, particularly in systems
with high seasonal or annual environmental variability (Heino and Mykra 2008).
Microorganisms can be useful to considering metacommunity diversity change over time
because complete compositional turnover and assembly mechanisms at each time step
can be considered in a time series of years instead of decades because of their rapid life
histories and dispersal ability in response to environmental conditions (Korhonen et al.
2010). Padial et al. (2014) found spatial factors were the dominant structuring process of
temporal beta diversity in macro-organisms with low dispersal ability while species
sorting was predominant among microorganisms with high dispersal ability, including
plankton and periphyton. Langenheder et al. (2012) showed among bacterial communities
that relative contributions of species sorting and dispersal-based processes were
associated with temporal variation across space.

Strong regional and ecosystem-scale environmental gradients are often associated
with strong control of beta diversity by mass effects because of high connectivity across
space that engenders high dispersal (Heino et al. 2015), but these studies consider streams
and marine systems in which dispersal mediation is high, driven by water flow and
seasonal mixing of plankton, respectively. Benthic and periphytic communities in
shallow, low-flow aquatic systems may be buffered from dispersal by containment within
a structured microhabitat with low degrees of physical displacement despite a high degree
of connectivity along an environmental gradient, in which case co-occurrence of species
sorting and neutral processes might be expected on a regional scale (Lee et al. in prep).
The phosphorus (P)-limited Everglades of South Florida, USA is a coastal wetland with

abundant floating, epiphytic, and benthic microbial mats (periphyton) throughout its
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freshwater marshes and sloughs. The Everglades is characterized by slow surface water
flow of two major drainages along a gradient of increasing P (subsidy) and salinity
(stress) from an interior freshwater marsh through an oligohaline ecotone to saline open
water. Diatoms are contained within thick periphyton predominated by cyanobacteria and
precipitated calcium carbonate that change in algae taxon identity and periphyton
structural integrity along the subsidy-stress gradient and P-enriched areas (Ross et al.
2001, Gaiser et al. 2006). However, the mechanisms underlying diatom beta diversity
within the Everglades remain unresolved.

| investigated the community assembly of periphytic diatoms at the freshwater and
oligohaline regions of an increasing nutrient-salinity gradient in the Florida Everglades
using data from 16 sites over 8 years. | aimed to determine the natural environmental
variation, spatial and temporal diatom beta diversity, and local and regional assembly
mechanisms associated with those diversities in two regions separately (freshwater and
oligohaline) and together (landscape) at opposite ends of a subsidy-stress gradient. |
formed the following hypotheses: (1) Spatial and temporal environmental heterogeneity
would be higher in the oligohaline region than freshwater because of high variability in
salinity, nutrients, and water depth among sites and years. (2) Oligohaline spatial and
temporal diatom beta, alpha, and gamma diversity would exceed those of freshwater
because of larger species pools and environmental variation in the ecotonal region. (3)
Variation in landscape and oligohaline regional spatial beta diversity would be
attributable to species sorting mechanisms of environmental control, while freshwater
region variation in beta diversity would be defined more by spatial processes linked to

dispersal limitation. (4) Spatial and temporal beta diversity would be most closely
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associated with the nutrient-salinity gradient at the landscape scale, water availability in

the freshwater region, and nutrients and salinity in the oligohaline region.

Methods
Study system

The Florida Everglades is a subtropical, oligotrophic coastal wetland covering
over 6000 km? that is canalized into several distinct regions in which water quality and
quantity are intensively managed (Davis and Ogden 1994). The southernmost area,
Everglades National Park, is characterized by two major drainages, Shark River Slough
and Taylor Slough, each of which contains a coastal gradient of increasing P and salinity
from the freshwater marsh to marine Florida Bay, with an oligohaline ecotone between
the two. In both drainages, the freshwater marsh is characterized by P limitation and
physical stress of dry season drought and the oligohaline ecotone by elevated P, brackish
surface water salinity, and extended seasonal hydroperiod. Periphyton is abundant
throughout the Everglades with metabolic, productivity, and diatom compositional
differences along the coastal gradient (Ross et al. 2001, Gaiser et al. 2005). This study
used eight years of data across sixteen primary sampling units (PSUs) from the
Comprehensive Everglades Restoration Plan Monitoring and Assessment Program
(CERP MAP) to assess the assembly mechanisms regulating spatial and temporal diatom

beta diversity within and between two regions of the subsidy-stress gradient.
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Sample collection and processing

Periphyton was collected from eight freshwater and eight oligohaline sites each
year over eight wet seasons (September to December) from 2006 to 2013 as part of
CERP MAP (RECOVER 2004). Sites were defined as freshwater and oligohaline by
geographic location and proximity to brackish water influence as detected in groundwater
salinity surveys (Saha et al. 2011). Sites were chosen by random selection of all regional
sites within CERP MAP with environmental and diatom composition data across at least
seven of the eight years (Figure 3.1).

Variables known to most affect periphyton ecology were measured for each site
per year: hydrology (hydroperiod, surface water depth, conductivity, and pH), periphyton
abundance (aerial cover, biovolume, ash-free dry mass [AFDM], and percent organic
content [OC]), and periphyton quality (periphyton total P [TP] and diatom diversity)
(Gaiser et al. 2006, Lee et al. 2013). Hydroperiod and surface water depth proxy dry
season drought duration and affect periphyton desiccation and diatom succession
(Gottlieb et al. 2006). Conductivity was used as a proxy for salinity, which is a chemical
stress for which diatom species tend to have a narrow range of tolerance (Wachnicka and
Gaiser 2007). Ash-free dry mass and periphyton cover and biovolume are measures of
periphyton biomass, for which periphytic diatoms have optima (Lee et al. 2013). Surface
water pH and periphyton OC were used as proxies for water and periphyton carbonate
content, respectively, which are associated with freshwater periphyton-forming diatoms
(Lee et al. 2013). Phosphorus is a nutrient required for diatom growth, and diatoms have

known optima and tolerance ranges for TP availability (Gaiser et al. 2004).
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Hydroperiod (days inundated >5 cm surface water) was determined by surface
water depth data from the Everglades Depth Estimation Network (EDEN). Surface water
depth was measured as the distance between soil and water surfaces and standardized to
EDEN depths. Water conductivity and pH were measured from a 120 mL surface water
sample (AP85 meter, Fisher Scientific, New Hampshire, USA). Periphyton aerial cover
and biovolume in 1 m? were recorded at each site by direct observation and measurement.
A 120 mL subsample of the periphyton biovolume from each site was returned to the
laboratory, homogenized, and subsampled for TP, OC, AFDM, and composition.
Subsamples were dried (70°C) and weighed and then combusted (500°C) and weighed
for AFDM. Organic content was calculated as the proportion of combusted ash mass to
dry mass and AFDM as the dry weight of the organic content. Periphyton TP content
reflects inflowing P load better than does the water column (Gaiser et al. 2004), so
periphyton TP was measured in place of water column TP using mass spectrometry.
Ambient TP levels in Everglades periphyton rarely exceed 500 pg g* AFDM in the
freshwater marsh and 1000 pg g* AFDM in the oligohaline ecotone, with anything over
signifying enriched areas (Gaiser et al. 2006, Gaiser 2009). Subsamples for diatom
analysis were oxidized to remove organic and inorganic debris and preserve diatom
valves (Hasle and Fryxell 1970). Oxidized diatoms were dried onto cover slips and
mounted on slides using Naphrax mounting medium. A minimum of 250 valves were
counted and identified to the lowest taxonomic level along random, measured transects
using compound light microscopy at 1000x magnification. An additional 250 valves were
observed, recording only taxa not found in the previous 250 counts while doubling the

counts of taxa from the first counting effort for a minimum of 500 valves recorded.
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Data analysis

For four instances of missing site data, data across the other seven years from the
respective PSU were averaged for each variable. Diversity and environmental analyses
separated the oligohaline sites into two distinct regions, so all analyses, when possible
according to sample size limitations, considered all regions together (the landscape),
three regions individually, and two comparisons of regions across all years (inter-region):
landscape (n = 16, all sites), freshwater (n = 8, all freshwater sites), transitional (n = 6 of
oligohaline sites), and brackish (n = 2 of oligohaline sites) regions, and freshwater-

transitional (n = 14) and transitional-brackish (n = 8, all oligohaline sites) combinations.

Diatom diversity partitioning

Diatom species counts were adjusted to relative abundances of the total species of
a sample. In order to compare natural diatom species pools and diversity between
regions, for each year, diatom species composition was partitioned into alpha (a), beta
(B), and gamma (y) diversities across each region and all regions together using the d
function in the vegetarian package in R (Charney and Record 2013). Diversities were
based on Hill numbers of order g = 1, by which species were weighed by their
frequencies without biasing towards common or rare species, thereby outputting the
effective number of species at each diversity level (Hill 1973, Jost 2006, Jost 2007).
Diatom spatial p was determined by calculating B among sites within and across regions
and averaging 3 over eight years. Diatom temporal  was determined for each site,
region, and metacommunity by calculating B among years within each site, across sites

within a region, and across all sites in all regions, respectively.
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For multivariate analyses, diatom counts were relativized to zero mean and unit
variance and arcsine square root transformed (McCune and Grace 2002, McCune and
Mefford 2011). Analyses were conducted in PRIMER v. 9 (Anderson et al. 2008). Bray-
Curtis similarity matrices were constructed for species and environmental data across all
sites per year. To assess spatial and temporal diatom community dissimilarity, a measure
of beta diversity (Legendre and Caceres 2013), within and among regions, non-metric
multi-dimensional scaling (NMDS) ordinations were created and overlain with
hierarchical cluster analyses to group compositionally similar sites within and across

regions.

Environmental variation

To evaluate regional and metacommunity environmental conditions, means and
standard deviations of each environmental variable were calculated for all regions
together and separately. Highly correlated variables were determined using principle
components analysis, and conductivity, TP, OC, AFDM, and water depth were deemed
representative of their respective ecological parameters and were the only variables
considered in further analyses. Environmental variables were transformed to reduce
skewness and approximate normality (McCune and Grace 2002). As a measure of spatial
and temporal environmental variability, coefficients of variation (CVs) were calculated
for each variable and averaged across sites within each year (temporally explicit spatial
CV) and across years within each site (spatially explicit temporal CV) for all regions and
inter-region comparisons. The multivariate dispersions of environmental resemblance

matrices were calculated using the PERMDISP function in PRIMER v. 9 (Anderson et al.
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2008) in order to measure total environmental dispersion within and across regions over
space and time. For temporally explicit spatial measures of variation in environmental
dispersion within and across regions, mean distances of the observation from each site
from the group centroid were averaged for each year, and CVs were calculated from
annual inter-site dispersions. For spatially explicit temporal measures of overall inter-
regional and regional environmental variation, mean distances from centroid were
averaged for each site across all years, and CVs were calculated from the mean

dispersions of all sites.

Factors influencing diatom spatial and temporal beta diversity

To understand the relative contributions of assembly mechanisms in explaining
spatial diatom beta diversity, the variation in non-transformed, relative abundance-
derived diatom beta diversity was considered across sites within years among and within
regions and partitioned into pure environmental (E[S), spatially-structured environmental
(ENS), pure spatial (S|E), and unexplained variation (U) following the methods in Sokol
et al. (2013) (Legendre 2008). Magnitudes of assembly mechanisms were averaged over
all years for mean spatial beta diversity variation explained among and within regions
and also assessed across years for spatiotemporal differences. Variation of brackish
region spatial beta diversity was not partitioned because of low sample size (n = 2).
Variation partitioning analyses were conducted in R (Sokol et al. 2013).

Environmental variables were normalized by z-scores and diatom community
composition averaged across years per site and across sites per year among and within

regions. Bio-env stepwise analysis (BEST) was used to conduct Mantel tests on the
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diatom dissimilarity matrices and environmental data to determine the strength of
Spearman rank correlations of each variable and subsets of variables with spatial and
temporal diatom assemblage dissimilarity (Clarke and Warwick 2001, Clarke and Gorley
2006) in order to better understand the specific variables responsible for and their extents
towards explaining environmental control on beta diversity over space and time.
Significant spatial eigenvectors were generated during the variation partitioning analysis
in order to assess the spatial scale at which the spatial processes operate. Pearson
correlation coefficients between spatial and temporal beta diversity and environmental
factor CVs were generated in order to assess the relationship between diversity and
environmental variability over space and time. Diatom assemblage NMDS ordinations
were fitted with environmental vectors in order to visualize intra-assemblage correlations

with environmental variables over space.

Results
Diatom diversity partitioning

Spatially, the landscape was separated into roughly two distinct communities, in
which mean local species diversity was about five species and mean regional diversity
about nine species (Table 3.1). The freshwater and transitional regions were each
categorized as singular communities with about five and seven local and regional species
diversity, respectively. The brackish region was characterized by one community with
seven and eleven local and regional species diversity, respectively. The freshwater-
transitional inter-region comparison diversity was no different from freshwater and

transitional regional diversity, while the transitional-brackish region was separated into
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two distinct communities with a local species diversity of roughly six species and a
regional diversity of about ten species. Excluding two outlier sites, the landscape was
30% compositionally similar (Figure 3.2). The freshwater-transitional group was 50%
similar, and two brackish groups, which were delineated by site, were 40% similar.
Temporally, the landscape, freshwater, transitional, and freshwater-transitional
assemblages were each comprised by a single community, on average (Table 3.1). Local
species diversity numbered five species and regional diversity six. The brackish region
had the highest temporal beta diversity of any spatial extent but was still composed of a
single distinct community with an average of eight and eleven local and regional
diversity, respectively. The transitional-brackish inter-region comparison was one distinct

community with six local and seven regional species diversity.

Environmental variation

Mean freshwater environmental and periphyton conditions were typical of the
freshwater marsh, with low conductivity, high periphyton biomass with low organic
content (and correspondingly high carbonate content) and low TP, and seasonal
hydroperiod (Table 3.2). The transitional region approximated mean freshwater values
for each variable, and with lower conductivity, TP, and OC and higher AFDM than
freshwater sites indicated more typical freshwater patterns than did the freshwater region.
The brackish region was typical of the oligohaline ecotone with elevated conductivity,
TP, and OC and reduced periphyton biomass.

Total spatial environmental variation was highest across the landscape with very

low variation across the other groups (Table 3.3). Mean spatial variations in conductivity
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and TP were slightly higher within the landscape and transitional-brackish inter-region
than in other groups, with overall low variation within regions (Table 3.3). Spatial
variation in periphyton biomass and surface water depth was moderately high across all
groups, with variation in biomass highest in the landscape, freshwater, and transitional-
brackish inter-region and variation in water depth highest in the brackish region. Overall
temporal environmental variation was moderate at all scales except the freshwater-
transitional inter-region and highest in the landscape (Table 3.3). Temporal variation in
environmental variables was low except for in periphyton biomass and surface water
depth, which resembled values of spatial variation except in the case of extremely high

variation in brackish periphyton biomass.

Factors explaining diatom spatial and temporal beta diversity

At the whole-study, landscape scale, the diatom metacommunity was separated
into two distinct communities that were explained mostly by environmental and spatially
structured environmental factors, with an average of less than 2% of the variation in beta
diversity explained by spatial processes (Figure 3.3). Landscape spatial metacommunity
beta diversity was most highly correlated with conductivity, TP, and organic content
(Table 3.4) and with variation in conductivity, TP, AFDM, and water depth (Table 3.5).
The most broadly functioning spatial scale eigenvector, 1, was the most strongly
associated spatial factor (Table 3.5).

At the regional scale, spatial factors contributed roughly the same as spatially
structured environmental factors to explaining freshwater variation in spatial beta

diversity, which was roughly half that explained by environmental variables (Figure 3.3).
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Total phosphorus, OC, and AFDM were the most highly correlated environmental
variables with freshwater spatial beta diversity, and variation in TP and water depth were
strongly associated (Table 3.5). Moderate to large spatial scale eigenvectors 1, 3, and 4
were the strongest spatial contributors to explaining variation (Table 3.4).

Transitional spatial beta diversity followed similar patterns as freshwater, though
with more environmental and less spatial contribution (Figure 3.3). Spatial beta diversity
correlated most strongly with OC and water depth (Table 3.4), and with variation in
conductivity and water depth (Table 3.5). The primary, broad spatial scale eigenvector
was the most strongly correlated spatial variable (Table 3.4). Freshwater-transitional
spatial beta diversity variation was explained similarly as freshwater and transitional
regions, with spatial factors explaining roughly half that of both environmental and
spatially structured environmental factors (Figure 3.3). Freshwater-transitional spatial
beta diversity correlated most strongly with OC, AFDM, and water depth (Table 3.4) and
with variation in conductivity and TP (Table 3.5). Significant spatial factors included
small, moderate, and large spatial scale eigenvectors, 1, 4, and 9 (Table 3.4).

The transitional-brackish inter-regional comparison was distinguished by two
distinct communities. As a whole, spatial factors explained very little variation (0.5%),
while environmental and spatially structured environmental factors contributed roughly
the same to over 50% of the variation (Figure 3.4). Conductivity, TP, and OC as well as
variation in conductivity and AFDM contributed substantially to explaining spatial beta
diversity, and the primary eigenvector contributed the most to spatial explanation (Tables
3.4 & 3.5). Despite no calculated environmental or spatial assembly fractions, the spatial

beta diversity within the brackish region correlated with conductivity, TP, and OC at a
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similar strength to environmental correlations within the freshwater and transitional
regions (Table 3.4) with weaker, but more even correlations with environmental variation
than other regions or spatial scales (Table 3.5).

Between 50 — 55% of the variation in spatial beta diversity was unexplained in the
landscape and transitional region, and 64% and 70% of the variation was unexplained in
the freshwater region and freshwater-transitional inter-region, respectively. The
transitional-brackish inter-region had the lowest unexplained variation of 40% (Figure
3.3). For each comparison of variation partitioning, E|S values were significant on
average, whereas S|E was significant in only two comparisons within the freshwater
region.

The relative contributions of environmental, spatially structured environmental,
spatial, and unexplained factors to spatial beta diversity varied substantially across years
within the freshwater and transitional regions but not within the landscape or transitional-
brackish inter-region (Figure 3.4). Particularly, the relative dominance of E|S and S|E
were strongly temporally variable within regions.

Mean intra-site temporal beta diversity was low within the landscape, freshwater
and transitional regions, and each inter-region, and while brackish beta diversity was
substantially higher no region indicated more than one distinct diatom community over
time (Table 3.1). Landscape and transitional-brackish inter-regional temporal beta
diversities were more weakly correlated with environmental variables than were spatial
beta diversities, and temporal turnover correlated more strongly with all environmental
variables as a group rather than gradient-related variables (Table 3.4). Contrary to the

strong negative correlations between landscape and transitional-brackish inter-regional
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spatial beta diversity and environmental variation, temporal beta diversity was in general
moderately positively correlated with environmental variation (Table 3.5). Within
regions, temporal beta diversity was correlated more strongly with environmental
variables than was spatial beta diversity, and the strongest correlations included a
majority of variables independent of the gradient (Table 3.4). However, regional temporal
beta diversity was generally more weakly correlated with environmental variation than

was spatial turnover (Table 3.5).

Discussion

The present study demonstrated that local species sorting controls spatial beta
diversity at the landscape and inter-regional scales along a subsidy-stress gradient, while
coincident species sorting and regional spatial processes structure spatial turnover within
regions. Regardless of spatial extent and geographic position along the gradient, spatially
explicit temporal beta diversity was strongly correlated with species sorting processes.
Contrary to my hypothesis, spatial and temporal environmental variability within the low
subsidy-stress, freshwater region were roughly equal to that of the brackish region, both
of which were attributable to high variability in periphyton biomass and drought stress.
Landscape environmental conditions were characterized spatially by the subsidy-stress
gradient in addition to periphyton biomass and water availability. Spatial beta diversities
were highest among regions, and temporal turnover was consistently low among and
within regions except for slightly elevated beta diversity within the brackish region.
Spatial beta diversity in the landscape and between regions was environmentally

structured and associated with subsidy-stress gradient-related environmental factors,
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while both local environmental and spatial factors contributed significantly to spatial beta
diversity within regions. The relative contributions of environmental and spatial factors to
explaining spatial beta diversity varied considerably over time. Temporally, the
landscape, inter-regions, and each region correlated moderately with environmental
factors and environmental variation independent of the subsidy-stress gradient.

Region determination and site selection by groundwater salinity poorly
represented functional environmental and microbial compositional regional differences,
as six originally oligohaline sites grouped very closely with freshwater sites in
environmental and diatom compositional similarity. The similarity between freshwater
and transitional regions indicates a more gradual functional response by biota to the P
subsidy-salinity stress gradient across the freshwater marsh than indicated by
groundwater salinity as well as a spatially abrupt ecotonal boundary not captured in this
study (Ross et al. 2001, Saha et al. 2011).

The reassignment of regions prohibited detailed variation partitioning analysis of
brackish diatom spatial beta diversity but enabled a stronger assessment of the effects of
environmental gradients on diatom beta diversity over space. Contrary to my hypothesis,
spatial environmental heterogeneity was low within freshwater, transitional, and brackish
regions but relatively high at the landscape scale. Spatial environmental variation across
all sites in a given year was expected and attributable to weakly moderate variation in
conductivity and TP along the subsidy-stress gradient, but variation in conductivity and
TP across and within regions was low overall. High variation in water depth was strongly
correlated with freshwater and transitional spatial beta diversity, indicating that spatial

and temporal variation in water availability is a strong control on diatom beta diversity
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over space and time. These results are consistent with large spatial and temporal
heterogeneity in wet season precipitation and dry season drought duration in the
freshwater marsh of the Everglades. Drought duration has been shown to differentially
affect diatom species relative abundance within mats (Gottlieb et al. 2005) and habitats of
short or long hydroperiod (days inundated) have distinct diatom assemblages and taxon
richness (Gottlieb et al. 2006).

The two sites in the brackish region were characterized by relatively low variation
in conductivity and TP over space and time, which suggests that brackish ecotonal sites
in the Everglades may not receive drastically different amounts of P subsidy and salinity
stress and that subsidy-stress dynamics do not substantially differ locally from year to
year. However, the seemingly low spatial variation in conductivity and TP, along with
similar variation in periphyton biomass and surface water depth, within the brackish
region was moderately correlated with spatial and temporal diatom beta diversity. These
results indicate low degrees of spatial and temporal environmental variation can control
diatom community diversity. However, the availability of and variation in TP was most
strongly associated with diatom temporal beta diversity in the brackish region, indicating
that nutrient availability is a primary control of microbial community diversity in the
oligohaline ecotone of the Everglades.

In North American and European boreal stream biofilms and lake phytoplankton,
diatom spatial beta diversity generally becomes more spatially structured as spatial extent
increases along environmental gradients from intra-ecoregion to continental scales in
streams (Potapova and Charles 2002, Soininen et al. 2004, Soininen 2007) and ecoregion

to inter-continental scales in lakes (Bennett et al. 2010). Verleyen et al. (2009) found
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species sorting operated at local and regional scales in lake planktic diatoms and spatial
processes, primarily dispersal limitation, became increasingly meaningful after region
area exceeded 2000 km?. The present study considered the contribution of assembly
mechanisms to diatom metacommunity beta diversity from intra-regional (150 — 1300
km?) to inter-regional and landscape (650 — 2400 km?) scales within a subsidy-stress
gradient in the Florida Everglades coastal wetland and found that spatial factors
decreased in explanatory power as spatial extent increased from intra-region to inter-
region scales (Figure 3.3). These results suggest diatom spatial beta diversity is not
necessarily structured solely or even primarily by species sorting mechanisms at
relatively small, intra-regional scales along environmental gradients and that beta
diversity of diatoms across regions characterized by an environmental gradient is
primarily structured by species sorting processes related to the gradient.

The decrease of spatial structuring mechanisms at the inter-region scale is likely
attributable to dominant control by gradient-associated environmental factors.
Meanwhile, intra-regional spatial beta diversity was co-controlled by environmental
factors independent of the environmental gradient and undetermined spatial processes.
Regional spatial control could be attributable to unmeasured environmental variables,
spatial autocorrelation in which geographically proximal sites tend to share diversity
patterns (Jongman et al. 1995), or dispersal limitation or stimulation. Surface water flow
in Everglades sloughs rarely exceeds 3 cm s, and diatoms are confined to periphyton
communities with low physical displacement pressure aside from severe storms (Pimm et
al. 1994). Instead, local nutrient and water availability control periphyton abundance

across the freshwater marsh (Gaiser et al. 2006, Hagerthey et al. 2011), which affects the
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diatom composition within the assemblage and diatom beta diversity over space and time
(Tables 3.4 & 3.5). If freshwater and transitional diatom beta diversity were spatially
structured by dispersal limitation associated with periphyton abundance, spatial beta
diversity would be expected in part to correlate strongly with periphyton biomass.
However, in my study periphyton AFDM was highly variable within regions (Table 3.3),
but while local AFDM correlated moderately with spatial beta diversity, the variation in
AFDM correlated poorly with freshwater and transitional diatom spatial beta diversity.
However, variability in OC (or, conversely, inorganic carbonate content) may be a better
measure of habitat suitability for mat-forming, dispersal limited diatoms (Lee et al. in
prep), and local OC and variability in OC correlated moderately with freshwater and
transitional region spatial beta diversity (Tables 3.4 & 3.5). Therefore, it seems probable
that dispersal limitation contributes to spatial control of diatom beta diversity within
freshwater and transitional regions of the Everglades.

Temporal variation in assembly mechanisms of spatial beta diversity in a bacterial
metacommunity of rock pools was found to be moderately associated with temporal
variation in spatial beta diversity, with co-control of species sorting and spatial factors
during periods of high environmental variability and correspondingly high beta diversity
(Langenheder et al. 2012). While my study did not make temporally explicit comparisons
among environmental variation, beta diversity, and assembly mechanisms, | did find that
the extent of co-control by environmental and spatial assembly mechanisms of diatom
spatial beta diversity fluctuated over time across and within regions, suggesting that mean
magnitudes of variation partitioning do not completely capture metacommunity diversity

dynamics.
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Temporal beta diversity was lower than spatial beta diversity across and within
regions and correlated more strongly with environmental factors within regions. At the
landscape and inter-region scale, temporal beta diversity correlated more weakly with
environmental factors and variability than did spatial turnover, but within regions
temporal beta diversity was more strongly correlated with environmental factors than the
spatial counterparts. Regardless of spatial extent, temporal beta diversity was correlated
most strongly with a combination of most or all environmental factors and their
variability. While strong correlation between temporal beta diversity and local
environmental factors does not preclude spatial structuring processes, these results
provide compelling evidence that metacommunity and regional temporal beta diversity is
largely attributable to species sorting independent of the environmental gradient that

drives metacommunity spatial turnover.

Conclusions

Beta diversity is an important measure of biodiversity, and the mechanisms
underlying spatial and temporal beta diversity are unresolved at multiple spatial,
temporal, and environmental scales, particularly with microorganisms that are sensitive to
environmental disturbance and thus species sorting. The present study indicates that
periphytic diatom spatial beta diversity is driven by species sorting at landscape and
inter-regional scales associated with a P subsidy-salinity stress gradient and driven by
coincident species sorting and spatial processes at the regional scale. Simultaneous
species sorting and spatial processes were strongly associated with reduced beta diversity

in comparison to the landscape scale. Moderate spatiotemporal variation in spatial

103



diversity indicated a fluctuation of metacommunity assembly processes over time within
regions but not across regions. Local temporal beta diversity was likely driven by species
sorting independent of spatial scale and the environmental gradient was most strongly
correlated with overall local environmental conditions and increased variation in nutrient
availability and periphyton abundance. The findings from the present study suggest
environmental gradients structure microbial communities at the landscape spatial scale,
while both local, environmental and regional, spatial controls structure communities
spatially within a region, and environmental controls regulate community assembly
temporally at landscape and regional scales independent of spatial environmental

gradients.
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Tables and Figures

Table 3.1. Mean diatom diversity partitioning across and within regions over space and time.

Spatial Temporal
Mean o Mean 3 Mean y Mean o Mean 3 Mean y
Metacommunity 521+0.28 1.68+0.21 8.72+0.84 543+157 1.15%0.10 6.31+2.32
Freshwater 476+0.36 1.36+0.17 6.44+0.50 489+115 1.14+0.09 555+ 1.26
Transitional 520+£055 124+0.07 6.46+0.91 535+1.05 1.09+0.02 5.86+1.25
Freshwater - Transitional 4.93+0.29 136+0.14 6.68+0.54 509+1.09 1.12+0.07 568 +1.22
Brackish 7.85+243 140+0.24 11.05+3.89 7.82+292 136+0.01 10.71 £ 4.20
Transitional - Brackish 571+046 181+0.17 1031+1.24 597+182 116+0.13 7.08+2.94

o = mean alpha diversity, f = mean beta diversity, Y = mean gamma diversity
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Table 3.2. Mean environmental conditions for each variable among and within regions.

Conductivity TP OoC AFDM Water
(Us) (Mggh) (%)  (@m?) depth (cm)
X X X X X
Metacommunity 669.82 156.97 4590 110.85 30.79
Freshwater 355.28 130.54 41.19 102.15 35.65
Transitional 319.30 69.39 37.02 156.61 28.23
Freshwater-Transitional 339.86 104.33 39.40 125.49 32.47
Brackish 2979.57 525.43 91.39 8.41 19.02
Transitional-Brackish 984.37 183.40 50.62 119.56 25.92

TP = periphyton total phosphorus, OC = periphyton organic content, AFDM =

periphyton ash-free dry mass
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Table 3.3 Spatial and temporal coefficients of variation (CVs, in %) for each variable among and within regions. Represented as a

heat maps for emphasis of high CV values.

Conductivity TP ocC AFDM Water depth  Environmental

(us) (ug g?) (%) (@m?) (cm) dispersion (%)
Space Time Space Time Space Time Space Time Space Time Space Time
CVv CVv CV CV CVv CVv CVv CVv CVv CVv CVv CVv

Metacommunity 2503 1468 3208 2198 1128 7.6 6379 5964 4803 3627 2514 5154
Freshwater 1558 1519 2046 2530 960 854 6390 5754 4420 3897 207 35.88
Transitional 1139 1112 1927 1954 700 575 36.84 3674 4411 2888 158 2549
Freshwater-Transitional 13.85 13.45 22.67 22.83 879 735 5162 4862 4523 3465 4.62 2.10
Brackish 1292 2333 1830 16.03 6.94 583 41.01 MIS6NON 64.14 4764 154 37.79
Transitional-Brackish  29.92 14.17 3971 1867 1220 577  66.88 6175 47.27 3357 084 2166
TS

0 70 140

TP = periphyton total phosphorus, OC = periphyton organic content, AFDM = periphyton ash-free dry mass, CV = coefficient
of variation (%)
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Table 3.4. Spearman rank correlation coefficients of bio-env stepwise (BEST) output of environmental correlation with spatial and
temporal diatom beta diversity () across and within regions with significant spatial eigenvectors (PCNM) contributing to pure

spatial effects during spatial beta diversity variation partitioning.

Freshwater- Transitional-
Metacommunity Freshwater Transitional Transitional Brackish Brackish

Space Time  Space Time Space Time Space Time Space Time Space Time

B B B B B B B B B B B B
COND 049 014 -001 011 003 014 005 017 020 018 066 0.7

TP 056 024 019 027 019 021 007 013 029 041 066  0.20
ocC 050 025 019 027 018 023 015 017 023 044 054  0.23
AFDM 001 022 019 030 019 023 008 014 -003 011 035 0.3
WD 012 015 008 018 019 014 031 008 002 019 010 0.1

061 049 029 056 032 048 033 038 029 053 072 042

ocC

BEST  COND, oc, ’ oCc, NO NO COND

T ALL  Afoh ALL AC\E)DM, ALL wi o TP Wb e AL

1* 3* 1* 4* 1*

* * - i) ) - i) ) - ) - - - * -

PCNM  1* 2 ) o o 1

ALL = conductivity (COND), total phosphorus (TP), organic content (OC), ash-free dry mass (AFDM), and water
depth (WD)
BEST = maximum Spearman rank correlation between listed environmental variables and B

PCNM = spatial eigenvector; higher numbers correspond with smaller spatial scale, * = significant contributor to
spatial variation partitioning at p < 0.05
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Table 3.5. Pearson correlation coefficients between environmental variable coefficients of variation and spatial and temporal beta
diversity () among and within regions. Represented as a heat map for emphasis on low and high values.

Freshwater- Transitional-
Metacommunity  Freshwater Transitional Transitional Brackish Brackish
Space Time Space Time Space Time Space Time Space Time Space Time
p p p p p p p p p p p p
COND CV -0.59 0.02 -0.08 011 -032 0.03  -0.69 -0.08 0.23 -0.06 -0.64 -0.08

TP CV 056 021 064 007 -018 016 005 027 -032 061 -0.10 035
occv 014 020 020 029 024 021 045 010 006 016 -0.25 0.12
AFDMCV  -046 029 -0.09 040 -0.08 038 003 035 -021 -0.37 -0.61 0.17
WD CV 082 -013 | 069 -023 014 -013 1079 -001 -029 -0.12 -007 -0.04

-1.0 0 1.0
COND = conductivity, TP = periphyton total phosphorus, OC = periphyton organic content, AFDM = periphyton

ash-free dry mass, WD = water depth, CV = coefficient of variation
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Figure 3.1. Mean coordinates of freshwater, transitional, and brackish primary sampling
units in Everglades National Park from 2006-2013. Transitional and brackish sites

combined comprise original oligohaline-designated sites.
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Figure 3.2. Non-metric multi-dimensional scaling (NMDS) ordinations overlain with

hierarchical cluster analyses and environmental vectors for the (A) metacommunity, (B)

freshwater, (C) transitional, and (D) brackish regions across sites and years. Key: (A) 1 =

freshwater sites, 2 = transitional sites, 3 = brackish sites; (B — D) Individual sites

represented by distinct shape. Vectors > 0.4 Pearson correlation coefficient.
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Figure 3.3. Spatial variation partitioning of spatial beta diversity (B) at metacommunity,
freshwater, transitional, freshwater-transitional, and transitional-brackish scales averaged
across 8 years: pure environment (E|S), spatially structured environment (ENS), pure
space (S|E), and unexplained (U). Error bars represent 1 standard error.
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Figure 3.4. Spatiotemporal variation partitioning of spatial beta diversity () at (A) metacommunity, (B) freshwater, (C)

spatially structured

pure environment, (ENS) =

transitional-brackish, and (D) transitional scales across 8 years. (E|S)

unexplained.

= pure space, (U) =

environment, (S|E)
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Appendices for Chapter 3
Appendix A

Table 3A.1. Values for environmental variables for each site and year. Sample codes indicate region (F = freshwater, O =
oligohaline), three digit primary sampling unit, and two digit year in 2000s. Diatom count data are not included in these

appendices but can be accessed through the Comprehensive Everglades Restoration Plan: Monitoring and Assessment Plan.

o 8 = = ' € ‘R
2 g 2~ 5& &5z 8 8 §E S & £3
< =] o S >3 > ao = >2 22>~ ©° Q=
z 5 2 25 €% E3 =% % £, E5€¥ 5 £%
2 5 g r §2 52 53 83 S£3 §& 585 £ 2&%
n | — S o2 a5 a 3 = o< a & cE2 = ITIZ s
F03106 -80.9053315 25.562786 8.31 371 6000 80 60.00 30.28 152.03 46.04 15 244
F03107 -80.90446523 25.56293895 7.29 416 2734 69 127.85 48.01 95.35 40.07 24 215
F03108 -80.90324139 25.5620622 7.84 289 0 0 350.00 82.64 0.00 0.00 40 183
F03109 -80.90244516 25.56179076 7.49 419 600 75 95.75 32.63 20.86 6.81 45 239
FO03110 -80.90423494 25.56459136 6.64 691 2850 95 78.75 41.38 118.30 48.95 12 182
FO03111 -80.90573135 25.56070927 6.81 337 2068 60 106.36  53.11 185.58 98.57 23 149
F03112 -80.90433493 25.56404961 6.57 439 3840 85 136.04 39.39 236.53 93.17 35 242
F03113 -80.90592743 25.56459246 7.39 364 3780 85 68.06 39.32 128.65 50.58 0 265
FO06006 -80.56304976 25.67459009 8.16 144 6400 100 210.00 33.66 126.69 42.64 31 258
F06007 -80.562959 25.6721517 7.56 346 1800 100 39.42 35.88 209.86 75.31 19 205
F06008 -80.56265249 25.6742277 7.97 888 300 100 150.00 42.52 11.15 474 39 198
FO06009 -80.56334705 25.67504249 7.95 517 500 25 153.31 37.27 24.83 9.25 44 236
F06010 -80.56436256 25.66980806 7.29 391 12400 100 63.08 29.51 593.78 17520 35 360
FO06011 -80.56037354 25.67069911 7.15 309 4800 90 408.43 27.13 732.42 198.73 37 148
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F06012
F06013
F06306
F06307
F06308
F06309
F06310
F06311
F06312
F06313
F10006
F10007
F10008
F10009
F10010
F10011
F10012
F10013
F10306
F10307
F10308
F10309
F10310
F10311
F10312
F10313
F14806
F14807
F14808
F14809

-80.56444678
-80.56525246
-80.85876338
-80.85652397
-80.85358334
-80.85288704
-80.85806969
-80.85757066
-80.85467826
-80.86006555
-80.7553118

-80.75082672
-80.75072874
-80.75680169
-80.75380526
-80.75272042
-80.75191746
-80.75231726
-80.66573488
-80.66485276
-80.66265467
-80.6624565

-80.66663534
-80.66872041
-80.6645565

-80.66454929
-80.66483331
-80.66703264
-80.66215692
-80.66464875

25.67405247
25.67170704
25.71138712
25.70855848
25.70867295
25.70749832
25.70795497
25.7084963

25.70993828
25.70597026
25.69869825
25.69869065
25.69787777
25.70122919
25.70429442
25.69869388
25.70140157
25.70086044
25.29766162
25.29332491
25.29792552
25.29774446
25.29531569
25.29568161
25.2926921

25.29531096
25.62356783
25.62068319
25.61895625
25.61832084

7.23
7.16
8.49
7.52
8.11
7.59
7.39
7.05
6.89
7.15
8.60
7.26
8.27
7.66
7.22
7.20
7.20
7.43
8.26
6.19
8.23
7.63
7.25
7.17
6.77
7.30
7.50
7.30
7.53
7.71

687
378
290
260
25

308
320
287
308
280
499
304
806
536
484
283
419
389
246
180
253
218
238
244
280
201
343
56

567
607

3200
10000

1958
760
1600
4120
400
2673
4150
5800
4000
8000
14400
2210
4416
5200
770
800
4000
6076
9600
23400
9800
5940
14000
200
4000
190
2500

70
100

55
15
80
98
40
75
75
100
100
100
100
60
100
100
100
40
75
95
100
100
95
95
95
20
95

90

119

144.09
50.42
210.00
133.45
200.00
144.06
122.33
69.42
119.13
69.18
70.00
63.71
110.00
58.89
75.87
76.93
212.91
54.93
50.00
37.66
60.00
40.77
49.14
33.85
302.02
28.39
170.00
96.92
440.00
90.33

39.37
30.77
29.36
35.86
45.84
37.27
29.92
36.88
34.60
7.41

23.66
25.66
24.50
28.89
49.64
25.67
30.23
34.18
47.32
40.18
25.74
35.12
37.34
33.77
99.47
29.15
46.92
35.79
73.88
36.75

83.99
901.55
0.00
161.64
33.21
82.20
601.56
91.23
162.13
162.05
285.17
704.15
429.59
888.55
37.25
886.48
265.16
25.82
8.30
191.92
766.47
457.31
875.98
1064.46
26.60
1091.10
1.88
163.46
1.61
87.38

33.07
277.45
0.00
51.90
15.23
30.64
180.01
33.65
56.09
12.02
67.46
180.72
105.25
256.66
18.49
227.52
80.17
8.83
3.93
77.11
197.29
160.60
327.11
359.43
26.46
318.04
0.88
58.50
1.19
32.11

56
42
14
22
43
16
17

32
23
23

62
30
58

63
45
36
57
35
48
52
41
45
49
50
40
46
44

117
79
156
113
103
63

262
230
197
242
365
191
275
320
318
356
319
311
365
282
339
367
348
319
232
270



F14810
F14811
F14812
F14813
F16706
F16707
F16708
F16709
F16710
F16711
F16712
F16713
F22306
F22307
F22308
F22309
F22310
F22311
F22312
F22313
003906
003907
003908
003909
003910
003911
003912
003913
004306

-80.66464597
-80.662439
-80.66612996
-80.664444
-80.6467327
-80.6502092
-80.64891604
-80.64783835
-80.65199561
-80.65269123
-80.653686
-80.64912339
-80.79097985
-80.79207767
-80.79038218
-80.79426166
-80.79695243
-80.79595267
-80.79296415
-80.79506392
-80.67888055
-80.68295543
-80.68264783
-80.67917902
-80.68176075
-80.68434645
-80.68413635
-80.67878672
-81.00558602

25.61931416
25.62490783
25.62292966
25.62030703
25.34177693
25.34232706
25.34277551
25.3374449

25.34314404
25.34314568
25.3427868

25.33979592
25.5346732

25.53295898
25.53494326
25.53630331
25.53432038
25.53693781
25.53837848
25.53278258
25.28134535
25.28036079
25.2840627

25.28115636
25.28143287
25.28017413
25.2845987

25.27925907
25.58178033

7.04
6.99
6.85
7.47
9.29
6.51
8.47
6.86
7.30
6.79
6.76
7.46
7.83
7.32
7.76
6.93
7.25
7.72
6.61
7.15
8.22
6.37
8.07
7.55
7.30
6.30
6.66
7.13
7.95

550
367
464
442
39

142
194
279
216
274
277
146
39

392
441
592
527
307
457
377
254
166
265
274
250
193
269
213
132

400
4550
2400
6000
7600
10000
3810
8800
5400
8600
4800
2000
500
3840
960
110
2200
8272
1020
1000
10000
8000
5880
8000
10000
11368
7500
7800
10700

100
90
75
85
100
100
95
100
100
99
90
100
100
95
25
80
100
65
85
50
100
100
95
95
100
99
95
95
100

120

96.75
231.30
157.19
66.71
80.00
29.14
560.00
71.84
48.91
37.67
133.23
29.02
150.00
53.94
330.00
124.01
116.85
190.40
344.23
71.71
70.00
34.00
50.00
36.37
35.74
46.57
86.95
36.51
140.00

38.18
4417
46.20
46.12
29.38
29.06
28.25
32.70
84.30
33.69
36.61
29.84
64.00
41.13
65.29
46.73
44.04
85.48
73.06
53.92
41.55
28.89
25.37
34.57
2441
23.27
28.63
33.07
42.96

14.24
280.45
67.08
206.16
988.23
1364.16
321.56
897.72
396.68
953.94
229.42
179.32
2.59
206.78
22.08
7.15
70.01
182.69
8.38
60.44
86.26
413.80
714.34
398.28
945.31
1898.61
417.71
448.38
135.38

5.44
123.87
30.99
95.07
290.39
396.40
90.83
293.56
334.38
321.39
83.98
53.52
1.66
85.04
14.41
3.34
30.83
156.15
6.12
32.59
35.84
119.56
181.26
137.70
230.72
441.90
119.58
148.29
58.16

30
30
50
54
11
34
38
14
26
16
44
24
53
31
56
43
49
49
62
60
23
42
30
48
28
40
31
58
28

365
224
332
353
184
223
193
248
297
208
250
274
358
365
364
335
365
277
368
367
310
348
295
295
364
279
341
367
302



004307
004308
004309
004310
004311
004312
004313
007106
007107
007108
007109
007110
007111
007112
007113
011506
011507
011508
011509
011510
011511
011512
011513
015106
015107
015108
015109
015110
015111

-81.01126162
-81.00648211
-81.01066418
-81.00588468
-81.00917049
-81.0074779

-81.00986751
-80.81582838
-80.81611377
-80.81402476
-80.81512352
-80.81731158
-80.81701503
-80.81740962
-80.81383013
-80.78111279
-80.77464883
-80.77395499
-80.77593339
-80.78100939
-80.7810102

-80.77365054
-80.77713369
-80.76088559
-80.75839456
-80.76077313
-80.76058581
-80.76485505
-80.76514681

25.58150909
25.58069664
25.58141883
25.58060636
25.57997407
25.58187055
25.58024494
25.36792203
25.36980979
25.37089083
25.36736125
25.36646092
25.36537688
25.3673641

25.36817238
25.32180926
25.32486994
25.32396581
25.32874605
25.32405774
25.32360621
25.32738796
25.32441316
25.30046547
25.30425429
25.30714798
25.30135902
25.30263018
25.30588169

6.82
7.50
7.36
7.08
6.78
6.85
7.26
7.30
7.30
7.91
7.57
7.27
6.88
6.86
7.33
8.59
7.49
8.28
7.43
6.51
6.90
7.55
7.19
7.60
7.49
8.24
7.56
6.73
7.21

298
371
338
498
326
366
334
342
301
544
431
301
276
288
256
31

227
257
232
288
279
258
243
540
230
251
239
387
225

12000
600
12000
2200
1980
4420
5330
7018
15500
4200
12800
2624
3800
4200
6000
14000
9000
5920
8000
4850
9400
2160
9115
10000
10000
3584
10400
5500
8000

100
50
95
60
25
90
75
88
100
75
100
98
97
90
55
95
100
95
100
100
99
80
90
98
95
98
100
100
98

121

57.95
110.00
69.51
141.62
102.18
232.87
94.44
62.66
42.01
90.00
56.42
57.18
71.38
64.10
57.53
70.00
62.42
80.00
70.33
52.71
26.20
119.77
29.71
30.00
40.98
80.00
36.29
56.58
60.72

36.90
48.91
37.88
64.38
58.16
38.87
46.12
40.70
31.73
36.09
32.70
70.22
32.74
41.90
40.65
27.64
26.35
28.02
28.97
31.84
27.85
39.10
78.01
29.69
30.19
27.29
29.30
27.95
28.96

446.73
34.50
692.07
32.53
80.80
120.96
124.46
686.55
1126.05
303.38
1148.18
205.74
649.40
138.05
473.95
437.02
1197.49
437.93
696.23
500.81
1202.17
127.66
644.70
187.25
652.07
463.65
464.43
793.95
842.73

164.85
16.87

262.17
20.94

46.99

47.02

57.39

239.88
357.32
109.50
375.49
144.48
212.63
57.84

192.64
120.79
315.55
122.71
201.70
159.45
334.86
49.91

502.95
55.59

196.85
126.52
136.06
221.90
244.06

28
48
35
31
37
58
40
24
15
34
13
29
16
30
30
20
19
26
24
14
10
16
20

19
18
19

15

313
224
281
301
226
331
349
212
170
172
246
228
166
246
259
160
200
165
230
250
179
236
238
129
161
110
193
190
124



015112
015113
017906
017907
017908
017909
017910
017911
017912
017913
021906
021907
021908
021909
021910
021911
021912
021913
025406
025407
025408
025409
025410
025411
025412
025413

-80.7595826
-80.7587003
-80.89708614
-80.89479776
-80.8946003
-80.8945004
-80.89400686
-80.89619023
-80.89509583
-80.898877
-81.05744973
-81.05834587
-81.05426231
-81.05655384
-81.05356624
-81.05914248
-81.05346587
-81.05386469
-81.0499446
-81.05114032
-81.0511404
-81.05044379
-81.04755727
-81.04845179
-81.04855132
-81.04960703

25.30632426
25.30036257
25.41332588
25.41494977
25.41332412
25.41386589
25.40971146
25.41449923
25.4152209

25.41206285
25.57427394
25.57436389
25.57138543
25.57471677
25.57336334
25.57453514
25.5715573

25.57282141
25.48334013
25.48767435
25.48785496
25.48749398
25.48451488
25.48225697
25.48234724
25.48506507

7.89
7.17
7.92
6.86
7.74
7.40
6.49
6.44
6.90
7.42
7.27
7.07
7.57
7.25
7.42
6.34
6.37
7.24
7.64
7.56
7.12
7.07
6.89
6.47
6.50
6.95

290
345
137
404
876
593
452
399
399
458
3040
1973
1899
2760
2240
2138
742
992
1360

6040
6710
5420
3937
3860
4555

98
98

100
100

80
60
15
75
75
40

100

122

139.03
26.66
70.00
10.60
80.00
4431
80.22
53.65
96.88
67.44
810.00
156.33
580.00
160.42
695.27
289.28
541.27
561.72
270.00
665.67
370.00
1674.34
389.27
271.61
395.20
576.58

23.30
28.16
44.71
33.34
36.16
40.86
54.70
34.11
40.52
39.41
72.09
75.13
74.39
84.70
260.29
85.41
79.28
84.68
86.50
80.04
81.09
64.35
89.65
85.48
78.00
81.18

619.50
877.20
35.82
599.03
294.77
152.64
12.28
292.81
126.64
38.72
0.09
0.00
34.51
98.47
0.00
8.40
0.00
0.00
4.00
0.00
0.00
0.00
0.00
5.87
9.42
2.76

144.36
246.99
16.02
199.69
106.59
62.36
6.71
99.88
51.31
15.26
0.06
0.00
25.67
83.41
0.00
7.17
0.00
0.00
3.46
0.00
0.00
0.00
0.00
5.01
7.43
2.27

13
18
25
34
36
45
39
40
40
36

10
14
25
12
30
11
18
18
25
33

26
36
23

215
200
351
327
253
314
341
253
312
333
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365



CHAPTER 4: CONCLUSIONS

The benthic microbial mats, or periphyton, of the karstic Florida Everglades
provided a distinct opportunity to assess the mechanisms controlling microbial
community function and structure in physically contained micro-habitats along spatial
gradients in nutrient subsidy and salinity stress and across temporal environmental
heterogeneity. Microbial communities and diatoms in particular are sensitive to
environmental disturbance, but this research shows that community functional and
structural stimulation by nutrient enrichment can be independent of autotroph and
heterotroph interactions regardless of spatial distribution along a subsidy-stress gradient.
Also, I showed that diatom community composition is regulated more by environmental
heterogeneity and spatial factors at the regional scale than by a spatially structured
environmental gradient.

In Chapter 2, my results indicated that algae, bacteria, and fungi can act
independently under ambient oligotrophic and disturbed enriched conditions despite each
being stimulated metabolically and productively. In Chapter 3, | found at a landscape
spatial scale along an environmental gradient that microbial compositional turnover can
be almost exclusively environmentally controlled rather than regulated by rates of
dispersal as in stream biofilms and lake plankton, and at a regional scale environmental
heterogeneity and spatial processes can co-control microbial beta diversity regardless of
environmental gradients. At both the landscape and regional scale, temporal beta
diversity can be structured primarily by environmental heterogeneity independent of

environmental gradients that structure diversity spatially. My research suggests karstic
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microbial mat-forming communities exhibit intra-community interactions and
metacommunity assembly mechanisms that are distinct from other aquatic and microbial
systems, and which are likely attributable to the physical structure of the microbial mat
that limits microbial trophic interactions and regulates diatom dispersal. The results from
the present studies indicate heterogeneity in the mechanisms underlying community
structure and assembly that is dependent upon the microbial community, environmental

systems, and spatial and temporal extents considered.
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