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ABSTRACT

Seagrasses are globally threatened due to increasing environmental stressors in coastal
ecosystems. Excessive accumulation of algal epiphytes is suggested to be harmful to seagrass.
The biomass and morphological measures widely used in understanding seagrass-epiphyte
relationships provide limited insight into the dynamics of epiphyte colonization relative to leaf
growth and senescence. Color scanning and image analysis methods were developed to
characterize epiphyte accumulation with seagrass growth. Thalassia testudinum collected
monthly or bimonthly from July 2019 to April 2020 near Redfish Bay, Texas, was analyzed
through traditional and image-based measures. Spectral Angle Mapper (SAM) algorithms within
ENVI Program distinguished the pixels of epiphyte-free leaf blades from many epiphytes.
Unclassifiable pixels averaged < 5%. Classification accuracy was also evaluated by correlation
of traditional biomass and morphology metrics vs. image-based metrics for seagrass (n = 2052)
and epiphyte (n = 1822) collected across different seasons and environmental conditions. Image-
derived leaf area strongly correlated with leaf biomass (R’ = 0.98, P < 0.0001) but linear
regressions of epiphyte biomass vs. epiphyte area (pixels) (R? = 0.61, P < 0.0001) and biomass
ratio of epiphyte to seagrass vs. epiphyte coverage (epiphyte pixels/leaf pixels) (R2 =0.51, P <
0.0001) were weaker. However, correlations greatly improved (R’ = 0.52 ~ 0.98, P < 0.0001),
and the epiphyte accumulation presented linear or exponential patterns when parsed by season
and environmentally different sites. The observation from both traditional and image-based
metrics indicated that the seagrass-epiphyte relationship changed significantly across
environmental context (P < 0.05). The observation that the mean epiphyte coverage stayed

relatively constant (maximum range of variation was about 15%) across seasons, but differed by



site, suggests that leaf growth may be regulated to maintain the proportion of uncolonized leaf
surface. The epiphyte accumulation relative to seagrass was greatest at low temperatures and at
sites with elevated N:P ratio in sediment porewater. Image analysis may be insightful as an
indicator of environmental change and suggests that epiphyte accumulation combines linear and
exponential processes representing its colonization and growth. Future work will involve
optimizing the spectral libraries to improve algal group classification to include diverse epiphytic

community components.
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CHAPTER I: INTRODUCTION AND LITERATURE REVIEW

Seagrasses are important marine plants providing multiple ecological services to coastal
ecosystems. Investigation of global ecosystem services (Costanza et al. 1997) ranked coastal
ecosystem seagrasses highest in nutrient cycling ability, and second for area of coverage and
global economic value in the coastal areas. Seagrass beds enhance biodiversity and provide ideal
habitat for marine organisms in different life stages, including commercially important species
(Wolaver et al. 1980, Heck et al. 1997, Orth et al. 2006a, Katwijk et al. 2016). As major primary
producers ( Moncreiff et al. 1992, Duarte & Chiscano 1999), seagrasses supply organic carbon
and food resources for marine organisms inhabiting tropical and temperate areas (Suchanek et al.
1985). Increased benthic species richness resulted from revegetation of bare sediment with the
introduced seagrass Zostera Japonica (Posey 1988). Seagrass restoration in the Delmarva
Coastal Bays demonstrated habitat improvement and fisheries recoveries (Orth et al. 2006b).
Seagrass plays a significant role in filtering nutrients flowing into coastal ecosystems, and they
stabilize sediments to store blue carbon derived from leaves and rhizomes (Hemminga & Duarte
2000, Greiner et al. 2013). Water quality improvement and seagrass reintroduction has been
shown to enhance ecosystem function world-wide (Bell et al. 2008, 2014, Greening et al. 2011,

Katwijk et al. 2016).

However, seagrasses are experiencing global losses from a variety of anthropogenic or
environmental stressors, including eutrophic risk, dredging, and invasive species, and changing
or extreme climatic events (Posey 1988, Orth et al. 2006a, Burkholder et al. 2007, Waycott et al.
2009, Mateu-Vicens et al. 2010). The impact of global warming and ocean acidification due to

increasing anthropogenic CO» emissions strongly increases the potential loss of biodiversity in



the ocean ecosystems which play major economic and food security roles in many countries
(Martin et al. 2008, Koch et al. 2013, Nagelkerken & Connell 2015). Invasive tropical fish range
expansions due to warming trends might reduce the complexity of seagrass meadow habitat in
the Gulf of Mexico and indirectly decrease the nursery role and food resources for native
temperate fish populations (Claydon et al. 2012). Gut content analysis in lab studies suggested
that invasive parrotfish consumed fourfold more seagrasses than native pinfish and filefish (Heck

etal. 2015).

Another important contribution to seagrass decline is the trophic cascade caused by overfishing,
an effect apparently mediated through phytoplankton and epiphyte abundance increases (Heck &
Valentine 2006). Conclusion from reviewed studies (Orth & Van Montfrans 1984, Heck &
Valentine 2007, Jaschinski & Sommer 2008) on the interactions between herbivory and algal
epiphytes have suggested that fish herbivores and mesograzers are primary controllers of
seagrass and associate epiphytes. A conceptual model (Figure 1) explained that overharvesting of
larger predator fish increases the abundance of intermediate consumers which decrease the
mesograzers that control epiphyte accumulation. This loss of top-down control would increase

epiphyte abundance and reduce light required for seagrass growth.



Potential cause of seagrass decline

Eutrophication
(Bottom Up)
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Figure 1. Conceptual model of how bottom-up and top-down both lead to seagrass decline
(adapted from Heck & Valentine 2006)

Eutrophication and excessive sedimentation, in combination with top predator overharvesting,
are considered to be the main environmental causes of seagrass disappearance (Duarte 2002,
Orth et al. 2006b, Burkholder et al. 2007,). Fast-growing micro- and macro-algae thrive in high
nutrient conditions, but the slower-growing seagrass is more competitive only at low nutrient
levels (Duarte, 1995). These stressors act by reducing light availability, which diminishes
seagrass productivity through adverse effects on photosynthesis ( Sand-Jensen 1977, Dennison &
Alberte 1982, Bulthuis & Woelkerling 1983, Lee & Dunton, 1997, Ralph et al. 2007, Ow et al.
2020), nutrient uptake processes (Dennison & Alberte 1985, McGlathery 2001, Armitage et al.
2005) and species diversity in seagrass meadows (Moore & Wetzel, 2000, Peterson et al. 2007).
Nutrient enrichment increases phytoplankton and algal epiphyte growth (Fong & Harwell 1994,
Duarte 1995, Frankovich & Fourqurean 1997, Lee & Dunton 2000, Armitage et al. 2005, Hays

2005) which, together with suspended particulate matter, reduce the light available to seagrass.



Light attenuation is the major driver to limit seagrass growth by decreasing its photosynthesis
(Abal et al. 1994, Grice et al. 1996, Ralph et al. 2007). The ensuing decrease in oxygen diffusion
into the root zone may lead to sulfide intrusion and toxicity to seagrass (Abal et al. 1994, Dunton
1994, Lee & Dunton 2000, Koch & Erskine 2001). In a low-light environment, the reduced
carbon balance restricts the carbon storage capacity and respiration of the root/rhizome system,
resulting in less sediment oxidation, which in turn increases levels of toxic ammonium and
sulfide (Dunton 1994, Lee & Dunton 1997, Hemminga 1998). Seagrasses are considered to be
good nutrient indicators because of this sensitivity, but even sublethal levels of Nitrogen (N)
loading could be detected in Zostera marina based on the C : N ratio in seagrass rhizome tissue
(Yang et al. 2018). The interactions of factors contributing to global declines of seagrasses are
complex, but human impacts are undoubtedly the major factor to cause a crisis of estuarine
ecosystems and change species and habitats associated with seagrass meadows (Lotze et al.
2006, Orth et al. 2006a, Waycott et al. 2009). These combined issues underscore the need for
seagrass system monitoring that can detect changes early, and an awareness of what constitutes
critical tipping points. Efforts are underway to monitor (McKenna et al. 2007, Dunton et al.
2010, Neckles et al. 2012, Hobson & Whisenant, 2018) and map (Pasqualini et al. 2005,
Baumstark et al. 2013, Sherwood et al. 2017) seagrass distribution, composition and abundance,

including characterization of their biological condition and habitat quality.

1.1 Seagrass morphological responses to changed environmental conditions
Understanding seagrass responses to environmental change requires accurate assessment of
morphological impacts as a first level of response. For example, interspecific competition for

resources among the ramets, the basic unit of seagrass patches, alters seagrass clonal growth



patterns which can be regarded as a type of observation to understand morphological change to
nutrient variability (Kendrick et al. 2005). Seagrass leaf growth and shoot production are
variable in different environmental conditions, and there is an underlying genetic component to
these responses. Numerous efforts established linkage between genetic diversity, intraspecific
competition and resilience (Hughes & Stachowicz 2004, Larkin et al. 2017) and concur on the
benefits of genetic diversity. A variety of methods are used to examine such responses. Biomass,
leaf length and leaf width are common indicators used for seagrass condition assessments in
large scale monitoring projects (McKenna et al. 2007, Neckles et al. 2012, Hobson & Whisenant
2018,). However, out of necessity, these measures are typically made once per year at peak
biomass time, or seasonally at best. Such studies are missing valuable information represented by
the dynamic nature of seagrass growth responses, which requires study by measures capable of

greater spatial and temporal resolution.

Seagrass leaf growth and shoot production have been studied through a rhizome tagging method
(Abal et al. 1994), which delineated newly-produced Zostera tissues to calculate shoot
production rates. Leaf growth and morphology can also be measured by clip and re-growth or by
a hole punching leaf-marking technique (Grice et al. 1996, Kowalski et al. 2009) which
determines the productivity of each leaf and shoot based on the length the hole created by leaf
growth from the initial location near the ligule. Alternatively, on a different scale, photosynthetic
performance can be measured with photosynthesis-irradiance (P-I) curves (Olesen et al. 2002),
and photosynthetic efficiency can be calculated based on chlorophyll a fluorescence signal
collected from a pulse amplitude-modulated (PAM) fluorometer ( Ralph et al. 2005, Enriquez &

Borowitzka 2010). Other studies have monitored seagrass leaf respiration rate (Shafer et al.



2011) and concentrations of common ions and free amino acids of seagrass leaves, in response to

nitrogen dynamics (Kaldy 2011).

Thalassia testudinum, the subject of this study, is a climax species and one of the three most
prevalent seagrass species in the Northern Gulf of Mexico (along with Syringodium filiforme and
Halodule wrightii) (Green et al. 2003, Dunton et al. 2010, Congdon & Dunton 2016). The
individual shoot is made up of two to five ribbon-shaped leaves emerging from short shoots
connected by horizontal rhizomes buried up to 10 cm deep under sediment. The oldest tissue is
found at the top of the leaves, and the oldest leaves are found on the outsides of the bundle and
wrap the youngest leaves, which emerge from the center (Hays 2005). Because an individual leaf
may persist for months under some conditions, the morphological and physiological states of the

leaf provide a temporally-integrated record of the environmental conditions that it was exposed to.

1.2 Epiphyte communities and interactions with seagrass leaves

The relatively long-lived T. festudinum leaves provide surfaces to which microorganisms, algae,
and invertebrates attach and grow ( Humm 1964, Corlett & Jones 2007, Michael et al. 2008,
Frankovich et al. 2009). As a major component in seagrass ecosystems, these biofilms, here
collectively referred to as epiphytes, contribute high productivity, sometimes exceeding the
biomass of the seagrass host (Kitting et al. 1984, Borum 1987, Moncreiff et al. 1992, Jernakoff et
al. 1996). Observation of invertebrate feeding behavior and isotope tracking indicated that
epiphytic algae can be the primary food resource in seagrass meadows (Nielsen & Lethbridge

1989, Frankovich et al. 2009). Primary production in Mississippi Sound included seagrass,



epiphytic algae, sand microflora and phytoplankton, with the dominant producer being epiphyte

algae (Moncreiff et al. 1992).

In a successional pattern, diatoms and other microorganisms attach directly to the seagrass
leaves, followed by a variety of red, green and brown algae, some filamentous and some
coralline (Corlett & Jones 2007). These epiphytes provide additional surfaces which can be
utilized by diatoms and other algae for secondary colonization. Invertebrates, some of which
consume the primary producers and some which just take advantage of the substrate, are also
attached or attracted. Some algae preferentially attach to the edges of the Thalassia leaves

(Humm 1964). Humm (1964) found 113 species of algal epiphytes on 7. testudinum in Florida.

These complex epiphyte communities are spatiotemporally dynamic. Epiphyte community
structure on Thalassia testudinum from Grand Cayman (Corlett & Jones 2007) was different
compared to that from Florida Bay (Frankovich et al. 2009). Two most common epiphytes were
found on every leaf in Great Cayman, including Hydrolithon farinosum and an indeterminate
coralline alga (Corlett & Jones 2007). Seven species of macroscopic red algae, mainly Melobesia
and Fosliella, and 11 faunal phyla, such as Spirorbis (most ubiquitous), were identified on the
same seagrass species in Florida (Frankovich & Fourqurean 1997). Additional variation with
seasons and with environmental conditions have been noted for epiphytic algae (Borum 1985,
Armitage et al. 2005, Hasegawa et al. 2007) and invertebrates (Novak 1982, Peterson et al. 2007a,

Whalen et al. 2013)



The seagrasses are not only just simple substrata for epiphytes (Pinckney & Micheli 1998), the
epiphytes may select suitable seagrass leaves because of positive or negative interactions. Recent
work (Crump et al. 2018) has greatly illuminated our understanding of the complex biochemical
interactions between epiphytes and their hosts that were previously demonstrated ( Harlin 1973,
1975, Buschmann & Gomez 1993, Callaway et al. 2002). The seasonal changes of seagrass hosts
and their associated epiphytic algae communities could change dramatically (Borum 1987, Hall
& Bell, 1988; Jernakoff et al. 1996) and were affected by nutrient levels (Armitage et al. 2005;
Hasegawa et al. 2007). Since light availability is the main factor driving seagrass status (Ralph et
al. 2007), changes of epiphyte accumulation and the intensity of competition between seagrass
and epiphytes for light and nutrients may influence seagrass condition (Borum 1985). Hence the

epiphyte-seagrass dynamics are determined by multiple environmental and biological factors.

However, excessive accumulations of algal epiphytes can be detrimental to seagrass, or even the
whole coastal ecosystem. Seagrass plant morphology can be affected as a response to
competition for light and nutrients (Frankovich & Fourqurean 1997, Brush & Nixo 2002, Nelson
2017a, Whalen et al. 2013, Ow et al. 2020). For example, as Zostera (eelgrass) grows, the
accumulation pattern of epiphyte biomass on leaves occurs in two different phases. New leaves
are continuously produced interior to older leaves to replace the older epiphyte-colonized leaves
that are shed to the outside (Sand-Jensen 1975). It is suggested that the epiphyte community
biomass on young eelgrass leaves increases exponentially, but epiphytes on older leaves may be
in a “stable” status (Borum 1985). That means that total epiphyte biomass accumulation on old
seagrass leaves plateaus, because the accumulation is counterbalanced by loss of the oldest parts

of seagrass leaves due to death of these portions of leaves and their resultant breakage. It should



be noted that this is distinct from senescence and shedding of the entire leaf. Rather, the oldest,
dead parts of leaves successively break off until senescence of the remainder occurs when
virtually all of the leaf is dead. This mechanism explains in part why excessive epiphyte growth

is one of the factors to drive seagrass decline.

It is widely acknowledged that epiphytes can be top-down controlled by grazers, which in turn
are controlled by higher trophic levels (Figure. 1) (Heck & Valentine 2006). But this relationship
can be complicated by simultaneous bottom-up effects of nutrients (Burkholder et al. 2007,
Peterson et al. 2007a, Whalen et al. 2013) as well as feeding preferences associated with the
nutrition content or algal chemical deterrents to grazing (Landsberg et al. 2009, Nielsen &
Lethbridge 1989, Crump et al. 2018). Due to eutrophication, fast-growing epiphytes may reduce
the light penetration to the leaf by intercepting the light (Duarte 1995, Ruiz & Romero 2001,
Armitage et al. 2005) to reduce productivity. Higher production and photosynthesis rates were
found in control shoots compared to shaded Thalassia shoots (Tomasko & Dawes 1989).
Understanding the negative consequences of eutrophication and overharvesting requires
knowledge of these complex interactions and will be important to improve water quality and

achieve seagrass restoration.

Under conditions of eutrophication-induced phytoplankton blooms, turbidity from sediment
disturbance, and/or overgrowth of epiphytes, light availability reduced below the approximate
threshold of 4-36% surface irradiance can limit seagrass photosynthesis (Dunton 1994, Ralph et
al. 2007, Nelson 2017b). For this reason, metrics of epiphytes have been regarded as important

bio-indicators for nutrient impact on the estuarine ecosystem. However, it has been argued that



epiphyte composition is limited in predicting seagrass loss and thus has limited utility as an
environmental indicator, probably due to the above-mentioned confounding factors ( Worm &
Sommer 2000, Fourqurean et al. 2010). Multiple studies of nutrient impacts on seagrass response
showed that nutrient levels alone could affect the growth of both seagrass and associated
epiphytes, but the effects were highly variable between studies (Frankovich & Fourqurean 1997,
Moore & Wetzel 2000, Worm & Sommer 2000, Johnson et al. 2006). A Florida Bay study
revealed highly variable epiphyte levels and strongly site-specific nutrient responses (Armitage
et al. 2005). More epiphyte biomass and less light availability have been found along a gradient
of external N loading in Waquoit Bay (Wright et al. 1995), and epiphytes have been found
limited by nitrogen and phosphorus concentration in the northern Gulf of Mexico (Johnson et al.
2006). Thalassia testudinum, from different sample sites and with absence of grazers in
mesocosms have presented variable epiphyte accumulations (Hays 2005). But other systematic
studies manipulating both nutrients and grazers demonstrated clear nutrient effects on epiphyte
levels (Peterson et al. 2007, Sweatman, Cuvelier and Cammarata unpublished, Whalen et al.
2013). Moreover, none of these studies teased apart relationships for seagrass leaves in the
growth vs. dying phases, and the methods employed were spatiotemporally limited. The extents
to which nutrients directly impact mesograzer communities or contribute to increased

susceptibility of seagrasses to other stressors are not known.

1.3 Monitoring seagrass and epiphytes
The dominant methods to monitor epiphyte accumulation on marine or land vegetation focus on
biomass, including dry weight biomass, ash-free dry weight biomass (Dry organic weight)

(Leuven et al. 1985), or chlorophyll a and b (Porra et al. 1989), and other pigments (Armitage et
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al. 2005). Some studies in epiphyte community classification relied on their ecological functions
rather than taxonomic discernment (McCune 1993). Compared with characterization of algal
epiphytes on seagrass blades, the cryptogamic epiphytes on oak branches were easier to quantify
(Holz & Gradstein 2005). Epiphytes on seagrass are typically collected by scraping gently from
host plants (Libes 1986, Ray et al. 2014). Some studies removed epiphytes from rooted
macrophytes by shaking in bottles with low pH MES buffer (Zimba & Hopson 1997), or
preprocessing with dilute acid for removing calcareous epiphytes (Nieuwenhuize et al. 1994),
and other mechanical methods including the use of water flow (Hickman 1971), or scraping after

lyophilizing on dry ice (Penhale 1977).

While these traditional biomass measures are simple and inexpensive to perform, they are
somewhat tedious and all but the pigment studies fail to account for species composition or
morphology changes; therefore, these methods provide limited and incomplete information of
epiphyte dynamics in response to changing environment and the complex relationship between
epiphytes and seagrass. Thus, previous studies with the typical epiphyte and seagrass
measurements did not fully capture the dynamic spatiotemporal information on epiphyte biomass
distribution on the seagrass leaves (Bulthuis & Woelkerling 1983, Borum 1987, Biber et al.
2004) because of temporally-limited sampling and the inherent limitations of the biomass
measures. For example, the epiphyte biomass on a single leaf is the product of accumulation over
a period of weeks or longer. Traditional dry weight biomass methods would present the biomass
data as single values that represent variable periods exceeding a month. It’s necessary to develop
other novel technologies and sampling strategies to obtain more information about epiphyte

communities.
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1.4 Image analysis-based technologies

With the development of advanced digital photography and computer science, image analysis-
based methods have been widespread and applied in many plant studies. In the Northern Gulf of
Mexico, algal recruitment and a shift in community composition on the rock surface in a newly
developed tidal inlet was evaluated by analyzing pictures from a microscope with a digital
imaging system (Fikes and Lehman 2008). An image analysis technique was developed to
diagnose injured Zostera leaves (Boese et al. 2008). The ERMapper program classified healthy
vs. diseased leaves based on pigment changes leading to spectral differences. Bacterial
aggregation on the bean leaf surface was measured by fluorescence image analysis (Monier &
Lindow 2004). The frequency, size and distribution of diverse kinds of bacteria were
investigated with their distinguishable spectral information, but the classification was imprecise
due to multiple accumulation layers and halos around colonies. Additionally, image analysis
estimated shoot biomass of cereal plants with a linear function of shoot area calculated in high-
throughput images (Golzarian et al. 2011). Spatial patterns of photosynthetic efficiency were
obtained by Imaging-PAM fluorometry (Ralph et al, 2005). Coral researchers calculated coral
colonization with Coral Point Count with Excel Extensions (CPCe) software, a visual basic
program (Kohler & Gill 2006). However, the CPCe program is limited in that it requires manual
classification. In contrast, a machine-learning approach named Pattern Recognition Software was
trained with specific features, such as the color, brightness, and texture in the images and
subsequently used for feature identification (Shamir et al. 2010). Geographic Information System

(GIS) technology has been applied in terrestrial epiphyte ecology research based on image

12



analysis (Bader et al. 2000). The recent widespread availability of public resources for image-

analysis makes these methodologies particularly attractive for seagrass and epiphyte analyses.

Novak (1982) examined the spatial and seasonal distribution of meiofauna on Posidonia
oceanica through a stereomicroscope. With the pictures of covered area from a camera, they
measured the coverage of macro-epiphytes in an automatic area meter. Another study used
image-analysis to calculate the proportion of eelgrass leaves infected by wasting disease (Boese
et al. 2008). Fluorescence imaging PAM was used to explore the effect of leaf age on
photosynthesis in three seagrass species (Halophila ovalis, Zostera capricorni and Posidonia
australis) (Ralph et al. 2005). A novel epiphyte fluorescence measurement (Ray et al. 2014) was
used to measure fluorescence of photosynthetic accessory pigments as a proxy for epiphyte
abundance. Fluorescence scanning performed similar epiphyte characterization for epiphytes still
attached to the seagrass leaves (Contreras et al. 2011), an approach which provides greater
spatiotemporal resolution of epiphyte accumulation compared to traditional leaf-scraping

methods.

1.5 Aims, hypotheses and objectives

This study aims to develop a color scanning and image analysis-based method to characterize
spatiotemporal epiphyte accumulation patterns on seagrass, and to delineate the spatiotemporal
shift in seagrass and epiphyte growth. Image analysis methods will be developed to extract the
rich information of the images, including metrics related to seagrass morphology, epiphyte
coverage pattern, and classification of potential epiphytic groups. The geospatial analytics

software, ENVI (L3 Harris Geospatial, Broomfield CO) will be used to process images to train,
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distinguish and identify epiphytes vs. uncolonized leaf surfaces. This approach is expected to
provide highly informative metrics of epiphyte accumulation profiles, community composition
shifts, and seagrass morphological responses to interpret the epiphyte accumulation within
growing seagrass leaves under various environmental conditions. Anticipated requirements for
interpretation of this information are the description and separate analyses of seagrass leaves at
different growth phases, and the effects of changing environmental conditions such as water
temperature, salinity, nutrient levels and light availability on seagrass-epiphyte interaction. This
is expected to clarify the dynamic short-term relationship between epiphyte accumulation (a
composite of colonization and growth) and seagrass growth and morphology changes across

environmental context.

Using samples of T testudinum and associated epiphyte from the western Gulf of Mexico, this
study focuses on epiphyte-seagrass dynamics with specific objectives of (1) developing the
image analysis for seagrass and epiphyte classification; (2) validating the high-resolution
information derived from the image-based method, including computing accurately the seagrass
leaf morphology, distinguishing diverse epiphytes and seagrass, and estimating epiphyte
accumulation pattern; (3) delineating spatial and temporal variability of seagrass growth and
epiphyte accumulation through traditional epiphyte biomass measurement and image-based
measurement for further validation; (4) simulating the epiphyte colonization driven by T.
testudinum growth phases (recruitment and senescence) under changing environments through
biomass metrics to examine the contribution of variable environmental factors, including water
temperature, salinity, depth, and nutrient levels of sediment porewater, to epiphyte-seagrass

dynamics. This study provides a new method to assess the seagrass-epiphyte relationship within
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changing environments and estimate accumulation patterns of epiphytes with growing seagrass
leaves quantitively. This information about the epiphyte effect on seagrass health will lead to

more informed management decisions in seagrass protection and recovery.

Research hypothesis and objective 1: The first hypothesis to test is that Thalassia testudinum
can be imaged and analyzed to derive new metrics, such as leaf area and epiphyte cover, which
correlate with the traditional biomass and morphological measure of seagrass and epiphytes.
High-resolution information on epiphyte coverage area of seagrass from image analysis will
characterize epiphyte accumulation and allow tests of correlation between epiphyte biomass and

epiphyte coverage metrics to compare the measurements.

Research hypothesis and objective 2: The second hypothesis is that the sampling and image-
analysis methodology will capture spatiotemporal shift in both seagrass morphology and
epiphyte communities. Traditional epiphyte biomass measurements of total epiphytes are
commonly expressed relative to total seagrass biomass and obtained only in limited annual or
seasonal sampling. More frequent sampling (at least bimonthly) using image analysis techniques
should provide sufficient data to delineate short-term spatiotemporal variability of epiphyte-
seagrass dynamics to capture the morphological response of seagrass in relation to accumulation

patterns of epiphytes.

Research hypothesis and objective 3: The third hypothesis that various internal and external
factors alter seagrass-epiphyte interactions (Harlin 1980, Fong & Harwell 1994, Biber 2004,

Nelson 2017) at the plant level, will be tested by producing a multiple linear regression model.
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Affirmation of the hypothesis would suggest that epiphyte accumulation with seagrass growth
(recruitment and senescence) might serve as indicators of environmental conditions. The
sampling strategy design will allow investigation of the effects of environmental factors, such as
nutrient levels in sediment porewater, depth, temperature, and salinity. The study attempts to

clarify the contribution of any accessible factors to seagrass-epiphyte interaction.
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CHAPTER II: MATERIALS AND METHODS

2.1 Study Location

The study location is adjacent to the Intracoastal Waterway (ICWW) and Redfish Bay in Aransas
Pass, Texas (Figure 1; GPS coordinates in Table I). Redfish Bay encompasses an area of
approximately 90 km? with average depth ranging from 0.75m to 2m (Su & Huang 2019), and
average annual inflow of about 19.34 million cubic meters (Asquith et al. 1997). The mean
winter inflow was significantly higher than in other seasons. Within a semiarid and subtropical
climate, water temperature in Redfish Bay varies from 0°C in winter to 40°C in summer
(Kornicker 1964). The water temperature generally follows the air temperature, but it
occasionally rises or drops quickly due to fluctuating weather conditions (Asquith et al. 1997).
Halodule wrightii, Thalassia testudinum, and Cymodocea filiformis are the co-dominant seagrass

species in Redfish Bay (Fry & Parker 1979, Congdon & Dunton 2016).

The study location is near the Redfish Bay State Scientific Area (to the northeast), where
seagrasses are protected by law. It is bounded by the City of Aransas Pass Wastewater Treatment
Plant on the northwest, and the ICWW to the east, and centered around the ICW RV Park
(Figures 1&2). Preliminary scouting revealed what appear to be different epiphyte communities
in two areas on the north and south sides of the RV Park “peninsula”, which provides both access
and a physical barrier to water flow between two areas (Figure 2). Redfish Bay had a high
epiphytic loading according to previous research (Su & Huang 2019). The study areas can be
easily accessed by wading or kayaking from the ICW RV Park, and access permission has been

granted from the owner. The Wastewater Treatment Plant is adjacent to the RV park and
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permitted to discharge treated effluent at two sites (marked on Figure 1; as per discharge permit)

with potential impacts on the study area (Figure 2).
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Figure 2. Map of the Texas Coastal Bend (right bottom) and the Aransas
Pass-Redfish bay sampling area (Yellow boundary area). The maps are from
Google Earth. Dots represent two permitted WWTP discharge sites. A, B,
refer to WWTP and Control areas, respectively.

Sampling areas on the north (A) and south (B) sides of the RV Park, respectively, are designated
as the “Wastewater Treatment Plant” (WWTP) and “Control” areas, respectively. The “WWTP”
area is presumed to receive a direct discharge of treated wastewater, whereas the “Control” area
may receive indirect impacts from an alternative wastewater discharge site, but such discharge,
in the latter case, would receive additional mitigation by filtering through a wetland system
before encountering the seagrass. The “WWTP” area potentially receives other nutrient-related
impacts from a fish-cleaning station which attracts abundant birdlife. These two areas are

otherwise in close geographic proximity and mostly similar in fetch. “WWTP” has somewhat
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more exposure to northeast winds while the “Control” area has somewhat more exposure to
southeast winds. These two areas have observable differences in the appearance of their epiphyte
communities (Figures 3 and 4) which is further supported by a preliminary 18s rRNA
comparison of epiphytes. The seagrasses are primarily monotypic patches of 7. festudinum or C.
filiformis, with mixed communities in between. Small scattered clumps of oysters are found
throughout the seagrass in both areas. It is expected that different environmental conditions, such
as nutrient level and grazing density, exist at the two areas due to the observation of variable
epiphyte communities (Frankovich & Fourqurean 1997, Heck & Valentine 2006, Johnson et al.
2006, Frankovich et al. 2009, Nelson 2017b). We sampled seagrass and epiphytes from 5 sites
distributed in the “Control” and the “WWTP” areas, across a depth gradient. A site on the
extreme southeast of the “Control” area, named Control ICWW (CI) (Figure 2), showing the
highest epiphyte loading and shallowest depth compared to all other sites, was also sampled for
seagrass and epiphytes (Table 1). This CI site is within approximately 5 m of the ICWW and a
shallow subtidal oyster reef. All sampling stations are primarily mud sediment with sand, except

at CI site, where there is also an abundance of embedded oyster shell.
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Figure 3. Drone imagery of study area courtesy of Dr. Hua Zhang at TX A&M University-
Corpus Christi. The “Control” site is at the south of the RV park, comprising shallow (CS)
and deep sites (CD). The “WWTP” area is at the north of RV park, comprising shallow
(WS), medium (WM) and deep (WD) sites. The Control ICWW (CI) site showing the
highest epiphyte loading is also located.

2.2 Seagrass and epiphyte sampling
Five sampling sites were selected in two areas (“Control” and “WWTP”) (Figure 2) (Table 1).
Three sampling sites were chosen in the “WWTP” area so that measurement occurred across a

gradient of depth to examine the effect of light attenuation. We also compared a shallow and a
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deep site in the “Control” area. Seagrass samples from CI site were collected simultaneously
when we were in the “Control” area (Figure 2). Each sample collection site is at least 30 meters
from the next one. Sites generally differed in depth by about 10-15 cm compared to neighboring
sites, except the CI site, which was shallowest (Table I). From July 31, 2019, to April 30, 2020,
shoots of Thalassia testudinum were collected monthly or bi-monthly. The volume and time
requirements of sample processing work necessitated that visits to the south and north ICW RV

Park be staggered at approximately three week intervals.

Table 1. Depth and GPS coordinates for 6 sampling sites in Aransas-Redfish Bay Study area, Texas

Sampling Mean Standard Minimum Maximum GPS Coordinate
Location Depth (cm) Deviation Depth (cm) Depth (cm)

Control Shallow 58.0 13.0 45.0 88.0 W 027.88053
(CS) N 097.15044
Control Deep 83.3 13.4 65 107 W 027.88021
(CD) N 097.15002
Control ICWW 47.2 11.9 35 73 W 027.88053
(CD) N 097.15044
WWTP Shallow 67.2 17.8 29 95 W 027.88485
(WS) N 097.14861
WWTP Medium 79.3 16.6 46 110 W 027.88467
(WM) N 097.14790
WWTP Deep 932 16.5 62 125 W 027.88435
(WD) N 097.14761

For each sampling, we harvested all seagrass shoots within three haphazardly placed “rings” at
each site for triplicate replication. Rings consisted of a thin slice of a 7.6 cm inner diameter PVC
pipe, encompassing an area of 4.53x 1073 m?. Seagrass shoots and leaves angled by the current
were gently re-positioned so that every leaf, of every shoot that was located within the ring, was
contained entirely within the ring. Leaves of shoots anchored outside the ring were excluded
from the ring. Then all seagrass shoots anchored inside the ring were harvested by reaching
down into the sediment and plucking, keeping all leaves still attached to their shoot.

Representation of young shoots was obtained in this manner. This sampling strategy is important
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for capturing variation in the different states (ages) of seagrass growth and epiphyte
accumulation. Seagrass samples were collected in plastic bottles, placed on ice for transport, and

stored at 10°C in the laboratory.

2.3 Measurement of environmental conditions

Field conditions (depth, salinity, temperature, and general observations of wind, weather, etc.)
were recorded at each visit to each sampling site to provide contextual information on factors
that affect seagrass condition and epiphyte growth in variable ways across the growing season.
Depth was measured with a calibrated PVC pole. Salinity measurements were made using a
refractometer (VEE GEE, STX-3), in the laboratory, on 50 mL water samples collected at
seagrass canopy depth, without headspace. Field water temperatures vary over a wide range and
can exceed 30°C in summer. Laboratory salinity measurement avoided the potential error caused
by high temperatures since most refractometers do not temperature compensate above 30°C. The
temperature of the water column near the seagrass canopy height was measured with a calibrated

thermometer.

2.4 Porewater collection and nutrient analysis

Sediment was collected on May 15, 2020, from the 6 sampling sites (Figure 2), in triplicate,
using a 10 cm inner diameter PVC corer inserted to a sediment depth of 15-20 cm. The water
column seawater was drained, and the sediment was gently extruded into a semi-cylindrical PVC
pipe (10 cm inner diameter). The upper Scm of sediment was discarded and the succeeding 10

cm of sediment core, representing the 5-15 cm root zone, was transferred into a plastic storage
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bag. Sediment samples were kept cold (4°C) during transport and at the laboratory. All sediment

samples were processed within two days.

Porewater was collected using centrifuge extraction. Collected sediments were mixed in the
storage bag and portioned (80-100g) into 50ml centrifuge tubes with a plastic spoon.

Sediment tubes were centrifuged at 5000 X g for 20 minutes at 4°C. After centrifugation, the
supernatants were collected into new 50 mL tubes and kept on ice before filtration. Supernatants
were filtered through VWR glass microfiber filters, grade 696 (particle retention: 1.2um). The
filtrates were stored at -25°C and shipped frozen for nutrient analyses at the University of
California-Davis Analytical Lab (UC Davis). Nutrient analyses of the porewater were conducted
for nitrate and ammonium using Method 847 (Cadmium Reduction Flow Injection Method &
Flow Injection Analysis), and for orthophosphate by Method 865 (Flow Injection Analysis for
Orthophosphate) (Clesceri et al. 1988). For the following analyses, the nutrient levels of
sediment porewater measured at this single time were considered to be a long-term indicator of
relative sediment porewater nutrient level across our sampling periods. Nitrate levels were
generally very low and below the routine detection limit of 0.05 mg/L. In some of these cases,
there were measurements of less than 0.05 mg/L that would have had higher levels of
uncertainty. These values were used, where available. In other cases, there was no measured
value, in which case there was no value available for statistical analysis, necessitating the use of
the “Shaffer" procedure for multiple comparisons of unbalanced data (Shaffer, 1986; Bretz er al.,

2016).
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2.5 Sample processing, seagrass and epiphyte imaging, and biomass determinations

The epiphyte-seagrass dynamics were quantified by both traditional biomass measurements and
image-based metrics, which were evaluated herein. Initial sample processing in the laboratory
was completed within 72 hours of harvest. Seagrass samples were gently soaked for 2-3 minutes
in deionized water to remove salt and loose non-specifically associated material (e.g. sand).
Leaves were removed from a single whole shoot at the ligule, measured for morphometrics (leaf
length and width), and then arranged on a fluid mount scanning tray for the Epson Perfection V-
750 Pro color flatbed scanner (Epson, Carson, CA). To avoid air bubbles and reflective effects,
the seagrass leaves were flooded with deionized water and weighted down with clear glass
microscope slides. Leaf images were obtained using 24-bit color scanning at 1200 dpi resolution
and then saved as .tiff files (Figures 3 and 4). Leaves longer than 23 cm were cut diagonally with
a razor blade to fit onto the scanning tray. The upper leaf portion was offset to indicate it was
part of the adjacent leaf, and the diagonal cut assures that the same leaf surface is imaged for

both parts.

Figure 4. Scanning picture of one Thalassia testudinum shoot from “WWTP” area (Lightened by
35%)
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Figure 5. Scanning picture of one Thalassia testudinum shoot from “Control” area (Lightened by
15%)

The biomass measurement was performed individually for each leaf of each shoot to explore the
epiphyte accumulation on leaves of different growth states or ages. After scanning, epiphytes
were removed from seagrass blades by scraping with a microscope slide into a small volume
(<10 mL) of deionized water in a flat-bottomed plastic tray. The removed epiphytes were
quantitatively transferred to a graduated tube for volume measurement and withdrawal of a 1 mL
aliquot for further analyses. Remaining epiphytes were transferred to a pre-weighed empty tin,
and the stripped seagrass blades were transferred to a pre-weighed beaker. The epiphytes and the
epiphyte-free leaves were dried to constant weight at 60°C for biomass measurement (Aloi
1990). The dry biomass of the epiphyte fraction was proportionally adjusted upwards to

compensate for the removal of the 1 mL aliquots.

2.6 Image analysis
Image-based measurements to quantify seagrass and epiphytes based on their spectral

information were developed using ENVI 5.0 program (L3 Harris Technologies, Niles, Ohio).
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ENVI is widely used for earth science, construction, and vegetation research, including some
seagrass mapping studies (Canty 2014). Here, it was applied on a micro-level to analyze epiphyte
accumulation on the leaves. The area of each seagrass leaf and associated epiphyte were
recorded by counting the pixels of the uncovered and covered areas of the leaf, respectively. The
proportional coverage of the seagrass leaf by epiphyte was considered to be an indicator of

epiphyte recruitment and growth relative to seagrass growth.

Spectral angle mapper (SAM) algorithm, implemented in ENVI as a classification method for
comparing image spectra directly, was applied in this image analysis project to distinguish
between uncolonized seagrass leaf and areas covered by epiphytes (Kruse et al. 1993). In a true-
color image, the standard creation of different colors in each pixel is produced by combining
three hues of the light spectrum, including red, green, and blue. Each pixel on the image is stored
as a red-by-green-by-blue three data array, and these three bands are considered to be three
spectra in ENVI. By considering each pixel with three spectra as a vector, spectral information of
each pixel can be transformed into a vector (R, G, B) in a three-dimensional cartesian coordinate
system (X, Y, Z) (Figure. 5). The SAM algorithm can quantify the similarity (difference)

between two spectra by the magnitude of a spectral angle 6 calculated by the following equation:

n
i=1 LiTi

o0 = JZ?=1 tf X\/Z?:l tf

where, n is the number of bands in an image, 7 is the pixel spectrum, r is the reference spectrum,

and @ is the spectral angle.
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Classifications of seagrass and epiphytic coverage were estimated by evaluating the degrees of
the spectral angles between the pre-established reference spectra and the test spectra. The
reference spectra were selected by the minimum, mean (+SD), and maximum of spectra in
multiple manually captured areas (1000~5000 pixels), which were visually classified as seagrass
or epiphytes, from approximately 200 scanned images. The seagrass leaves for building
reference spectra were harvested in the “Control” area in July 2019. A random seagrass blade
image was pre-analyzed to further select the applicable reference spectra. Through visual
inspection, spectra that misidentified seagrass and epiphyte pixels were eliminated from the
spectral reference libraries. Remaining spectra were combined respectively to produce a seagrass
spectral library and an epiphyte spectral library. The seagrass spectral library contained 482
reference spectra, which included the uncolonized area of seagrass blades which had different
colors due to variable growth status. The epiphyte spectral library contained 843 reference

spectra from a mixed group of diverse epiphytic species.
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After masking the background and other non-analyzed contents on the images, 2,061 scanned
images of seagrass blades were analyzed by ENVI 5.0 program, sequentially using the seagrass
and epiphyte spectral libraries. The background was excluded by creating an outline around each
seagrass blade using polygon. The threshold of spectral angle identification was set on 0.04 angle
radian (=2.3°). The pixels were identified as seagrass, epiphyte, or unclassified content by
calculating their spectra's similarity to the corresponding reference spectra through ENVI

program.

2.7 Validation

In the validation stage, the classification output accuracy was assessed using different validation
methods to demonstrate if the identification via the SAM algorithm is reliable and reproducible
for investigating the seagrass-epiphyte relationship. Two types of validation methods, including
“Intrinsic Validation” and “Extrinsic Validation”, were used to calculate the accuracy of
identified seagrass and epiphyte pixels. By comparing pixels identified from seagrass and
epiphyte spectral libraries with each other and to ground-truth pixels, the “Intrinsic Validation”
revealed the proportion of correctly identified pixels. From another approach, the process of
“Extrinsic Validation” compared the imaging-derived metrics and the traditional biomass metrics
to observe the correlation between the two types of indicators. The image-based measurement is
considered to be valid if the error from “Intrinsic Validation” is sufficiently small, and if there is
a goodness of fit between the classification out and biomass measurements in “Extrinsic

Validation”.
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2.7.1 Intrinsic validation

The “Intrinsic Validation” was used to evaluate the accuracy of identification by comparing the
difference between the outputs from seagrass-classified images (from seagrass spectral library)
and epiphyte-classified images (from epiphyte spectral library). The “Intrinsic Validation”
methods included the comparison of epiphyte coverage determined by seagrass-classification
(SG) of images and epiphyte-classification (Epi) of the same images (Figure 6) and the overlap
in identification by the two complementary approaches. This validation procedure quantified

pixels that could not be accurately identified.

Figure 7. An example of seagrass blade color scans and ENVI classification of seagrass
and epiphyte collected at the CS site in July 31, 2019. The black areas are the unclassified
pixels. (A) scanned blade; (B) original Seagrass Classified Image (ENVI); (C) original
epiphyte classified image (ENVI). Images lightened by 15%.

To validate the image analysis for seagrass-epiphyte study in the ENVI program, we compared
the epiphyte coverage of each leaf between their SG- and Epi-classified images. This validation

procedure was expected to demonstrate that the difference of epiphyte coverage between SG
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images and Epi images was as less as possible. The difference between two types of epiphyte
coverage was used to show how many percent of the area in the classified images were classified
incorrectly. The percent cover of epiphyte in SG- and Epi-classified images were calculated as
follows:

Unclassified Area (SG)
= (pixels of unclassified area) / (pixels of total leaf area)x100% (Eq. 1)

where, the pixels which could not be identified as seagrass by the seagrass spectral library were
counted as epiphytes.

Epiphyte Coverage (Epi)
= (pixels of identified epiphytes) / (pixels of total leaf area)x100% (Eq. 2)

The number of unclassified pixels, identified epiphyte pixels, and total leaf area pixels were
tallied by the ENVI program. The difference in epiphyte coverage was calculated as:

Difference of epiphyte coverage
= Epiphyte Coverage (Epi) - Unclassified Area (SG) (Eq. 3)

The identification of epiphytes and seagrass was considered to be valid if the unclassified area in

SG images matched the epiphyte coverage in the Epi images.

The overlap analysis compared the SG- and Epi- classified images by calculating what percent of
pixels were identified correctly in each image. By overlapping the Epi images over the SG
images, the output of overlap validation created three kinds of pixels, including correctly paired
pixels, “overlapping” pixels, and “unaccounted” pixels. The paired pixels were the pixels that
were uniquely identified by either the seagrass or the epiphyte spectral libraries. If the pixels
were identified as both seagrass and epiphytes by the two spectral libraries simultaneously, they

were regarded as “overlapping” pixels. Pixels that could not be identified by either seagrass or
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epiphyte libraries were regarded as “unaccounted” pixels. This overlap analysis thus revealed the

proportion of indeterminate pixels, those not uniquely identified.

Overlap analysis was conducted by Dr. Ruby Mehrubeoglu at Texas A&M University—Corpus
Christi (TAMUCC). Four hundred and seventy-nine SG-classified images were selected to
compare with corresponding Epi-classified images for the overlap analysis. To decrease bias
from variance in sites and seasons, images of two seagrass shoots from each sampling time at
each site were used for overlap analysis. The selected images were converted to grayscale in
MATLAB. Pixels were presented as grayscale with values from O to 255. The manually
determined background value was converted to white color (255) and then excluded from the
analyses. The values of ENVI-based non-classified pixels in both SG and Epi images were kept
black color (0) as original (Figures. 7B and 7C), and the ENVI-based identified pixels, which
either identified as seagrass or as epiphytes, were all converted to a single middle value “A”
between 0 and 255. This value “A” was selected arbitrarily in each image for overlapping
analysis. The overlapping and unaccounted pixels were located by adding the converted SG and
Epi images. The grey value of paired pixels would stay at the value “A”. However, the
overlapping and unaccounted pixels would produce a double “A” value and zero value,
respectively (Figure 8). The percent of overlapping pixels and unaccounted pixels were
computed as:

% Overlapping Pixels

= (total number of overlapping pixels) / (pixels of total leaf area) x100% (Eq. 4)

% Unaccounted Pixels
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= (total number of unaccounted pixels) / (pixels of total leaf area) X 100% (Eq. 5)

where, the number of overlapping pixels, unaccounted pixels, and total leaf area pixels were

tallied by the MATLAB. The percent of indeterminate pixels was calculated as:

% Indeterminate Pixels
= (total number of overlapping pixels + total number of unaccounted pixels) / (pixels of total leaf

area) X100% (Eq. 6)

A
Figure 8. “A” value converted images of Figures 7B and 7C. (A) blade area (black), background
(white), and seagrass-segmentation (single gray); (B) blade area (black), background (white), and

epiphyte segmentation (single gray). Images lightened by 15%

2.7.2 Extrinsic validation

In the “Extrinsic Validation”, the epiphyte and seagrass classification output from imaging
analyses were compared to biomass or morphometrics measures. Correlations were drawn from
the entire dataset, as well as separately for samples from differing environmental contexts or

seasons. Detection of differences between locations or seasons is an attribute of useful
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environmental indicators. The dominant methods to monitor epiphyte accumulation on marine or
land vegetation determine biomass (dry weight biomass or ash-free dry weight biomass) (Leuven
et al. 1985), or chlorophyll a and b (Porra et al. 1989), or other pigments (Armitage et al. 2005).
These are expressed relative to host plant morphology (such as biomass, length, width, or leaf
area). This validation was primarily determined by evaluating correlations between the dried
biomass measures, such as epiphyte biomass, seagrass biomass and epiphyte load (epiphyte
biomass/ seagrass biomass) and the image-derived metrics for seagrass leaf area (number of leaf
pixels), epiphyte covered area (number of epiphyte pixels) and epiphyte coverage of leaves
(number of epiphyte pixels/number of leaf pixels). The data for correlation analyses were
collected from each seagrass blade individually. Scatter plots of traditional biomass and
morphology metrics vs. image-based metrics for seagrass (n = 2052) and epiphyte (n = 1822)
measures were created to find the best-fitting regression models. The best-fit relationship
between traditional and image-based metrics was acquired through regression analysis using R
studio and assessed by the R?value. “Extrinsic validation” of image-based metrics was also
evaluated by comparing their site- and seasonal- patterns to those of the biomass-based

indicators.

2.8 Statistical analysis

Comparisons of the epiphyte-seagrass dynamics across environmental context from July 2019 to
April 2020 were analyzed using two-way analysis of variance (ANOVA) followed by a Tukey’s
honest significant difference with false discovery probability of p=0.05. Both traditional biomass
and image-based metrics were used to explore the seagrass growth condition and epiphyte

accumulation on location-season variables. Seagrass growth response was determined by the
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changes in seagrass leaf biomass and seagrass leaf area, and the epiphyte accumulation was
demonstrated by epiphyte load (Fong & Harwell 1994) and epiphyte coverage per leaf (%). The
epiphyte load was calculated by dividing the epiphytic dried biomass by the dried biomass of
stripped seagrass leaf. A one-way ANOVA was performed to evaluate the significance of
differences (p=0.05) for epiphyte-seagrass dynamics among sites of different depths in the

“Control” and “WWTP” areas, separately.

To further understand the epiphyte accumulation on each seagrass leaf, as affected by
environmental difference and seasonal pattern, the relationship between epiphyte biomass and
the continuous covariate seagrass biomass were compared using the Moderated Regression
(MODREG) approach (Leppink 2018). The MODREG analysis was used to estimate the growth
state (age) of seagrass leaf, for which there was a significant difference in epiphyte biomass
among environmentally unique sites (Bretz et al. 2016, Leppink 2018). By comparing the linear
regression of epiphyte biomass on seagrass biomass among different sites or seasons, significant
differences were evaluated by creating simultaneous confidence intervals (p = 0.05) around the
differences among linear regressions at different values of seagrass leaf biomass. When the
confidence intervals contained 0, there was no significant difference; when they did not contain
0, there was a significant difference (Bretz et al. 2016). All statistical tests were performed in R

studio 3.6.2 software.

2.9 Modeling the dynamics of epiphyte accumulation on Thalassia blades
A simple mathematical model describing epiphyte growth with seagrass morphological change

was developed by multiple linear regression. Following Fong’s (1994) seagrass model and
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Biber’s (2004) epiphyte model, the epiphyte-seagrass dynamics are influenced by a complex
combination of environmental factors and biological interactions. The epiphyte biomass is
influenced by light, temperature, salinity, and nutrients (water column nutrients) (Kendrick et al.
1988, Frankovich & Fourqurean 1997, Baggett et al. 2010) as well as by grazing invertebrates
(Orth & Van Montfrans 1984, Heck and Valentine 2006, Peterson et al. 2007a, Baggett et al.
2010, Whalen et al. 2013). The availability of suitable seagrass substrate also determines the
amount of epiphyte biomass. Epiphyte development on young seagrass leaves exhibited an
exponential growth phase, but the epiphyte accumulation reached a plateau as seagrass growth
diminished from inhibition by excessive epiphytes (Borum 1987, Neckles et al. 1993). Mortality
of epiphytes caused by seagrass leaf turnover was normalized by the seagrass shoot biomass,
which could estimate seagrass growth states or ages (Duarte & Sand-Jensen 1990, Gallegos et al.

1993).

Seagrass productivity varies from some of the same environmental factors (light, temperature,
and salinity), but sediment-porewater nutrients are probably more important than water-column
nutrients. On the other hand, seagrass productivity is also impacted by the dynamics of
epiphytes, rhizophytes, and drift algae. Epiphytes and drift algae could decrease seagrass growth
by attenuating light availability (Fong & Harwell 1994, Irlandi et al. 2004). Due to the negative
relationship between depth and seagrass photosynthesis, the site depth served as an indicator of

light availability (Campbell et al. 2007).

The multiple linear regression was employed using R studio to relate the fit (R?) of the accessible

physical variables (depth, temperature, salinity, sediment-porewater nutrient) and biotic variables
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(seagrass leaf biomass, seagrass shoot biomass) to the dynamics of epiphyte biomass. Before
regression analysis, the parameters of seagrass leaf biomass and epiphyte biomass were
logarithmically transformed (Y = In (X)) to obtain normal distributions. Regression coefficients
were developed from the data recorded from July 2019 to April 2020, and only the intact
seagrass leaves (as opposed to those with broken tips that were likely dying back) were included
in the regression. The coefficients were tested to see if they were significantly different from

Z€10.

To assess the predictive power of the regression equation, we compared the observed epiphyte
biomass with the predicted epiphyte biomass. 119 seagrass leaves from July 31, 2019, in the
“Control” area and August 9, 2019, in the “WWTP” area (not previously included in our
analyses) were used to test the model. These samples were collected from two extra sites beyond
the above six sampling sites. Depth, water temperature, and salinity were measured
simultaneously. The nutrient levels from sediment porewater were represented by the mean
levels in “Control” and “WWTP” areas, respectively. The observed epiphyte biomass was
compared with the predicted epiphyte biomass from the environmental variables and seagrass
variables based on the regression equation to evaluate how well the regression model mimicked

the observed epiphyte-seagrass dynamics.
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CHAPTER III: RESULTS

3.1 Environmental conditions

Salinity levels differed significantly with seasonal change (df =3, F' = 31.68, P <0.05), but there
was no significant difference in the mean salinity among the “Control” area, CI site, and
“WWTP” area (Table 1) (Overall means: “Control”: 27.83+1.23%o, CI: 28.17+1.17 %o,
“WWTP”: 28.4240.79%o0). Water column salinities in the three locations were highest in the

sSummer.

Table 2. Average salinity (£SD) in three sampling locations from July 2019 to April 2020. NA = no measurement available.

Sampling Date “Control” area Cl site “WWTP” area
07-31-2019 35.00£0.00%o 35.00£0.00%o 34.4441.73%0
08-09-2019 NA NA 37.0020.00%0
08-30-2019 37.0040.00%o 37.00£0.00%0 NA
09-11-2019 NA NA 36.00£0.00%o
09-25-2019 34.00£0.00%o 34.00£0.00%o NA
10-09-2019 NA NA 29.5040.00%o
11-20-2019 25.75+0.35%o0 26.00£0.00%o NA
12-18-2019 NA NA 30.00£0.00%o
01-17-2020 30.004:0.00%o 30.004:0.00%o NA
02-22-2020 NA NA 27.5040.87%o
04-19-2020 NA NA 26.671£0.58%0
04-30-2020 28.25+0.35%o0 28.50£0.00%o NA

Water temperatures ranged from 16 to 32 °C and were stable in summer and early autumn
(29.17~32.00 °C from July to October). Temperatures dropped in November and fluctuated
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through winter with an average temperature of 20.754+1.17°C. In April, the mean temperature

warmed up to 24.001+0.56°C (Table 5).

The average concentrations of nitrate (NO3°) and ammonia (NH4") from CI site sediment
porewater was nearly two times higher than from “Control” area, but there was no significant
difference for nitrate and ammonia concentration among three locations. The average
concentration of phosphate (PO4*) at the “WWTP” area was more than two times higher than at
“Control” and CI (df = 2, F = 5.93, P < 0.05) significantly (Table 3). The difference in total
dissolved inorganic nitrogen (DIN = NH4* + NO3~) (0.83~1.61 mg/L) among the three sampling
locations was not significant. However, ratios of DIN:P (NHs" + NOs™ : PO4*"), varied
significantly from low in the “WWTP” area (7.82) to high at the CI site (29.99) (df =2, F="7.71,

P <0.05).

Table 3 Average concentration (mg/L) of ammonium, nitrate, total DIN, phosphate, and DIN:P ratio of sediment porewater
(£SD) from the “Control” area (n = 6), Cl site (n = 3), and “WWTP” area (n =9).

Location NH4* NOs DIN PO4* DIN: P
“Control” 0.80 (10.42)  0.035 (£0.005)  0.83 (£0.42)  0.058 (£0.015)  14.83 (+7.76)
1 1.52 (£0.73)  0.060 (£0.028)  1.63 (+1.05)  0.060 (+0.014)  29.99 (+17.41)
“WWTP” 0.99 (£0.45)  0.044 (+0.015)  1.03 (£0.45)  0.141 (£0.071)  7.82 (+2.43)

3.2 Validation of image-based measurement

“Intrinsic Validation” calculated the accuracy of identified seagrass and epiphyte pixels by

comparing the output obtained from seagrass or epiphyte spectral libraries. The “Extrinsic”
Validation” evaluated the correlation between the imaging-derived metrics vs. the biomass

metrics. The image-based measurement is considered to be valid if the error from “Intrinsic

Validation” is sufficiently small, and if there is a goodness of fit between the image classification
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output and biomass measurements. Further extrinsic validation was assessed by the efficacy of
imaging-based metrics to detect differences between samples from different environmental

contexts, seasons or Stressors.

3.2.1 “Intrinsic validation”: Analyses of difference in percent cover of epiphyte

2,001 scanned images of seagrass blades were analyzed by seagrass and epiphyte spectral
libraries to derive SG and Epi images separately. “Intrinsic Validation” found that differences in
percent cover of epiphyte between SG- and Epi-classified images ranged from -27.99% to
27.99% (see Eq. 1, 2, and 3, Materials and Methods). Over 84% of the classification output was
within £5% difference when comparing SG- and Epi- classified images. A 99% confidence
interval of the average difference was from -0.068% to -0.021% (Figure 9). The difference in
percent cover of epiphyte between the two kinds of classified images varied significantly
between sampling sites (df = 5, F = 3.80, P < 0.05) and sampling times (from July 2019 to April
2020) (df =3, F=98.91, P <0.05). The mean difference ranged from -8.60% (+6.06%) to 0.93%
(£3.86%) across the environmental context (Figure 10). The number of epiphyte pixels identified
by epiphyte spectral libraries was underestimated in most environmental conditions, except the
seagrass samples harvested in the “WWTP” area in August and CI site in January. The percent
cover of epiphyte in Epi images fitted the unclassified area in SG images poorly, probably due to
misclassification of green algae. Some green algae pixels were possibly misclassified as seagrass
pixels in the ENVI program because of their similar spectra. A noticeable spike in epiphyte
under-classification was observed in spring 2020 from all three locations. This was possibly
attributed to change of the epiphyte community. Filamentous green algae appeared most

abundant in the spring samples. Conversely, the overestimated percent cover of epiphyte for Epi
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images was attributed mostly to the misclassification of some yellow-brownish seagrass pixels

from older leaves, which were incorrectly identified as yellowish or some brownish filamentous

Chlorophyta groups.
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Figure 9. Histogram and probability density plot of difference in epiphyte coverage between Epi-
and SG- images. The white bars are the numbers of analyzed images and the pink shape is the
probability density (%) of analyzed images. (n = 2001)
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Figure 10. The average difference (+SD) of epiphyte coverage between Epi- and SG- images
from July 2019 to April 2020 at three sampling sites. (n = 2001)
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The accuracy level evaluated by the average difference in epiphyte coverage did not fully reveal
the variability since positive and negative differences could offset each other. Therefore, the
differences in the percent cover of epiphyte between (SG) images and (Epi) images were further
assessed by the absolute difference analysis. The absolute value of the difference in percent
cover of epiphyte between SG images and Epi images showed < 3.00% absolute difference in
67.02% of the classified output. 83.01% of the output had less than 5.00% absolute difference
(Figures 11 and 12). Only 5.55% of the classified images produced more than 10.00% absolute

difference.
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Figure 11. Histogram and probability density plot of absolute difference of epiphyte coverage.
The white bars are the numbers of analyzed images and the pink shape is the probability density
(%) of analyzed images. (n =2001)
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Figure 12. Cumulative distribution of absolute difference of epiphyte coverage. (n =2001)

The absolute difference in percent cover of epiphyte showed a similar seasonal pattern to the
difference of epiphyte coverage among three sites. Although the accuracy of classification
outputs varied among sites, there were no distinctions during the same season. In the “Control”
area, about 87.19% of blade images produced no more than 5% absolute difference. However,
only 76.06% and 78.48% of images revealed a similar accuracy for the “WWTP” area and the CI
site, respectively (Figure 13). The average absolute difference was relatively low and stable in

summer and autumn, but increased during late winter, and peaked during spring (Figure 14).

There was no significance to the absolute differences that appeared among the three locations
from July 31 (“Control” area & CI Sites) to October 9 (“WWTP” area), and the average absolute
difference ranged from 1.91% (+1.92%) to 3.05% (£3.07%). However, the absolute difference
increased strikingly from December through April in the “WWTP” area (df =5, F=58.27, P <
0.05), while the “Control” area (df =5, F = 10.59, P < 0.05) and Cl site (df =5, FF=24.62, P <
0.05) only showed significantly higher absolute differences in April compared to other months.
The maximum mean absolute difference ranged from 4.21% (£4.34%) to 8.68% (£5.95%) in the

“WWTP” area. More than 50% of analyzed images from spring had more than a 5% absolute
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difference area (Figure 15). This obvious decrease in classification accuracy in the spring was
likely seasonal variation in the epiphyte community. Note that the classifications were based on a
training image dataset obtained in Summer, so the dramatic deviation in spring suggests a change

in the epiphyte community to one with different spectral characteristics.
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Figure 13. Cumulative distribution of absolute difference of epiphyte coverage at “Control” site
(n=1726), CI site (n = 330), and “WWTP” site. (n = 1011)
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Figure 14. The average absolute difference (=SD) of epiphyte cover between epiphyte and
seagrass classification for seagrass leaves from July 2019 to April 2020 at three sampling sites.
(n=2001)
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inconsistent sampling time at three sites, all data were reallocated to four seasons based on the
sampling date and average temperature to reveal the variance of absolute difference.

0

3.2.2 “Intrinsic Validation”: Overlap Analysis

The overlap analysis was used to understand indeterminate pixels, which could not be classified
uniquely, as a combination of overlapping pixels plus unaccounted pixels. It created three kinds
of pixels, including correctly paired pixels (uniquely identified), overlapping pixels
(misclassified in one or the other analyses), and unaccounted pixels (not identified in either

analysis).

The overlap analysis reported an accuracy of seagrass and epiphyte identification > 90 % in
94.57% of the analyzed images (Figures 16 and 17). The percent of indeterminate pixels
fluctuated from 0.21% to 31.50%, but the average percent of indeterminate pixels was only
4.47% (£3.41%). About 70% of the images had less than 5% indeterminate pixels. These
indeterminate pixels include overlapping pixels, which are those identified by both seagrass and

epiphyte spectral libraries.
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Figure 16. Histogram and probability density plot of Indeterminate Pixels The white bars are the
numbers of analyzed images and the pink shape is the probability density of analyzed images. (n
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Figure 17. Cumulative distribution of indeterminate pixels. (n = 479)

The percent of overlapping pixels from the two types of independently classified images ranged
from 0.01% to 31.50%. The average percent of overlapping pixels was 1.98% (+£3.04%). 91.23%

of the analyzed images had less than 5% overlapping pixels (Figures 18 and 19).
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Figure 19. Cumulative distribution of overlapping pixels. (n = 479)

Unaccounted pixels, which were neither identified by seagrass libraries nor epiphyte libraries,
also showed a low proportion (< 5%). The percent of unaccounted pixels ranged from 0.00% to
20.12%, and the average percent of unaccounted pixels was 2.48% (+2.24%). 90.81% of the
analyzed images had less than 5% of the pixels that were not identified by both seagrass and

spectral libraries (Figures 20 and 21).

46



150 20
[72] ’ﬂ
o 7
(1] (o]
£ 100 20S
o &
B =
o <
s g
= =}
8 50 L102.
E s
E X
=

0 0

0 5 10 15 20
Percent of Unaccounted Pixels

Figure 20. Histogram and probability density plot of unaccounted Pixels The white bars are the
numbers of analyzed images and the pink shape is the probability density of analyzed images. (n
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Figure 21. Cumulative distribution of unaccounted pixels. (n = 479)

3.2.3 “Extrinsic validation”: Comparative metrics for seagrass

Manually measured leaf length and area, and epiphyte-free leaf biomass were tested for
correlation with image-derived seagrass leaf area (total leaf pixels). There were strong linear
relationships between the manual measurements and the imaged seagrass leaf area (R’ = 0.98;

Figure 22) and between leaf length and imaged leaf area (R’ = 0.86; Figure 22). The relationship
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between dried leaf biomass and imaged leaf area was also strong (R?= 0.88; Figure 22). These

strong correlations support use of imaging in seagrass monitoring.
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Figure 22. The relationships between manually measured seagrass leaf morphometrics and the
number of leaf-image pixels: A) the manual leaf area and leaf-image pixels, the best fit
regression: Manual leaf area = 0.42 X 10 Total number of image pixels + 11.8 (R =0.98, P <
0.0001, n =2052); B) the manual length of seagrass leaf and leaf-image pixels, the best fit
regression: Leaf length = 5.63 x 10~ Total number of image pixels + 33.21 (R? = 0.86, P <
0.0001, n =2053); and C) leaf biomass and leaf-image pixels, the best fit regression: Leaf
biomass = 17.20 x 10 Total number of image pixels — 1449 (R’ = 0.88, P < 0.0001, n = 2048).

3.2.4 “Extrinsic validation”: Comparative metrics for epiphyte accumulation
The dried biomass of epiphyte per seagrass leaf was correlated with image-derived epiphyte
identification by epiphyte spectral libraries. The correlation of epiphyte biomass to the total

number of identified epiphyte pixels was moderate (R? = 0.61; Figure 23). However, analysis of
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the data by environmental context (sampling locations and seasons) improved the correlations
markedly (Table 3) and revealed unique patterns of accumulation. The proportion of variation
explained by linear regression ranged from 0.67 to 0.94, but there was a marked and consistent
increase in the slope of the regression line, from all sampling areas (environmental contexts),
with seasonal progression from summer through winter (Table 3). This slope provides an
indicator of the seasonally changing relationship between epiphyte biomass and epiphyte
coverage of the leaf. As an example, linear regression of the data from the “Control” area, July
31, 2019, had an R? of 0.81 and a slope of 0.017, representing that there was 0.017 pg epiphyte
biomass per identified epiphyte pixel. Epiphyte accumulation gradually increased to 0.0559 pg
per epiphyte pixel through winter into spring (Table 3). Similarly, epiphyte accumulation in the
“WWTP” area increased from 0.014 pg to 0.033 pg over the same period (but with a peak at
0.0675 pg in February), and at CI epiphytes increased from 0.024 pg to 0.0434 pg over the same
period (but with a peak at 0.0709 pg in February). These observations are indicative of an
increased “thickness” and/or density of the epiphyte biofilm, and a seasonal pattern that could
result from changes in the community composition and/or growth rate of the epiphytes, as

previously observed (Corlett & Jones 2007, Giovannetti et al. 2010).
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Table 4. Slope of regression of epiphyte accumulation on epiphyte covered area for “Control” area, “WWTP” area, and CI site.
The epiphyte biomass per identified epiphyte pixel was determined by the slope of linear regression. R? for the linear regressions
are given in parentheses

Epiphyte biomass per leaf (ug)

250,000

200,000

150,000

100,000

50,000

0

4,000,000 6,000,000
Pixels of epiphyte cover

Figure 23. The relationship between epiphyte biomass per leaf (ug) and the epiphyte covered
area counted by the number of identified epiphyte pixels. The best fit regression: Epiphyte
biomass per leaf = 22.70 X 107 Pixels of epiphyte cover +1902 (R’ = 0.61, P < 0.0001, n =

1915).
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3.2.5 “Extrinsic validation”: Comparative metrics for seagrass-epiphyte correlations

Expression of epiphyte metrics relative to the host seagrass leaves is another approach to

represent the epiphyte-seagrass dynamic relationship. The epiphyte load (epiphyte biomass/

seagrass biomass) (Fong & Harwell 1994) and the image-derived % cover of leaf by epiphyte
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(epiphyte coverage; see Eq.2, Materials and Methods) were correlated and revealed seasonal
changes in the seagrass-epiphyte relationship. Regression analyses, including the linear model,
quadratic model, power law model, and the exponential model, were used to quantify this
relationship based on the scatter plot of epiphyte load (epiphyte biomass / leaf biomass) vs.
epiphyte coverage (Figure 24). The best model was then selected, given the goodness of fit and
the intrinsic biological meaning (Johnson & Omland 2004). Based on the Akaike Information
Criterion correction (AICc), there was no significant difference in these four models. The

simplest linear model, therefore, was selected to describe the relationship for the overall data.
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Figure 24. The relationship between epiphyte load and epiphyte coverage (%) classified by
epiphyte spectral library. Epiphyte load is calculated by dividing the epiphyte dry biomass by
seagrass leaf biomass. The best regression equation: Epiphyte load = 15.70 x 10~ Epiphyte
coverage (%) — 0.07 (R>=0.52, P < 0.0001, n = 1817).

Epiphyte load was moderately correlated with epiphyte coverage (R’ = 0.52, P <0.0001, n =
1817). The high degree of variance in epiphyte measures may be due to environmental factors
changing the relationship between the two measures. The potential regression models above
were applied for the “Control”, “WWTP”, and CI sampling locations across six sampling times.

Two scenarios emerged to describe the relationship between epiphyte load (Y) and epiphyte
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coverage (X) after separating the data. For example, the analyses of this relationship in the
“WWTP” area showed a strong linear regression from August through December. However, the
exponential-rise model was the best-fitted model in February and April 2020 based on the AICc
(Figure 25). The fitted exponential model indicates a strong and significant tendency for the
accumulation of epiphyte biomass to increase much faster than the expansion of epiphyte
coverage in the “WWTP” area during winter and spring. The change in the nature of the
relationship between epiphyte load and epiphyte coverage are attributed to two types of
epiphyte-seagrass dynamics under different seasonal conditions. As leaves grow, primary
colonization by epiphytes gradually develop in a linear relationship with the available leaf space.
In other work (Bulthuis & Woelkerling 1983, Corlett & Jones 2007, Saha et al. 2019), early
epiphytes such as diatoms and coralline red algae species formed the primary colonizing layers
and eventually covered most of the blade surfaces. On older leaves where growth has slowed,
stopped or even reversed (senescence), epiphytic biomass continues to accumulate via secondary
colonization and growth contributed by filamentous algae and epiphytic animals, while the
primary coralline algae eventually die (Humm 1964, Borum 1987, Michael et al. 2008). This

phase represents the departure from a linear relationship.

52



307 A Y =7.56x103 X - 0.03 300 B Y =10.45%103 X
. N=179 _ N=204
§ August, 2019 R?=0.61 § September, 2019 R?=0.67
£ £
R K]
o Q20 B Q20
S8 g9 . .
4 © - © .
2o 25
> > g
58 . 58
ECREY S E— &8 10
> . >
i — . <
=3 a
Q. Q
< )

0.0 0.0
0 25 50 75 100 0 25 50 75 100
Epiphyte Coverage (%) Epiphyte Coverage (%)
301 © Y =7.45%10° X + 0.06 b . Y=2192x10°X +0.18
N=167 . N=84
October, 2019 R2=0.78 December, 2019 R2=0.78

N
<)

Epiphyte Load
(epiphyte / seagrass biomass)

Epiphyte Load
(epiphyte / seagrass biomass)
>

0.0 0.01
0 25 50 75 100 0 25 50 75 100
Epiphyte Coverage (%) Epiphyte Coverage (%)
3.01 E Y=027 Xe 0.03X 3.01 F Y=012 Xe 0.03X
4 ° N=46 N=113
February, 2020 . R’=0.84 April, 2020 R’=0.78

g
=)
g
=)

Epiphyte Load
(epiphyte / seagrass biomass)

o

Epiphyte Load
(epiphyte / seagrass biomass)
o

0.01 0.01

0 25 50 75 100 0 25 50 75 100
Epiphyte Coverage (%) Epiphyte Coverage (%)
Figure 25. Result from accumulation scenario 1 and 2 in “WWTP” area. Graphs A-F showed the

best fitted regression of the relationship between epiphyte load and epiphyte coverage from
August 2019 to April 2020.

In the first accumulation scenario (typical of most samples from August — December), the strong

linear relationship between epiphyte load and epiphyte coverage implied that primary epiphyte
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colonization on the available seagrass leaf surface was dominant due to growth of new leaf
surface. This relationship held under most environmental circumstances, except August
samplings from “Control” and CI; and April sampling from “WWTP” and CI (Figures 25, 26,
and 27). Different slope values revealed different accumulation rates of epiphyte biomass
relative to epiphyte coverage. The slopes of this relationship varied from 0.75 to 3.43, with a
progressive increase from August to December, and with the highest values observed during
winter or spring, when the coolest observed water temperatures prevailed. This increasing
accumulation pattern is consistent with the slopes of regression of epiphyte accumulation on

epiphyte covered area in Table 3.

The second scenario of accumulation, where epiphyte load increased more rapidly relative to a
smaller increase or saturation of epiphyte coverage, was best described by the fitted exponential
regression model. In the “Control” area and CI site, the second scenario was generated during
August (Figures 26 and 27), and it also presented at the “WWTP” area and CI site during April
2020 (Figures 25 and 27). Although the comparison of epiphyte load and epiphyte coverage
revealed two types of epiphyte-seagrass dynamics, the relatively higher degree of identification
error could possibly have contributed to the deviation from a linear relationship between
epiphyte load and epiphyte coverage of data from April. For example, the misclassification of
green algae and seagrass might decrease the estimation of epiphyte coverage so that the
corresponding epiphyte load would present a higher relative accumulation than the epiphyte
coverage in the scatter plots. The importance of an accurate characterization of the epiphyte

community is evident.
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Figure 26. Result from accumulation scenario 1 and 2 in “Control” area. Graphs A-F showed the
best fitted regression of the relationship between epiphyte load and epiphyte coverage from July

2019 to April 2020.
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Figure 27. Result from accumulation scenario 1 and 2 at CI site. Graphs A-F showed the best
fitted regression of the relationship between epiphyte load and epiphyte coverage from July 2019
to April 2020.
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3.3 Spatial and temporal effects on seagrass growth and epiphyte accumulation patterns
As further validation of the utility of imaging-derived metrics, it is important to compare their
ability to detect seasonal or environmental patterns of variation in the seagrass community. This
section presents spatial-temporal patterns of imaging and biomass metrics used to monitor the

seagrass growth and epiphyte accumulation.

Seagrass leaf biomass and imaged seagrass leaf area presented overall similar seasonal patterns
in general, where the high levels in summer declined from Autumn through Winter (Figures 28
and 29). However, close inspection shows that the leaf biomass at “Control” increased
significantly in September (df =5, F = 10.34, P < 0.05), but that significant increases were not
observed during this period with the imaged leaf area, nor for the other sampling locations. In
April, the leaf biomass (df =5, FF= 18.44, P <0.05) and imaged leaf area (df =5, F=18.14, P <
0.05) returned to higher levels in the “WWTP” area only. The leaf biomass did not change

significantly relative to the winter month of January in the “Control” area and the CI site.
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Figure 28. Changes in average seagrass leaf biomass (£SE) in three sampling locations from
July 2019 to April 2020. (n =2062)
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Figure 29. Changes in average seagrass blade area (+SE) in three sampling locations from July
2019 to April 2020. (n = 2055)

Epiphyte loads (epiphyte biomass relative to seagrass biomass) presented an inverse temporal
pattern compared to seagrass growth. Epiphyte loads increased significantly from autumn
through winter (Figures 30 and 31) for “WWTP” area (df =5, FF=36.74, P <0.05) and CI site
(df=5, F=4.39, P <0.05), but not for “Control”, which only exhibited an increase in the April
data. After winter, the epiphyte loads dropped significantly for “WWTP” area and CI site. In
contrast to the biomass data, the imaged epiphyte coverage metric did not exhibit the same
pronounced seasonal patterns. Epiphyte coverage among the three locations was generally stable
across the sampling periods, except for a significant decrease observed only for October in the
“WWTP” area. This difference may be informative for understanding the seagrass-epiphyte
relationship. However, the biomass and imaged epiphyte coverage indicators both showed that
the epiphyte accumulation at the CI site was highest among the three sampling locations. The
mean epiphyte loads were 0.63 ~ 1.35 at the CI site and 0.25 ~ 0.75 at the “Control” and
“WWTP” areas. The mean epiphyte coverages were 35.38% ~ 46.16% at the CI site and 21.14%

~35.01% in the “Control” and “WWTP” areas.
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Figure 30. Changes in average epiphyte load (£SE) in three sampling locations from July 2019
to April 2020. (n = 1833)
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Figure 31. Changes in average epiphyte coverage (£SE) in three sampling locations from July
2019 to April 2020. (n=2001)

The different sampling times in the “Control” area, “WWTP” area, and CI site precluded the use
of ANOVA for statistical comparisons between sampling locations across six sampling times.
Instead, data were reallocated to four seasons based on the sampling date and average

temperature (Table 5) to facilitate environmental comparisons.
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Table 5. Season data for locations-times two-way ANOVA designated by sampling date and corresponding water temperature.
Values of water temperature are means (+ SE).

Sampling Location Season Sampling Date Mean Water Temperature (°C)
“Control” area and CI site 2019 Summer 2019-07-31 31.47 (£ 0.42)
“WWTP” area 2019 Summer 2019-08-09 29.57 (£ 0.68)
“Control” area and CI site 2019 Autumn 2019-08-30 30.92 (£ 0.68)
“WWTP” area 2019 Autumn 2019-09-11 30.27 (£ 0.25)
“Control” area and CI site 2019 Autumn 2019-09-25 31.40 (£ 0.50)
“WWTP” area 2019 Autumn 2019-10-09 29.31 (£ 0.24)
“Control” area and CI site 2019 Winter 2019-11-20 22.13 (£ 0.22)
“WWTP” area 2019 Winter 2019-12-18 16.27 (£ 0.44)
“Control” area and CI site 2019 Winter 2020-01-17 23.00 (£ 0.00)
“WWTP” area 2019 Winter 2020-02-22 17.57 (£ 0.41)
“Control” area and CI site 2020 Spring 2020-04-30 24.37 (£ 0.48)
“WWTP” area 2020 Spring 2020-04-19 23.00 (% 0.00)

3.3.1 Seagrass response to variable environments by seasons

There were no significant differences in the seagrass leaf biomass and blade area between the
“Control” area and the CI site from summer to spring (Table 6). The mean leaf biomass across
the sampling periods was 36.32 ~ 51.54 x10° ug in the “Control” area and 39.88 ~ 47.69 X103
ug at the CI site (Table 6). The leaf biomass in the WWTP area was significantly higher than the
“Control” area and the CI site in the summer (df =2, F'=8.10, P < 0.05) and autumn (df =2, F =
10.06, P < 0.05), but it decreased strikingly and exhibited significantly lower value than the other
two locations in the winter (df = 2, F'=3.40, P < 0.05) (Figure 32). The mean leaf biomass in the
“WWTP” area was 38.05 (£31.75) x10° ug (Table 7). In the spring, there was no significant

difference in the leaf biomass among the three locations.
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Figure 32. Changes in average seagrass leaf biomass (SE) between three sampling locations

from summer to spring. (n =2062)

Table 6. Two-way ANOVA for Thalassia testudinum leaf biomass (ug) and blade area (pixels), epiphyte load, and epiphyte
coverage (%) variables. Independent variables are 7. festudinum sampling season and sampling locations. df = degrees of
freedom. Values significant at the 0.05 level are shown in bold.

Source df F P

A. Seagrass leaf biomass

Location 2 0.16 0.86
Season 3 29.32 <0.0001
Location X Season 6 7.79 <0.0001

B. Seagrass blade area

Location 2 0.49 0.62
Season 3 86.42 <0.0001
Location X Season 6 5.13 <0.0001

C. Epiphyte load

Location 2 45.55 <0.0001
Season 3 3524 <0.0001
Location X Season 6 12.79 <0.0001

D. Epiphyte coverage

Location 2 2349 <.0001
Season 3 1.45 0.22
Location X Season 6 242 0.02
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The blade area also did not exhibit a significant difference between the “Control” area and the CI
site from summer to spring (Table 6). In the “Control” area (df = 3, F = 5.95, P <0.05) and the
Clsite (df =3, F=16.50, P <0.05), the blade areas were both significantly higher in the summer
and autumn than in the winter and spring (Figure 33). The mean blade areas were 3.044 x 10° ~
3.428 x 10° pixels in summer and autumn and 2.176 X 10% ~2.443 x 10° pixels in winter and
spring. The blade area from the “WWTP” area was significantly higher than from the “Control”
area and the CI site in the autumn (df = 3, F'=11.60, P <0.05). A decreasing average blade area
from the “WWTP” area was observed in the winter, and the blade area was significantly lower
than from the other two locations. The blade area in the “WWTP” area increased again in the
spring, in which there was no significant difference in the blade area among the three locations.
Generally, the seasonal changes of leaf biomass and blade area among three uniquely
environmental conditions were similar, with high values in summer and autumn and significantly

decreased in winter (Table 7).
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Figure 33. Changes in average seagrass blade area (£SE) between three sampling locations from
summer to spring. (n = 2055)
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Table 7. Comparison of Thalassia testudinum leaf biomass (ug), blade area (pixels), epiphyte load, and epiphyte coverage (%) in
the three sampling locations from July to April. Values are means of measurements (+ SE) from sites of CS, CD, CI, WS, WM,
and WD, respectively.

Location Season n Mean Leaf n Mean Blade n Mean n Mean
Biomass Area Epiphyte Epiphyte
(X103 ug) (X105 pixels) Load Coverage (%)
Control 2019 169  41.60 (+2.33) 169 3428 (+1.52) 161 050 (£0.04) 173 36.60 (+2.31)
Summer
CI 2019 57 42.77 (+ 3.86) 57 3352(+2.15) 50 0.67(x£007) 57 4289 (+3.99)
Summer
WWTP 2019 273 54770 (+ 2.70) 273 3226(+124) 240 025(£002) 269 2698 (+ 1.60)
Summer
Control 2019 271 51.54 (+ 1.85) 271 3126 (+1.02) 235 044(£003) 266 2874 (+1.71)
Autumn
CI 2019 143 47.69 (£ 2.04) 143 3045 (+1.21) 131 081 (£006) 142 3933 (+2.57)
Autumn
WWTP 2019 414 60.38 (+ 1.87) 414 3657 (£ 1.01) 376 033(£002) 413 28.76(+2.31)
Autumn
Control 2019 184  46.28 (+2.54) 184 2176 (£ 1.12) 158 046(+0.03) 177 2887 (+1.73)
Winter
CI 2019 75 46.72 (£ 4.22) 75 2410 (£2.03) 67 1.13(£0.11) 72 4267 (£334)
Winter
WWTP 2019 192 38.05(+2.29) 192 18.12(+1.00) 158 0.86(£006) 175 30.04 (£1.77)
Winter
Control 2020 91 36.32 (+2.33) 91 2288 (+1.13) 89 0.75(+£0.03) 88  24.87 (£ 2.50)
Spring
CI 2020 54 39.89 (£ 2.61) 54 2443 (+146) 49  092(+£006) 49 3987 (+391)
Spring
WWTP 2020 132 37.95(+1.89) 132 2088 (+1.19) 119 045(£0.05) 120 38.64(+242)
Spring

3.3.2 Epiphyte accumulation on seagrass leaf by seasons

Observations for seasonally aggregated epiphyte data are consistent with those for monthly data
in Figures 30 and 31. There were significant effects of sampling locations on the epiphyte load
(mean from the “Control” area = 0.50 (£ 0.02); mean from the CI site = 0.87 (£ 0.04); mean
from the “WWTP” area = 0.42 (£ 0.02); Table 6). Epiphyte loads at the CI site were
significantly higher than at the “Control” area and “WWTP” area (df = 2, F = 70.64, P < 0.05).
Opposite to the seagrass growth pattern, the epiphyte load pattern increased significantly (df = 2,

F=25.89, P<0.05) in the winter (Figure 34), except for the “Control” area, where epiphyte load
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did not change significantly, but was highest in the spring. On the contrary, the epiphyte load in
the “WWTP” area decreased and was significantly lower than the other two locations in the
spring (df =2, F = 8.03, P <0.05). Overall, epiphyte loads exhibited seasonal changes inverse to
those of seagrass growth, but CI site always had the greatest, and the “WWTP” area had the

lowest epiphyte value except in the winter.
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Figure 34. Changes in average epiphyte load (= SE) between three sampling locations from
summer to spring. (n = 1833)

Epiphyte coverage did not have a significant seasonal change (Figure 35) but was affected by the
environments of the three sampling locations (Table 6). Across sampling periods, epiphyte
coverage was highest at the CI site, with mean values at the “Control” area, CI site, and
“WWTP” area of 30.22%, 41.70%, and 28.49%. Although the epiphyte coverage in the
“Control” area was significantly higher than in the “WWTP” area in the summer (df =2, F =
10.21, P < 0.05), there was no significant difference in epiphyte coverage from autumn to spring.
Even though the seasonal pattern of epiphyte coverage was not similar to that for epiphyte load,

these two indicators both ordinated the CI site as highest across all seasons (Figure 35, Table 7).
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Figure 35. Changes in average epiphyte coverage (£ SE) between three sampling locations from
2019 summer to 2020 spring. (n =2001)

3.3.3 Spatial and temporal effects on epiphyte-seagrass dynamics

In the analysis of MODREG, the influence of environmental conditions at three locations on
epiphyte-seagrass dynamics was assessed by comparing the linear regression of epiphyte
biomass on associated leaf biomass in the “Control” area, “WWTP” area, and CI site in specific
seasons (Table 8). Simultaneous 95% confidence intervals around the differences of potential
epiphyte biomass among three sampling locations were calculated at different values of seagrass
leaf biomass. Comparisons of the epiphyte biomass derived from the linear regressions in the
summer showed no significant difference in epiphyte biomass on young seagrass leaf between
different locations. However, MODREG found leaf biomass thresholds, above which epiphyte
biomass accumulations would differ significantly, as follows. For summer. the epiphyte biomass
at CI site was significantly greater than at “Control” and “WWTP” areas for leaf biomass greater
than 50 10° ug and 26X 10° ug, respectively. The “Control” area also had significantly higher
epiphyte biomass than the “WWTP” area for leaf biomass > 28x10° ug. Similarly, the linear
regressions of epiphyte-seagrass dynamics for each sampling season were compared between
locations (Table 8). For Autumn, epiphyte biomass on individual seagrass leaves at the CI site
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was greater than at the “Control” (> 40x10° ug leaf biomass) and “WWTP” areas (> 32Xx103 ug
leaf biomass), and the “Control” was also significantly higher than at the “WWTP” area for leaf
biomass > 62x10° ug. During winter months, the epiphyte biomass accumulation was still
highest at the CI site for leaf biomass greater than 26X 103 ug. There was no significant
difference between the “Control” area and the “WWTP” area. However, during the spring,
epiphytes at the “Control” area were higher than at the “WWTP” area for leaf biomass > 38x10?
ug. Across the seasons, analyses of MODREG showed the “estimated” epiphyte accumulation
with seagrass growth was generally highest at the CI site and lowest in the “WWTP” area. The
accumulation patterns were similar in younger leaves, but they varied in their thresholds at which

there would be significant differences among locations.
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Figure 36. Relationships of epiphyte biomass accumulation on leaves of Thalassia testudinum
among three sampling locations (“Control” area, CI site, and “WWTP” area) related to seagrass
leaf biomass in summer.
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Table 8. Analyses of MODREG for epiphyte biomass vs. seagrass leaf biomass. Independent variables are sampling locations
(“Control” area, CI site, and “WWTP” area) and sampling seasons. Leaf biomass was a covariate in the analyses. df = degrees of
freedom. The ranges of leaf biomass for which there were significant differences in epiphyte biomass between locations were
calculated by the comparison of linear regressions as illustrated in Figure 36

Main effect and covariate df F p R
A. 2019 summer 0.67
Location 2 95.02 <0.001

Leaf biomass 1 540.92 <0.001

Location X Leaf biomass 2 81.69 <0.001

Comparison of sampling location. The ranges the leaf biomass for which there are significant differences in
epiphyte biomass (p<0.05) are shown in parentheses:

CI > “Control” (> 50x10° ug)
CI > “WWTP” (>30x10° ug)
“Control” > “WWTP” (> 28%10° ug)
0.34
B. 2019 autumn
Location 2 55.41 <0.001
Leaf biomass 1 219.15 <0.001
Location X Leaf biomass 2 25.68 <0.001
Comparison of sampling location.
CI > “Control” (> 40x10° ug)
CI > “WWTP” (> 32x10° ug)
“Control” > “WWTP” (> 62x10° ug)
0.63
C. 2019 winter
Location 2 63.66 <0.001
Leaf biomass 1 449.95 <0.001
Location X Leaf biomass 2 39.17 <0.001
Comparison of sampling location.
CI > “Control” (>24x10° ug)
CI > “WWTP” (> 28x10° ug)
“Control” = “WWTP” (P>0.05)
0.27
D. 2020 spring
Location 2 9.26 <0.001
Leaf biomass 1 60.16 <0.001
Location X Leaf biomass 2 7.05 0.001
Comparison of sampling location.
CI = “Control” (P>0.05)
CI > “WWTP” (> 18x10° ug)
“Control” > “WWTP” (> 38%10° ug)
Regression coefficient (SE)
Location 2019 summer 2019 autumn 2020 winter 2020 spring
“Control” 1.012 (0.048) 0.567 (0.065) 0.667 (0.069) 1.434 (0.200)
CI 1.333(0.107) 1.240 (0.127) 1.716 (0.121) 0.968 (0.342)
“WWTP” 0.416 (0.057) 0.414 (0.076) 0.861 (0.101) 0.513 (0.247)
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3.3.4 Effect of site depth on seagrass and epiphyte growth

Seagrass leaf biomass and leaf area were compared between samples from different depths at the
“Control” and “WWTP” areas (Figures 37). Different patterns with respect to shallow vs deep
were observed in the “Control” and “WWTP” areas. Leaf biomass at the CS site was
significantly higher than at the CD among sampling times (Figure 37; df=1, F = 6.93, P <0.05)
with a mean difference in leaf biomass of 6.90 + 2.67x103 ug. Likewise, CS site also presented
a significantly higher blade area than at CD site, with a mean difference of 305650 + 119161
pixels (Figure 38; df =1, F =4.09, P =0.05). Conversely however, there was significantly lower
leaf biomass at WS site compared to both WM and the WD sites, with mean differences of 28.78
+2.75%10% pug and 21.86 £2.68x10° ug, respectively (Figure 37; df =2, F =49.49, P <0.05).
Leaf biomass at the WM site and the WD site did not show a significant difference.
Spatiotemporal variation of the imaged blade area at “WWTP” area was generally similar to leaf
biomass observations, being highest in summer and lowest in winter, and lowest for WS but

highest for WM, which was significantly higher than for WD site (Figure 38; df =2, F =44.19, P
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Figure 37. Changes in average seagrass leaf biomass (£SE) among depth sites from the
“Control” area (first panel, n = 675) and the “WWTP” area (second panel, n = 932) from July to
April.
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Figure 38. Changes in average seagrass blade area (+SE) among depth sites from the “Control”
area (first panel, n = 675) and the “WWTP” area (second panel, n = 932) from July to April.
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Epiphyte loads in the “Control” area showed a statistical difference with depth, but only in
winter and spring, where CS site was significantly lower than at CD site (Figure 39; df =1, F =
13.17, P <0.05). On the contrary, the “WWTP” area did not show a significant depth difference
in epiphyte load, except in February, when the WM site had a dramatically lower epiphyte load
than WS and WD (Figure 39). Across the sampling period, imaged epiphyte coverage exhibited
similar patterns from shallow to deep regions in either the “Control” area or the “WWTP” area

(Figure 40). Epiphyte load and epiphyte coverage were not affected significantly by different

water depths in the “WWTP” area.
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Figure 39. Changes in average epiphyte load (+SE) among depth sites from the “Control” area
(first panel, n = 597) and the “WWTP” area (second panel, n = 835) from July to April.
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Figure 40. Changes in average epiphyte coverage (+SE) among depth sites from the “Control”
area (first panel, n = 655) and the “WWTP” area (second panel, n = 909) from July to April.

3.4 Epiphyte dynamics in seagrass habitats

The observed spatiotemporal effects on seagrass and epiphyte growth prompted modeling
attempts to explain the environmental factors affecting epiphyte-seagrass interactions. Multiple
linear regression was used to derive a model to predict epiphyte biomass (EB) based on leaf
biomass (LB) and other measured variables. Using selection for AICc values and adjusted R?, the
best model had four variables, which included seagrass leaf biomass (LB), associated seagrass
shoot biomass (SB), (NO3  + NH4") : PO4 ratio of sediment porewater (N), and water
temperatures (°C) (7). To correct for non-normality, epiphyte biomass and leaf biomass were

In(X) transformed. This model was expressed as:
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In(EB) = 2.27 In(LB) - 1.79%10°SB +3.91x102 N-9.67x102T - 1.51x107 (SB X N) +
4.77x107 (SB x T)—12.00

where the coefficients are statistically significant (P < 0.05). The four variables in the model
explained 63% of the variation in the In(epiphyte biomass) (R?= 0.63, n = 1002). The
coefficients showed about 2.27% increase in epiphyte biomass per leaf for every 1% increase in
leaf biomass. For every microgram increase in the shoot biomass, the epiphyte biomass
decreases by about 1.79x107 %. This negative effect of increasing seagrass shoot biomass on
epiphyte accumulation (Figure 41A) was similar to previous reports that epiphyte accumulation
on older leaves might have reached a stable state and then decreased with leaf decline (Bulthuis
& Woelkerling 1983, Borum 1987). Similarly, a high growth of seagrass (i.e., high shoot
biomass) (Duarte & Sand-Jensen 1990) could increase leaf turnover and provide a more
ephemeral substrate for epiphytes (Biber et al. 2004). There was a positive contribution of the
(NOs + NH4") : PO4 ratio of sediment pore water to epiphyte biomass. For every one-unit
increase in the DIN:P ratio, the epiphyte biomass increases by about 3.95%. A warmer
environment would limit the accumulation of epiphyte biomass per leaf. For every one-unit (°C)
increase in the water temperature, the epiphyte biomass decreased by about 9.67%. However, the
effects of water temperature and sediment nutrient level on epiphyte biomass per leaf also
changed direction based on the seagrass shoot biomass. There was a negative relationship
between water temperature and epiphyte biomass at lower shoot biomass, while for higher shoot
biomass, it was a positive relationship (Figure 41B). On the contrary, the (NO3™ + NH4") : POy
ratio of sediment porewater facilitated epiphyte biomass at lower shoot biomass but contributed

little to epiphyte biomass at higher shoot biomass (Figure 41C). The depth variable did not
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contribute significantly to the prediction of In(epiphyte biomass). This finding was consistent

with the non-significant depth effect on seagrass and epiphyte growth in the “WWTP” area.
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Figure 41. The effect of seagrass shoot biomass (A) water temperature (B) DIN:P ratio of
sediment pore water (C) and interactions on the predicted values of epiphyte biomass relative to
seagrass leaf biomass calculated by the multiple linear regression model. The shapes are the 95%
confidence intervals of predicted epiphyte biomass. Red line: Mean + Standard Deviation shoot
biomass; Green line: Mean shoot biomass; Blue line: Mean — Standard Deviation shoot biomass.

In the validation stage, the predictions of epiphyte biomass (Y) from epiphyte-seagrass model
predictions (Y) were compared to additional observations of epiphyte (X), not used to formulate
the model, from the “Control” area (n = 44) and the “WWTP” area (n = 56). The modeled data

fitted the observed epiphyte biomass weakly for the “WWTP” area (R’ = 0.13) (Figure 42A), but
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better in the “Control” area (R’ = 0.68) (Figure 42B). When simulated data from the two areas
were compared with the observed data simultaneously, this regression had an R’ = 0.56 (Figure
42C). The multiple linear regression underestimated 75.00% of the observed epiphyte biomass in
the “Control” area with an average error of 26.24 x 103 (£5.39% 10%) ug. The underestimated
epiphyte biomass was possibly attributed to unobserved environmental factors such as water
column nutrients. Conversely, the regression equation overestimated the epiphyte biomass for
68.97% of the observations in the “WWTP” area. The prediction error in the “WWTP” area
averaged 3.03% 10° (£1.47x 10%) ug. The overestimated epiphyte biomass might result from
unobserved environmental factors such as epiphyte grazing by marine animals. Although the
predicted epiphyte biomass fit the observed data poorly, the prediction error differed greatly
within epiphyte accumulation. The prediction error was very great at a low epiphyte biomass
level. It declined gradually as the epiphyte accumulation increased in both the “Control” and the
“WWTP” areas (Figure 43). 60% of the predictions were underestimated at observed epiphyte

biomass < 25 X 10°ug, but only 3.33% of the underestimated bias at epiphyte biomass > 25 X

10%ug.
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Figure 42. Observed vs. predicted plots of multiple linear regression output for the two locations.
For reference, a perfect fit would show all the points falling on the black line (Y = X). Linear
regressions showed the lines of best fit to the points. A) observed vs. predicted in the “Control”
area; B) observed vs. predicted in the “WWTP” area; C) observed vs. predicted in the “Control”
and “WWTP” areas, open circle: “Control” area; open triangles: “WWTP” area.
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The variable epiphyte accumulations on seagrass suggest that multiple environmental factors
contribute to this relationship. The prediction model qualified the role of water temperature and
nutrient level from sediment pore water in the epiphyte-seagrass relationship. However, these
results reveal that this epiphyte-seagrass model is not sufficiently comprehensive to fully explain
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the epiphyte colonization relative to seagrass growth. The multiple regression model was not

able to reliably predict the epiphyte biomass among unique environments.
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CHAPTER IV: DISCUSSION

This study developed an efficient and informative epiphyte measurement to quantitatively
distinguish the uncovered leaf areas from those colonized by diverse epiphytes. Seagrass and
epiphyte indicators are usually determined using measurements based on biomass, chlorophyll a
and b or other pigments, plant morphology, or visual determination of epiphyte coverage
(Leuven et al. 1985, Porra er al. 1989, Armitage et al. 2005, Aumack et al. 2011, Brodersen et al.
2015, Ow et al. 2020). While those approaches demonstrate epiphyte loading and seagrass
growth, only the pigment or visual inspection methods provide information about epiphyte
communities. The image-based approach used here generated archivable color scan images that
facilitate exploratory and iterative analyses, public accessibility and serve as a baseline for long
term comparisons. A highly informative image analysis routine, once fully developed, could be
largely automated to make this an efficient additional tool for monitoring seagrasses and their
epiphytes. The image analysis method used different RGB properties of seagrass and epiphyte
images to classify differently-pigmented areas of leaf surfaces in order to distinguish the patterns
of seagrass morphology, epiphyte-covered area, and uncolonized leaf surfaces. Validation of the
image-based metrics showed that they distinguished the uncovered seagrass from epiphyte-
covered areas with approximately 90% effectiveness on 83% of the images. Imaging-derived
seagrass and epiphyte metrics were correlated with biomass-based metrics and the two
approaches exhibited similar, but not identical, spatiotemporal patterns across different
environmental conditions. Multiple environmental variables control the seagrass-epiphyte
relationship, with complex dynamics observed between epiphytes and seagrass in response to

temperature, sediment porewater nutrients, depth and season. The seasonal shift in seagrass-
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epiphyte dynamics is consistent with the previous studies in seagrass species, such as Zostera
marina ( Moore & Wetzel 2000, Hasegawa et al. 2007) and Heterozostera tasmanica (Bulthuis
& Woelkerling 1983). The response of epiphyte load and epiphyte coverage under variable
sediment porewater nutrient conditions suggested potential community changes. It is consistent
with the changed epiphyte communities seen for experimental sediment nutrient enrichment
(Armitage et al. 2005). The image analysis approach shows potential to be adapted to distinguish
between different classes of epiphytic algae (e.g., green, red, etc) to extract structures of

epiphytic communities and to detect their changes with environmental conditions.

4.1 Epiphyte and seagrass classification

The four dominant color groups classified on the images of 7. testudinum leaves in the study area
are a reddish-white group, a red group, a yellowish-brown group, and a green group. The four
groups were classified by their RGB features in the current reference spectra of seagrass (482)
and epiphyte (843) pixels. Based on Humm'’s description of algal epiphytes on T. testudinum in
Florida (1964), the reddish-white group comprises white and pink pixels, which primarily
contain small serpulid worms, coralline red algae, and several unidentified species (Figure 44a).
The serpulid worms may be Spirorbis spp common on the basal growing T. testudinum leaves in
the northwestern Gulf of Mexico (Dirnberger 1990). As the two most common coralline red
algae on T. testudinum, Melobesia spp and Hydrolithon farinosum were possibly classified in
this group ( Willcocks 1982, Corlett & Jones 2007). These coralline algae produce calcified
materials on the seagrass leaves, which has been used to estimate the longevity of 7. testudinum
and the production of calcium carbonate in seagrass habitat (Nelsen & Ginsburg 1986). The

calcareous epiphytes are reddish, purple, or white and attach to seagrass leaves firmly by
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secreting calcified substance (Borges et al. 2014). The red group perhaps combines pixels of
several filamentous red algae and bryozoans (Figures 44b and 44c). The red algae species in this
color group resembled the Colaconemataceae, Rhodomelaceae, and Stylonemataceae families,
which have been recorded growing epiphytically on 7. testudinum in Florida and the
southwestern Caribbean (Humm 1964, Diaz-Pulido & Diaz-Ruiz 2003, Albis-Salas & Gavio
2011). The bryozoan species are commonly found on 7. festudinum and easily mistaken for algae
( Lewis & Hollingworth 1982, Barnes 1987, Frankovich & Fourqurean 1997). The yellowish-
brown group includes pixels which can be recognized as yellowish or brownish filamentous
Chlorophyta groups, as well as the yellowish tint of old chlorotic seagrass leaves (Figure 44d). A
small number of unknown species are recognized in this group as well. Lastly, the green group
contains RGB features of multiple green levels, which may identify as Ulva spp, and
Enteromorpha spp. These epiphytic green algae are common on Thalassia and vary seasonally in
the western Atlantic and southwestern Pacific (Humm 1964, Heijs 1985, Humm 1964, Thorhaug
et al. 2007). Due to similar RGB characteristics, greenish epiphytes may be misclassified as

bright green seagrass leaves in the image analysis (Figure 44e).

(a) (b)
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Figure 44. Four major color groups are distinguished by image analysis on seagrass leaf images.
(a) Serpulid worms (center) vs. coralline red algae (edge, pink is living algae, and the white is dead)
present on a seagrass blade (enhanced by 100% sharpness). (b) Filamentous red algae present on
a coralline algae layer (enhanced by 50% sharpness and 30% brightness). (¢) Epiphytic bryozoan
can be mis-identified as filamentous algae (enhanced by 100% sharpness). (d) Clumps of yellowish
green algae present on a senescent brownish-green seagrass blade (enhanced by 100% sharpness
and 40% brightness). (e) Filamentous green algae present on the edge of a bright green seagrass
blade (enhanced by 100% sharpness and 40% brightness).

4.2 “Intrinsic Validation” of image analysis
“Intrinsic Validation” (epiphyte classification vs. seagrass classification) and “Extrinsic
Validation” (traditional metrics vs. imaging metrics) were used to assess the seagrass and

epiphyte classification. Difference analysis, an “Intrinsic Validation” method reveals a low
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discrepancy (< 10% differences in epiphyte coverage between epiphyte classification and
seagrass classification) in 90% of the classification output, suggesting that the ENVI program
can mostly distinguish the pixels of uncolonized seagrass and epiphytes through seagrass- and
epiphyte- trained spectral libraries, respectively. The difference in percent cover of epiphyte
between Epi- and SG- classified images presented both positive (overestimated epiphyte
coverage) and negative (overestimated uncolonized seagrass) difference values that varied by
season and site. Epiphyte coverage is overestimated if leaf pixels are misclassified as epiphyte
by epiphyte spectral libraries or if seagrass is not classified by seagrass spectral libraries.
Similarly, uncolonized seagrass is overestimated if epiphyte pixels are misclassified as seagrass
by seagrass spectral libraries or if epiphytes are not classified by epiphyte spectral libraries.
The image analysis likely mis-identified some greenish filamentous Chlorophyta groups as
uncolonized seagrass leaves. Seagrass growth declined with cooler winter temperatures and the
older senescing leaves presented more yellow color and brown broken edges that may have been
mis-identified as yellowish green algae or brownish algae. This would explain the pronounced
increase in overestimation of epiphyte classification observed in April samples. The
effectiveness of classification also differed among sampling sites, with 87% of Control site
images exhibiting < 5% discrepancy, compared to 76% and 78% at the WWTP and CI sites,

respectively.

This suggests that epiphyte spectral libraries generated from one season or site cannot optimally
identify the RGB features of multiple epiphytic components observed in another season or site.
Seasonally variable algal epiphyte communities were previously observed on other aquatic

plants, such as Posidonia sinuosa, Amphibolis griffithii, Posidonia coriacea, Stratiotes aloides,
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and Potamogeton lucens, in both marine and lake ecosystems (Orth & Van Montfrans 1984,
Kendrick & Burt 1997, Reyes & Sanson 1997, Lavery & Vanderklift 2002, Toporowska et al.
2008, Giovannetti et al. 2010). Kendrick and Burt (1997) showed that epiphytic Chlorophyta
groups on leaves of Posidonia sinuosa only presented in winter and spring in western Australia.
Separate epiphyte spectral libraries trained for different seasons and different sites would

accommodate what appears to be changing epiphyte communities on Thalassia.

Unique environmental factors must underlie epiphyte community compositional differences,
suggesting that imaging metrics could potentially be used as indicators of these factors. Previous
studies have shown a variety of epiphytic algae were affected by hydrodynamics, light
attenuation, water temperature, nutrient enrichment, salinity, or grazing effects (Borum 1985,
Kendrick et al. 1988, Lavery & Vanderklift 2002, Biber et al. 2004, Heck & Valentine 2006,
Frankovich et al. 2009, Aumack et al. 2011). Significant differences in sediment porewater
nutrients were found among the three sampling locations in this study. Although hydrodynamic
effects on epiphyte grazers were not measured, these may be important and unique at the CI site
due to its proximity to the ICWW with its frequent boat and barge traffic. This site is further
characterized by an adjacent subtidal oyster reef, which could be the source (Booth & Heck,
2009) of high levels of sediment porewater DIN observed in this study. Moreover, unpublished
18S rRNA sequencing observations from our laboratory found differences in both grazer and

algal epiphyte communities from the “WWTP” and “Control” areas.

Overlap analysis, another method for “Intrinsic Validation”, was used to understand

indeterminate pixels, those which could not be classified uniquely, as a combination of
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overlapping pixels plus unaccounted pixels. It created three kinds of pixels, including correctly
paired pixels (uniquely identified), overlapping pixels (misclassified in one or the other
analyses), and unaccounted pixels (not identified in either analysis). Overlapping pixels reflect
that the SAM algorithm did not distinguish epiphyte and seagrass pixels with similar RGB arrays
based on current reference spectra and threshold angle. Unaccounted pixels are not identified by
either reference library and may be largely attributed to inaccurate removal of the background
which was done manually in this study. Underestimated epiphyte coverage can result from

unaccounted pixels as well.

Expansion of the reference spectral libraries would reduce both misclassification and
unidentified pixels. Additional work with other classification techniques using feature shape,
texture and edge detection may also improve identification accuracy. For example, the Canny
edge detector (Canny 1986) has been applied for plant leaf identification, description of leaf

shape, and leaf disease pattern (Bankar et al. 2014, Codizar & Solano 2016, Salman et al. 2017).

4.3 “Extrinsic Validation” of image analysis

Image analysis-based metrics for seagrass and epiphytes were further evaluated by their
correlation to traditional metrics. Strong linear relationships (R? > 0.86) were found between
seagrass leaf pixels and seagrass leaf morphology (area, length, biomass). This result indicates
that the pixel numbers of leaf derived from image analysis can substitute for manual morphology

measurements and be suitable for leaf area index calculation in future seagrass investigations.
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Correlations of epiphyte imaging metrics with biomass measures (Epiphyte pixels vs epiphyte
biomass; R = 0.61) were weaker than for the seagrass metrics when all project data were
analyzed collectively. However, closer inspection reveals how image analysis provides new
insights into epiphyte-seagrass dynamic relationships as they change across environmental
conditions. The linear correlations greatly improved (R? ranged from 0.67 to 0.95) when the data
was separately analyzed by sampling location, for each of the six sampling times. Most
importantly, for all three sampling locations, the slopes of these linear regressions changed in a
consistent seasonal pattern where the slope increased with progression from autumn through
winter. The observation of increased epiphyte biomass per unit of epiphyte covered area is
consistent with continued epiphyte growth despite observed decreases in seagrass leaf growth
and production. Cooler water temperatures (and perhaps shorter days/lower light levels) may be
critical environmental factors diminishing leaf growth (Zieman 1975, Marba et al. 1994, Zieman
et al. 1999, Koch & Erskine 2001). However, these observations could also be explained in part
by changes in the nature of the epiphyte communities. In this work, the highest epiphyte biomass
per epiphyte area (pixel) was observed at the CI site, which had unique influences from

proximity to both oysters and hydrodynamic disturbance from boat traffic in the ICWW.

Studies have shown that algal epiphyte communities colonized 7. testudinum leaves and other
seagrass species in an orderly succession with three or more layers (Willcocks 1982, Bulthuis &
Woelkerling 1983, Kitting et al. 1984, Zieman et al. 1999, Corlett & Jones 2007). Both diatoms
and coralline red algae were reported on the tips and edges of young seagrass leaves as
“pioneers”, which then spread dominantly (Humm 1964, Jacobs et al. 1983, Fredriksen et al.

2005, Perry & Beavington-Penney 2005). Although the diatom community is reported as the

84



basal epiphytic layer and entirely covered by the coralline algae and other epiphyte groups (
Edsbagge 1968, Corlett & Jones 2007), the scanned images in our study don’t visualize
microalgae. The upper layer is a diverse assemblage including macroalgae, dinoflagellates,
foraminifera, bacteria, fungi, and invertebrates (e.g., sponge, gastropods, copepods, and serpulid
worms) and their larvae, observed globally ( Lethbridge 1989, Dirnberger 1990, Hall & Bell
1993, Kendrick & Burt 1997, Borowitzka et al. 2006, Michael et al. 2008, Mateu-Vicens et al.
2010). A community shift to a greater abundance of filamentous algae and/or heavier calcareous
epiphytes, such as serpulid worm (Dirnberger 1990) would increase both biomass and biological
diversity. Heavier and thicker epiphyte layers also have a greater light attenuation effect
(Bulthuis & Woelkerling, 1983). While previous reports suggested a higher biomass
accumulation rate of epiphytes on seagrass leaves in the summer (Bulthuis & Woelkerling 1983,
Heijs 1984, Borum 1985), the apparent “thickness” of epiphyte accumulation presents a reverse
seasonal pattern. Although the epiphyte mortality increased as the seagrass biomass and suitable
blade substrate declined (Borum 1985, Fong & Harwell 1994), the serpulid worms and drift
algae continuously attached on existing epiphyte layers because of polysaccharide production by
diatoms (Corlett & Jones 2007, Saha et al. 2019). Armitage et al (2005) noted community
changes for macro- and micro-algae in seagrass communities affected by experimental nutrient
enrichment. Changes in the communities of epiphytes accumulating across different
environmental contexts suggests that image analysis of the texture information of epiphyte
biofilms could provide additional important insight into epiphyte-seagrass responses to the

environment.
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The described relationships between epiphyte load and epiphyte coverage of the leaf substrate
indicated two likely epiphyte accumulation patterns on 7. testudinum leaves. In the first
accumulation scenario, a linear increase in epiphyte load with the spread of epiphyte coverage
indicated sufficient leaf surface amenable for epiphyte colonization. In the second epiphytic
accumulation phase, the epiphyte coverage of leaves becomes saturated as little surface remains
to be colonized, yet the epiphytes continue to increase by growth in size, thickness and/or
density. This phase was suggested by fitting exponential regressions of epiphyte load with
epiphyte coverage for several specific sites and times. The exponential accumulation phase was
observed in February and April at WWTP, in August at Control, and in August and April at CI
(Figures 18, 19 and 20, Results). For the shift from the first to second phase, it is unclear if the
leaf stops growing due to environmental factors, allowing epiphytes to accumulate exponentially,
or if the epiphytes outgrow the seagrass and reduce light to the point of reducing seagrass leaf
growth. But even with the heaviest epiphyte accumulations, coverage only rarely reaches 100%,
and the basal 5 cm of leaves (near the leaf sheath) is usually not covered by visible epiphytes.
This may represent a threshold point for the balance between leaf growth response to epiphyte
shading versus leaf senescence. While an under-classification is likely the major source of
epiphyte coverage interpretation error, it cannot account for either the incidence or occurrence

pattern of exponential relationships.

The emerging interpretation from this study is that epiphyte community change impacts both
biomass and imaging measures, and the epiphyte-seagrass dynamic relationship itself. Other
factors to consider are impacts from animal grazing of epiphytes and plant host influences on

epiphyte community structure. Diverse animal grazers can impact epiphyte accumulations
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quantitatively and temporally ( Orth & Van Montfrans 1984, Irlandi et al. 2004, Frankovich &
Zieman 2005, Heck & Valentine 2006, Peterson et al. 2007, Whalen et al. 2013), and probably
qualitatively as well. Grazing effects were not part of this study, so their impacts at our study
sites are unknown. However, strong hydrodynamic forces can reduce grazing pressure (Schanz et
al. 2002) and this could contribute to the high epiphyte accumulations at CI. In addition, our
unpublished observations of 18S rRNA sequences revealed large differences in nematodes and
other animals comparing the WWTP and Control areas. The seagrass host can also play a role in
the epiphyte community composition. On the young leaf surface of Zostera marina, phenolic
acid from Zostera marina inhibits the growth of several microalgae and marine bacteria and
reduces photosynthesis of epiphytic diatoms, which probably maintains the low epiphyte
biomass on young seagrass leaves (Harrison 1982, Harrison & Durance 1985). The bacterial
community found on Zostera marina can produce agarases, which limit the growth of epiphytic

algae (Crump et al. 2018).

4.4 Spatial and temporal patterns of seagrass growth

Seagrasses respond to numerous biotic and abiotic factors related to seasonal change and specific
sites. Spatiotemporal variation was compared between imaging metrics and their biomass
counterparts to vet the ability to detect change. The growth patterns of the seagrass host are
important for understanding the seagrass-epiphyte dynamic relationship so leaf biomass and
image-based leaf area were examined collectively to understand seagrass growth in the “Control”
area, “WWTP” area and CI site across six sampling times. In the three sampling locations, the
growth condition of Thalassia testudinum followed a seasonal pattern with the maximum in the

summer and early autumn, followed by a decline through winter or early spring. Similar patterns
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were observed in 7. testudinum productivity in south Florida (Fourqurean et al. 2001) and the
western Gulf of Mexico (Herzka & Dunton 1997). Decreasing temperature, light and/or salinity
probably initiate the significant decline of leaf biomass and leaf area in winter. Zieman (1975)
found that 7. testudinum has an optimal temperature around 30°C and an optimal salinity around
30%o. Slow recovery of leaf area in April is consistent with a previous report that photosynthesis
of T. testudinum increases gradually from winter to spring (Herzka & Dunton 1997). Numerous
studies suggest water temperature is the primary influence on the seasonal pattern of seagrass
growth ( Lee & Dunton 1996, Campbell et al. 2006, Koch et al. 2007, Collier & Waycott, 2014).
At salinity levels below optimum, photosynthesis of 7. testudinum was suggested to be limited
by reduced chlorophyll content (Doering & Chamberlain 2000, Thorhaug et al. 2006). The
temporal influence of nutrient and light availability create variable conditions for seagrass
growth ( Pérez-Lloréns & Niell 1993, Herzka & Dunton 1997, Lee et al. 2007). T. testudinum in
Corpus Christi Bay showed higher ammonium acquisition in summer and autumn than in the
winter (Lee & Dunton 1999). For our study, given that seagrasses obtain most of their nutrients
from the sediments, sediment porewater nutrients were measured (once) under the assumption
that the porewater would reflect the long-term average status of water column nutrients. The
DIN/phosphate ratio was highest at CI and lowest at WWTP, with the highest DIN at CI and the
highest phosphate at WWTP, but that did not translate into significantly higher seagrass biomass
or leaf area consistently, on an average per leaf basis. For this study, potential light effects were
gauged by comparing seagrasses from different depths. Two significant seagrass differences
were 1) a lower (1/2 X) biomass and leaf area observed at the WWTP Shallow site compared to
the two deeper sites, which was only apparent in summer and autumn; and 2) a lower biomass

and leaf area at the Control Deep site compared to Control Shallow, only observed in January.
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The low seagrass biomass and leaf area at the shallow site in the “WWTP” area may be due to
photoinhibition at high light intensities, which could occur at low summer water levels ( Ralph &
Burchett 1995, Ralph 1999, Hanelt & Roleda 2009). Excessive light stress in tidally exposed
seagrass can also limit biomass (Stapel et al. 1997). However, the similarly low leaf biomass and
leaf area demonstrated across the depth gradient in the winter and spring may be related to
decreased incident light and increased light attenuation from higher seasonal epiphyte
accumulation. In Fong and Harwell’s seagrass communities model (1994), drift macroalgae and
epiphytic algae limited photosynthetic performance of seagrass. Opposite depth effects at the
“Control” and “WWTP” areas implies that variability of available light caused by water depth is
probably not an important factor in this study. Several studies reported that seasonal changes in
grazing density in the coastal ecosystem possibly contribute to the variation of seagrass biomass
(de Iongh et al. 1995, Thom et al. 1995, Tomas et al. 2005, Heck & Valentine 2006). While light,
water column nutrients and grazing were not part of this study, their seasonal variation likely
contributed to the measured seagrass parameters that are also tied to the seagrass-epiphyte

dynamic relationships observed at the three unique sampling locations.

4.5 Spatial and temporal patterns of epiphyte accumulation on seagrass

Spatiotemporal variation of the different epiphyte metrics were also examined to further evaluate
the reproducibility of imaging approaches in detecting epiphyte accumulation. Unlike the
seasonal pattern of seagrass growth, the epiphyte load, which is relative to the seagrass host,
presents an opposite pattern across the sampling periods among three locations. The epiphyte
load in the “WWTP” area and the CI site follow a similar seasonal pattern with the maximum in

winter and low relative epiphyte accumulation in summer. The increased epiphyte load from
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summer to winter is consistent with the previous reports of epiphyte accumulation on
Cymodocea nodosa in the Canary Islands off the northwestern African coast (Reyes & Sansén
2001) and epiphyte biomass on Zostera marina in the San Juan Islands, US (Nelson & Waaland
1997). In the “Control” area, epiphyte load was intermediate between that of CI and WWTP for
3 of the 4 seasons, with a maximum level in spring that implies either unique controlling factors
or timing of their interaction. 7. testudinum in the Caribbean showed highest epiphyte abundance
and diversity per unit of leaf surface in a warmer season and declines in a colder season due to
the inflow of nutrients during the warm season (Richardson 2004). Several studies have
suggested that the available seagrass substrate primarily influenced the seasonal variability of
epiphyte colonization, which was secondarily controlled by other extrinsic environmental
conditions (Alcoverro et al. 1997, Biber et al. 2004). A faster leaf turnover rate probably drives a
lower epiphyte load in the summer than in the winter (Duarte & Sand-Jensen 1990, Biber et al.
2004, Peterson et al. 2007), which causes a shorter period for epiphyte accumulation on the
available leaf surface. On the contrary, the highest epiphyte load in the winter or spring among
three sampling locations may result from slower growth of the seagrass host, and/or different
epiphyte community succession patterns (Corlett & Jones 2007) in winter vs summer, as
discussed previously. Biber er al. (2004) have reported that epiphytic algae on the 7. testudiunm
have a high tolerance of low temperature and the optimal temperature is 20~28°C, but decline
rapidly over 30°C. The elevated temperature possibly drives the relatively lower proportions of
diatoms in summer compared to winter and spring (Snoeijs 1994). Despite the acute seagrass
leaf biomass and area declines in the winter and spring, diverse epiphytic species, such as
diatoms, sponges, filamentous algae, and invertebrates, may continuously colonize on the basal

and middle layer of diatoms and coralline red algae, to increase epiphyte biomass relative to
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covered leaf area. This means that the epiphyte biofilms continue their growth in biomass in the
cool season whereas the seagrass does not to the same extent. These observations are consistent
with the secondary colonization by diverse groups of organisms and the seasonally distinct
slopes of epiphyte biomass to epiphyte pixels plots discussed above. It is significant to note that
the average % epiphyte coverage metric showed relatively little seasonal fluctuation compared to
the epiphyte load metric. Although the seasonal variation in epiphyte coverage is not significant,
the remarkably decreased leaf area from summer to winter indicates a sharp reduction of the
uncovered leaf area for available photosynthesis, which probably further inhibits the growth of 7.
testudinum (Harlin 1975, Bulthuis & Woelkerling, 1983, Fitzpatrick & Kirkman 1995, Drakel et
al. 2003, Ruiz & Romero 2001, Ow et al. 2020). The lower seagrass growth would provide less
new colonization surface so the increased epiphyte biomass would result from growth of existing
epiphytes, additional layers of epiphytes colonizing secondarily, or else a shift towards a denser
(calcareous) community. A lower leaf turnover rate, however, would facilitate all of these

mechanisms of epiphyte accumulation.

While the seasonal seagrass growth condition has been suggested as the major factor controlling
the temporal epiphyte accumulation pattern (Alcoverro et al. 1997), additional biotic and abiotic
factors also vary temporally to affect epiphyte accumulation. Although a statistically significant
decrease in salinity from summer to winter for our study probably inhibits the growth of several
coralline red algae and diatoms ( Walker & Woelkerling 1988, Snoeijs 1994), the increase in
epiphyte load during winter may suggest that decreased leaf turnover is a primary factor driving
the epiphyte accumulation and the variability of epiphyte on seagrass was not significantly

impacted by salinity level (Biber et al. 2004, Fernandez-Torquemada & Sanchez-Lizaso 2005).
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Seasonal changes in water column nutrient concentration ( Alcoverro et al. 1997, Moore &
Wetzel 2000, Ruesink 2016) and grazer densities (Thom et al. 1995, Nelson & Waaland 1997,
Frankovich & Zieman 2005, Heck & Valentine 2006) also play essential roles in the epiphyte
accumulation in seagrass habitats. The temporal shift in invertebrate herbivores may control the
spatial variability of epiphyte accumulation in our study as well (Peterson et al. 2007b, Whalen
et al. 2013). A seasonal pattern of major mesograzers’ biomass in Zostera marina habitat in
Willapa Bay reported low mesograzer biomass in winter (Ruesink 2016). Conversely, the highest
abundance and species diversity of harpacticoid copepod was reported in Posidonia oceanica

habitat in the Mediterranean Sea during late spring and summer (Mascart et al. 2015).

The significant difference in epiphyte accumulation patterns among three sampling locations
demonstrated the impact of the spatially unique environmental conditions. The ranking of
sampling locations from highest (CI site) to lowest (“Control” and “WWTP” areas) epiphyte
accumulation was the same for epiphyte load (biomass metric) and epiphyte coverage (imaged
based metric). If the light attenuation effects of epiphytes significantly impact the seagrass host,
then the image-derived coverage metric is informative. The seagrass biomass was highest at
WWTP in summer and autumn (only), when that area also had the lowest epiphyte accumulation,
which would be consistent with a shading effect from epiphytes. There was no significant and
consistent depth effect on epiphyte accumulation by any measure for the “Control” and
“WWTP” area. Within the “Control” area, only the April sampling showed a significant lower
accumulation for both epiphyte load and epiphyte coverage. It suggests that the influence of light
availability caused by depth variation is probably not a major factor controlling the epiphyte

accumulation in this study.
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Nutrient effects on epiphytes have been explored extensively (Borum 1985, Frankovich &
Fourqurean 1997, Frankovich & Zieman 2005, Johnson et al. 2006, Frankovich et al. 2009,
Nelson 2017b). Some indicate that water column nutrients are the only source, whereas others
weakly correlated sediment ammonia and epiphyte biomass (Ruckelshaus 1993, Biber et al.
2004) or indirect uptake through seagrass blades (Penhale & Thayer, 1980), which uptake
dissolved inorganic nitrogen (DIN) from both sediment porewater and the water column (lizumi
& Hattori 1982, Stapel et al. 1996, Cornelisen & Thomas 2004). In this study, the highest DIN:P
was found at CI due primarily to high DIN, whereas WWTP had the lowest DIN:P ratio due
primarily to high P. Correspondingly, in summer and autumn, CI had the highest epiphyte and
lowest seagrass biomass; while WWTP had the lowest epiphyte and highest seagrass biomass.
This would be consistent with some role of DIN in the seagrass and epiphyte growth during
summer and autumn in Texas (Lee & Dunton, 2000). Given the similarity of seagrass growth
pattern among the three locations, the high epiphyte load at CI is probably not primarily driven
by a decreased leaf turnover rate due to phosphorus limitation in the porewater (Fourqurean et al.
1992, Lavery & Vanderklift 2002, Biber et al. 2004). The highest observed epiphyte load and
coverage at the CI site then seems likely due to either a high DIN in summer and/or a change in
epiphyte community composition. A decreased grazer density at CI is possible and also
consistent with the high epiphyte accumulation, especially given the likely hydrodynamic effects

from proximity to the ICWW (Schanz et al. 2002).

The dynamic seagrass-epiphyte interactions can present various patterns driven by combinations

of factors mentioned above and these were used to develop models (Fong & Harwell 1994, Biber
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et al. 2004). In this work, MODREG was used to assess the spatial variability of epiphyte
accumulation on individual leaves. This approach indicated the pattern of epiphyte accumulation
on young seagrass leaves did not vary significantly among sampling locations. This likely
corresponds to a linear colonization phase based on available leaf surface, but could also reflect
inhibitory substances from bacteria or the seagrass host. MODREG analysis indicated a
divergence of epiphyte accumulation patterns occurring above different leaf biomass thresholds
across environmental contexts (Table 7, Results). The highest epiphyte accumulation simulated
at the CI site was highest across six sampling times above leaf biomass threshold: (summer:
50x10° ug; autumn: 40x10° pg; winter: 28x10° pg; spring: 38x10° pg). The “Control” area
showed a higher epiphyte accumulation than the “WWTP” area above leaf biomass threshold:
(summer: 28%10° pg; winter: 62x10° pg; spring: 38x10° pg), except in autumn. This simulation
might correspond to the spatiotemporal patterns of epiphyte load discussed above. It may also
represent the initiation of exponential accumulation observed for some samples. As discussed
above, there seems to be spatial variation in epiphyte composition and/or growth. It might be
attributed to the spatial variance in grazing due to changes in species composition and
consumption strategies (Jernakoff et al. 1996, Nelson & Waaland 1997, Schanz et al. 2002). If
nutrients are responsible, it would likely be changes in water column N availability. While
nutrient enrichment at the “WWTP” area was expected to promote seagrass and epiphyte growth
(Borum 1985, Lee et al. 2007, Baggett et al. 2010), such effects were not observed on any
consistent basis, with the exception of elevated seagrass biomass and leaf area in autumn at
WWTP. There was no corresponding increase in epiphytes. Unless there was a corresponding
increase in herbivory (Heck & Valentine 2006, Peterson et al. 2007, Heck et al. 2015), there does

not appear to be significant differences between Control and WWTP. Alcoverro et al. (1997) and
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Baggett et al. (2010) have suggested that the grazing effect on epiphyte accumulation is more
significant than the nutrient level in the water column and even the primary environmental
factor. However, the epiphyte accumulation pattern is perhaps primarily driven by the bottom-up
impact in the marine ecosystem shifting with the season (Whalen et al. 2013). Future studies
should include monitoring of grazing effects and epiphyte community change, in addition to

water column nutrient levels, to improve understanding of the seagrass-epiphyte relationship.

4.6 Modeling dynamics of epiphytes on Thalassia testudinum leaves

The epiphyte-seagrass dynamics model is initiated from Fong and Harwell’s seagrass conceptual
model (1994) and Biber et al.’s epiphyte conceptual model (2004). Numerous factors, including
water temperature, DIN : P in the sediment porewater, salinity, light condition caused by water
depth, seagrass leaf biomass, and seagrass shoot biomass, are employed in multiple linear
regression analysis in an attempt to explain the variation of epiphyte biomass per leaf across
environmental context. Several essential factors in this multiple linear regression model are
lacking, such as the light condition caused by seasonal weather and water clarity, grazing impact,

and influence of hydrodynamic factors.

According to the equation, seagrass leaf biomass has a strongly positive impact on epiphyte
biomass. Epiphyte biomass is primarily driven by the seagrass growth condition (Alcoverro et al.
1997) with more availability of seagrass leaf surface for colonization. Several studies have
observed an exponential increase in epiphyte biomass with elongation of seagrass leaves, but the
epiphyte biomass stopped accumulating or decreased at a specific seagrass “growth state”

(Bulthuis & Woelkerling 1983, Borum 1985). Biber et al.’s model (2004) estimated the epiphyte
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accumulation pattern under the assumption that the epiphyte biomass is reduced due to leaf
senescence. However, diverse epiphytes have been shown to continue to colonize on the upper
epiphytic layer and increase biomass even on the broken and declining seagrass leaves (Humm

1964, Corlett & Jones 2007, Michael et al. 2008, Frankovich et al. 2009, Giovannetti et al. 2010).

A major intrinsic factor controlling epiphyte accumulation is the seagrass leaf turnover rate
(Fong & Harwell 1994, Biber et al. 2004). Epiphyte biomass declined as seagrass leaf biomass
decreased by senescence. However, increased leaf turnover within flourishing seagrass growth
may also contribute to epiphyte mortality because of a shorter period for epiphyte colonizing on
a seagrass leaf than a leaf with a slower turnover rate. Although we did not measure leaf
turnover, seagrass shoot biomass was positively correlated to the growth status of seagrass
(Duarte & Sand-Jensen 1990, Duarte & Chiscano 1999). A small negative coefficient term for
seagrass shoot biomass reveals that the epiphyte biomass probably accumulates more on growing

leaves that replace older ones when total shoot biomass declines.

As indicated by the multiple linear regression, temperature contributes to the epiphyte biomass
accumulation negatively, explaining the higher epiphyte biomass in winter or spring. Epiphytes
on T. testudinum have been suggested to have a growth optimum below 30°C (Harlin 1975, Biber
et al. 2004). However, epiphytes are diverse and probably exhibit a range of temperature
optimums, which could encourage changing species dominance (Frankovich et al. 2009,
Giovannetti et al. 2010). The positive coefficient of the Seagrass Shoot Biomass X Temperature
interaction term implies that Thalassia biomass decreases with lower temperatures from summer

to winter. The leaf turnover rate of seagrass probably decreases due to the decline of seagrass
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growth at a low temperature (Biber et al. 2004, Lee et al. 2007, Peterson et al. 2007b). Although
some epiphytes are lost from senescence, the low leaf turnover rate provides less ephemeral

substrates and thus increase the proportion of successional colonization and thickening growth.

Conversely, the DIN : P ratio in sediment porewater shows a significantly positive impact on
epiphyte biomass in the equation. While several studies have reported that the nutrient source of
epiphyte is not directly from sediment (Williams & Ruckelshaus 1993, Biber et al. 2004),
epiphytes can uptake carbon and phosphorus from sediment transferred through the seagrass
blade (Penhale & Thayer 1980). Our results are not consistent with a previous report that long-
term phosphorus enrichment in the sediment was associated with an increase in abundance of
epiphytic red and green algae (Frankovich et al. 2009). However, elevated DIN : P ratio in
sediment porewater may possibly promote epiphyte accumulation by limiting the seagrass
growth/turnover due to phosphorus limitation (Fourqurean et al. 1992, Gras et al. 2003) and

offers relatively “long-lived” seagrass substrates for more epiphyte accumulation.

The salinity level did not contribute significantly to the variation of epiphyte biomass per leaf in
this multiple regression analysis, although several studies suggested considerable effects of
salinity level on specific epiphytic species and seagrass growth (Kendrick et al. 1988, Snoeijs
1994, Fernandez-Torquemada & Sénchez-Lizaso 2005, Thorhaug et al. 2006). The epiphyte
community probably has a high tolerance to variable salinity because of species diversity
(Humm 1964, Thorhaug et al. 2006, Michael et al. 2008). The variable light conditions caused by

water depth differences in this study did not contribute significantly to the epiphyte
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accumulation, despite light being critical in determining the productivity of seagrass and

epiphytic algae.

Error estimation from this regression model demonstrated the lack of sufficient information for
accurately describing the epiphyte-seagrass dynamics, particularly factors of grazing effect in
seagrass habitats and water column nutrient levels, which is the primary nutrient source for
epiphytes. Several studies have addressed the positive impact of grazer reduction on epiphyte
accumulation (Jernakoff et al. 1996, Frankovich & Zieman, 2005, Heck & Valentine 2006,
Aumack et al. 2011, Whalen et al. 2013). Our overestimated epiphyte biomass is probably
attributed to a lack of the grazer-limiting effect on epiphyte growth in the regression model. The
underestimates of epiphyte biomass are probably due to lack of water column nutrient data.
Epiphyte recruitment and community composition within a water column nutrient gradient can
be driven by nitrogen or phosphorus limitation (Borum 1985, Tomasko & Lapointe 1991,
Frankovich & Fourqurean 1997, Johnson et al. 2006, Nelson 2017). Future studies will need to

fill in these gaps in our knowledge of this study area.

These results suggest that the image analysis approach is a promising tool to aid in efficiently
understanding the epiphyte-seagrass dynamic relationship, and the impact of environmental
stressors on this relationship. However, evaluation of the image analysis method shows that
classification discrepancies still exist and the major challenge is related to misclassification and
omission of green algal epiphyte groups that resemble the seagrass leaf spectrally. The image-

analysis tool should be able to define the spatiotemporal changes in epiphyte communities, but
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refinement and expansion of epiphyte and seagrass reference spectra will be required. More

advanced analyses, such as deep learning with neural networks, may prove fruitful.
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CHAPTER V: CONCLUSION
The influence of unique environmental conditions on epiphyte accumulation on 7. testudinum
leaves in the study area has been observed through image analysis and biomass measurement.
The development of image analysis in this study presented a high accuracy (< 10% discrepancy)
of seagrass and epiphytes classification in 83% of the images. The validation output indicates
that image analysis will improve with expanded spectral libraries, automated segmentation of
leaves from the background, and capturing information beyond just an RGB signature. The
spatiotemporal variability of seagrass and epiphyte growth presented mostly similar patterns
through biomass and image-based metrics, but the epiphyte coverage metric did not show the
degree of temporal variability observed for the epiphyte load metric. Nonetheless, the ranking of
study sites by degree of epiphyte loading was consistently similar for the epiphyte coverage and
epiphyte loading metrics across the study period. The observation that the mean epiphyte
coverage stayed relatively constant (maximum range of variation was about 15%) across
seasons, but differed by site, suggests that leaf growth may be regulated to maintain the
proportion of uncolonized leaf surface. The relationship between epiphyte biomass accumulation
and leaf coverage spread provides insight into the morphology of the epiphyte biofilm and is
worth examining more closely for understanding the significance of the epiphyte colonization
pattern. The current multiple linear regression model could not accurately predict the
contribution of various internal and external factors and their interactions comprehensively.
However, several available data, including water temperature, nutrient levels of sediment
porewater, and seagrass growth state, were important contributory factors and consistent with
previous models. Future work will involve the contribution of grazing effect and water column

nutrient levels to epiphyte-seagrass dynamics. Detailed validation output of image analysis
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through ENVI and response of epiphyte and seagrass growth to spatiotemporal variability have

yielded the following conclusions:

(1) The image analysis presented here effectively distinguished four major color groups on a
seagrass blade image, including the red groups of filamentous red algae and bryozoan;
reddish-white groups of coralline red algae and serpulid worms; brownish-yellow groups
of older seagrass leaves and green algae which have a brownish-green appearance; green
groups of younger seagrass leaves and filamentous green algae;

(2) Image-based metrics for seagrass growth and morphology were well correlated with
traditional biomass or manual measures of seagrass shoots;

(3) Average seagrass leaf growth (leaf biomass and pixel numbers of leaves) was 2-fold
higher in summer and autumn months than in winter and spring months across different
environmental conditions within the study area, but there were no significant spatial
differences among the three locations across the study period. The similarities of
spatiotemporal observations for the different seagrass measures further validate the utility
of the image analysis approach in seagrass investigations;

(4) Image analysis of epiphytes revealed complicated accumulation patterns and correlations
to biomass measures. Epiphyte loading, relative to seagrass, was 2-fold higher in winter
and spring months than in summer and autumn months across different environmental
conditions, but the % leaf coverage within a given site was relatively constant across
seasons;

(5) Despite the wide range of discrepancy of epiphyte and seagrass classification for

individual images, (0.1% to 30.0%), 83% of the blade images had <10% discrepancy.
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The epiphyte and seagrass spectral libraries should be expanded to encompass more
diverse epiphyte groups represented by seasonal changes. Misclassifications, especially
between green pixels of seagrass and filamentous algae, could also be reduced by edge
detection to filter out less relevant information and find boundaries of different objects by
detecting discontinuities in brightness.

(6) The two modes of correlation (linear vs exponential) between the epiphyte biomass
metric and image-based metrics demonstrated that epiphytes continue to accumulate on
epiphyte-covered seagrass blades and can be explained by successional growth (new
layers), filamentous growth, and/or community compositional changes towards denser
(calcareous) epiphytes. Elucidation of epiphyte colonization patterns, variable thickness
of epiphyte accumulation and light attenuation will reveal insight into epiphyte-seagrass
dynamic relationships and environmental effects;

(7) The epiphyte accumulation relative to seagrass presented significant spatial variability
with seasonal change. The epiphyte accumulation is highest near the ICWW and lowest
adjacent to the wastewater treatment plant for most sampling times. The temporal
variability of epiphyte/seagrass biomass ratio but consistent epiphyte coverage implies
seasonal community composition changes. The image analysis will improve from using
multi-season epiphyte spectral libraries to identify the major epiphyte groups and explore
environmental influences based on various components of epiphyte groups;

(8) The prediction model qualified the negative impact of water temperature and intrinsic
seagrass leaf turnover, and a positive impact of nutrient level from sediment porewater on

the epiphyte-seagrass relationship. However, this model did not predict the epiphyte
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accumulation accurately due to lacking environmental information. Key missing data

include grazing effects and water column nutrient levels.
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