Interactive effects of temperature and grazing by seagrass
limpets (Siphonaria compressa and Fissurella mutabilis) on
seagrass (Zostera capensis)

Christopher T. Waspe

Supervisor: Dr Deena Pillay

02" March 2015

Minor Dissertation presented in partial fulfiiment of the requirement for the degree of Master of
Science in Applied Marine Science

Department of Biological Sciences
Marine Research Institute
University of Cape Town
7701 Rondebosch

Cape Town, South Africa



The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Table of Contents

List Of FigUres and Tables ...........ccuuiiiiiiiii e s e e s sbae e e s sbae e e s sbeeeeseans i
PlagiarisSm DECIaration ..............ooociiiiiiiiiiic ettt e e e st e e et r e e e nta e e e e ntaeeeeanraeaaan iii
ACKNOWIEAZEMENLS ... e e e et e e et e e e st a e e e e aba e e e s nbaeeeenabeeeesnnteeeeenrens iv
ADSEFACT ...ttt b e bt sh ettt b e e b e bt e e ae e sa bt et e e be e bt e e neeeneeenrean v

Interactive effects of temperature and grazing by seagrass limpets (Siphonaria compressa and

Fissurella mutabilis) on seagrass (ZOSterd CapPensis)................cccoocvueeeceeeeireesiieeeiieesceeeseeesaeesseeeseees 1
N ) o Yo [¥ Tt d T o TSP U PR PPTOPRO PR 1
O S 1T o = I @1 o = V- RSP 1
1.2.  Temperature change in Maring ECOSYSEEMS.......ciivciiiiiiiiieeeriee et e e reee e enee 3
S BT < - P = LR =TT 0 1Y A T ¢ £ TN 4
1.4. Temperature change and seagrasses in the Western Cape, South Africa........ccccceevvuveenn. 9
1.5, AIMS and KEY QUESTIONS .....uviiieeiiiee ettt e e e tre e e e e ate e e s e atee e e entaeesennreeas 12

2. Methods and MaterialS.........cooieiiiiiiiee ettt s 14
2.1, EXPerimental DESIZN .....oeii ittt et e e e e et e e et e e e e ba e e e e nrae e e enreeas 14
2.2 Post-experiment MEaSUrEMENTS ...c.ovvuiiiiiieeie ettt e e e e e s s et e e e e s s s sanreeeeee s 15

D O D - - 1Y o -1 V2] PRSP 16

B REBSUIES ettt ettt st e et e s bt e s b e e e s abee s beeesabeesabeeeneeesbeeenns 18
3.1, Leaf ADUNAANCE ...ttt et 18
3.2.  Leaf Length and SUIface Ar€a ........ccoociiiiiiiiie ettt e et e e e e ebae e e 19
I TR N I- - | I 1 F= TP 21
B4, LA IMI@SS ittt ettt e r e r e e saeeeare s 23
3.5, ROOT MASS. ittt 25
N T € = 0= 3PP 27
L 1o 13 To o TP PP P PP P PRI 28
T NI = I (o TU [T V-SSRSOt 28
4.2.  Seagrass [eaf MorpholOgY ... e 32
LT €] 3Tl [ U1 o o DTSRV PRTOPPRPOPR 34

L= L= =T Lo =R 36



List of Figures and Tables

Figures:

Figure 1: Mean Maximum Yearly Temperature for Langebaan Lagoon over the last 40 years
(LAWIENCE PErs datA, 2015) .....occcueeeieeecieeeeieeeeeeesteesteeestee e sttt e steeesaeesbeeessseessteessaeessseesnsesenseeessenanes 12
Figure 2: Langebaan Lagoon and location of sampling sites * (From Pillay et al., 2010) ..................... 13
Figure 3: Experimental Design - Four mesocosm units with different temperatures and grazer

treatments (C=Control, F=Fissurella mutabilis, S=Siphonaria compressa). Arrows indicate water flow.

.............................................................................................................................................................. 17
Figure 4: Mean (+ 1SE) leaf deaths (%) between temperature and grazer treatments .........cccceeeveennne 18
Figure 5: Mean (+ 1SE) leaf surface area (mm?) between temperature and grazer treatments ......... 20
Figure 6: Mean (+ 1SE) leaf length (mm) between temperature and grazer treatments .................... 20
Figure 7: Mean (+ 1SE) algae mass (mg/mm?) between temperature and grazer treatments............ 22
Figure 8: Mean (+ 1SE) leaf mass (g) between temperature and grazer treatments........ccccecveeeveenns 24
Figure 9: Mean (+ 1SE) root mass (g) between temperature and grazer treatments..........cccccueeeveenne 25
Figure 10: Mean (+ 1SE) limpet deaths between teMPEratures .........cccceeeceveeeeecciieeeecieeeeeeireeeesaeeeen 27
Figure 11: Mean seasonal temperatures for Geelbek and Oesterval sites in Langebaan Lagoon.

Measured in 2014 (Lawrence pers data, 2015) ........cccuueeeecoieeeeeciiieeeeciieeeecieeeeesiare e e s eraeeessasreeessaneeeaens 32

Tables:

Table 1: Results of post-hoc tests (Tukey's HSD) for differences in leaf deaths among temperature
treatments. P = SIgNIfICANCE IRVEI .......eeii ettt et e e e e teae e e eanes 19
Table 2: Results of post-hoc tests (Tukey's HSD) test for differences in algal mass (mg/mm?) among

temperature treatments. P = SignificanCe [@VEl...........oooouiiiiiciee e 22


file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681554
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681554
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681555
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681556
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681556
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681556
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681557
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681558
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681559
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681560
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681561
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681562
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681563
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681564
file:///C:/Users/ChrisW/Desktop/Masters/Project/C%20T%20Waspe%20MSc%20AMS%20Thesis%202015%20with%20exaimner%20modifications.docx%23_Toc420681564

Table 3: Results of post-hoc tests (Tukey's HSD) test for differences in algal mass (mg/mm?) among
grazer treatments. P = Significance [@VEI .......coouviiiiiiiiii e e 23
Table 4: Results of post-hoc tests (Tukey's HSD) test for differences in leaf mass (g) among
temperature treatments. P = Significance [@Vel...........oooiuiiei i s 24
Table 5: Results of post-hoc tests (Tukey's HSD) test for differences in root mass (g) among

temperature treatments. P = Significance [@Vel...........ooo i 26



Plagiarism Declaration

I, the undersigned, know the meaning of plagiarism and declare that all of the work in this minor
dissertation, save for that which is properly acknowledged, is my own, carried out in the Marine
Research Institute in the Department of Biological Sciences, University of Cape Town. It has not
previously in its entirety or in part been submitted to any University. Any other sources of

information are fully acknowledged.

Date: ...02" March 2015... SIgNature: .......oocoeeeeeveeeerrneenn.

Christopher Themba Waspe



Acknowledgements

First and foremost | would like to thank my supervisor Deena Pillay who guided me through this
project. Though his assistance and expertise | learnt many skills and vastly increased my knowledge.
Without him none of this would have been possible. Thanks to the National Research Foundation for
providing the necessary funding for this project. Thanks to the various members of the Department
of Biological Sciences who assisted me though out this project. Thanks to George du Plessis who
helped in the set-up of the aquarium. Special thanks to Cloverley Lawrence and Martin Emanuel for
greatly assisting me behind the computer, in the lab and in the field. | would like to thank the AMS
class of 2014/2015 for their friendship and support, especially Ben Brooker and Paul Juby who made
this past year as unproductive as they possibly could. Thanks to South African National Parks and the
West Coast National Park for their assistance. Finally | would like to thank my family for their

continued support.



Abstract

Climate change is a reality. One of the main ecological concerns regarding climate change is the
predicted increase in atmospheric and sea temperatures. The latter is expected to rise by roughly
2.5°C by the end of 2050 with dramatic impacts on marine ecosystems predicted around the world.
Seagrass ecosystems are a good example of vital ecosystems that are threatened by climate change
and other anthropogenic factors. A decline in global seagrass cover of 29% has been estimated over
the last century, and at a local level, cover of the seagrass Zostera capensis has declined by 38% over
the last 50 years in Langebaan Lagoon, with associated losses of invertebrate abundance by 70% in
certain areas. Two limpets, Siphonaria compressa and Fissurella mutabilis depend on Zostera
capensis for their survival in Langebaan Lagoon, feeding on epiphytic diatoms, filamentous algae and
bacteria growing on blades on seagrass. Siphonaria compressa occurs exclusively in beds of Zostera
capensis and is currently listed as critically endangered. Increasing sea temperatures have been
found to directly and indirectly affect seagrass growth and survival. Temperature changes influence
epiphytic microalgal growth on seagrass blades, thereby limiting light and nutrient availability to
seagrasses. Key grazers, however, can potentially limit microalgal growth on seagrasses, but this
function is dependant on how they respond to temperature change. Therefore, understanding the
effects of temperature on seagrasses and their grazing limpets is vital to seagrass health and
ultimately their persistence in marine ecosystems. To quantify the latter, a mesocosm experiment
was conducted to assess the interactive effect of temperature changes and grazing by the limpets S.
compressa and F. mutabilis on the seagrass Z capensis. One of the main outcomes of the
experiment was that Increasing temperatures significantly enhanced algae biomass fouling seagrass
leaves. At the same time, limpet feeding significantly decreases algal fouling, especially at higher
temperatures. S. compressa was significantly more effective at removing algae from the blades of Z.
capensis than F. mutabilis, particularly at higher temperatures. Increasing temperatures and the

feedback from grazer presence had no substantial impact on the growth of Z capensis but



significantly influenced the survival of the seagrass blades. Another important result for predicting
future effects of temperature rise on seagrass ecosystems was that mortality of F. mutabilis was
significantly greater than S. compressa at higher temperatures. Overall, the study demonstrates that
increasing temperatures clearly impacts the dynamics of seagrass ecosystems, either directly by
impacting seagrasses or indirectly, by increasing algal fouling. The presence of limpets is also vital in
controlling the levels of algae, with S. compressa performing more of a beneficial role in keeping
blades of seagrass free of fouling. These findings are relevant for the conservation of seagrasses in
Langebaan Lagoon, as they indicate the importance of preserving populations of the endangered
limpet S. compressa in order to maintain healthy functioning seagrass ecosystems under future

warming scenarios.

Key words: Temperature rise, seagrass, limpets, epiphytic algae, biotic interactions.

Vi



Interactive effects of temperature and grazing by seagrass limpets (Siphonaria

compressa and Fissurella mutabilis) on seagrass (Zostera capensis)

1. Introduction

1.1. Climate Change

Since the industrial era, anthropogenic activities have had a great impact on the planet, resulting
in the degradation and loss of complex ecosystems around the world (Harley et al., 2006, Doney et
al., 2012). Human activities have directly caused the destruction and deterioration of vital ecological
systems through increased development, destructive harvesting, mismanagement and pollution.
These threats occur globally across multiple ecosystems, leading to losses of biodiversity and
functionality and ecosystems which are potentially more susceptible to local climatic and
environmental changes (Harley et al., 2006, Morelissen and Harley, 2007, Doney et al., 2012).

Human impacts can operate on natural systems both directly and indirectly. Through mass
industrial development and rapid population increases, global climate and environments have been
altered (Harley et al., 2006, Morelissen and Harley, 2007, Doney et al., 2012). Due to the growing
demand for food and space, massive sections of natural vegetation stands such as forests, have been
cleared for industry and agriculture. Natural animal populations have been placed under extreme
stress and even forced to extinction through over-harvesting, habitat loss and pollution (Harley et
al., 2006, Morelissen and Harley, 2007, Doney et al., 2012). Increases in industrial and population
growth have accelerated fossil fuel burning, leading to indirect and direct compositional changes in

our atmosphere (Harley et al., 2006, Morelissen and Harley, 2007, Doney et al., 2012).



The combustion of fossil fuels and wide-spread deforestation has combined to increase carbon
dioxide levels by 25% since the industrial revolution (Short and Neckles, 1999, Harley et al., 2006,
Doney et al., 2012). Concentrations of other ‘greenhouse gases’ such as methane, nitrous oxide and
chlorofluorocarbons (CFCs) have also greatly risen due to anthropogenic activities (Short and
Neckles, 1999, Harley et al., 2006, Doney et al., 2012). These gases create a layer around the Earth,
absorbing thermal radiation emitted from the Earth and reradiating it back to Earth (Short and
Neckles, 1999, Harley et al., 2006, Doney et al., 2012). Along with these changes have been many
environmental transformations such as increased storm intensity, alterations in large scale weather
phenomena (e.g. El Nino) and rising global temperatures (IPCC, 2001, Harley et al., 2006, Doney et
al., 2012). There is much evidence to suggest that coastal marine ecosystems face significant threats
posed by anthropogenic climate change (IPCC, 2001, Hiscock et al., 2004, Harley et al., 2006, Doney
et al.,, 2012).

Based on historical climate and oceanographic data, it is predicted that by 2050, average air
temperature in coastal environments will be 2°C higher than at present (IPCC, 2001, Hiscock et al.,
2004, Morelissen and Harley, 2007, Doney et al., 2012), while sea surface temperatures may be up
to 2.5 °C higher, resulting in a greater rate of temperature increase that the Earth has experienced in
the past 10 000 years (Hiscock et al., 2004, Morelissen and Harley, 2007, Doney et al., 2012).
Changes in climate and weather phenomena have already triggered significant responses in the
Earth’s biota (Philippart et al., 2011, Doney et al., 2012). These continual changes seriously threaten
our marine ecosystems, accelerating degradation and reduced functionality, with significant
consequences for human health and welfare (Hiscock at al., 2004, Morelissen and Harley, 2007,

Doney et al., 2012).



1.2. Temperature change in marine ecosystems

The potential impacts of climate change on marine ecosystems have been a major concern and
focus of study due to their importance around the world in terms of global climate and food security
(Fields et al., 1993, Harley et al., 2006, Morelissen and Harley, 2007, Philippart et al., 2011, Doney et
al., 2012). Early studies of climate related impacts on marine systems focused on the effects of rising
temperature on individual organisms, and to a lesser extent, population level processes (Harley et
al., 2006, Morelissen and Harley, 2007, Philippart et al., 2011, Doney et al., 2012). Future changes
were predicted using large scale natural phenomena such as the EI-Nino Southern Oscillation
(ENSO). The general findings and predictions were related to an organism’s thermal tolerance and
ability to adapt to local climatic changes. The distribution and abundance of species were thought to
shift depending on these factors (Harley et al., 2006, Philippart et al., 2011, Doney et al., 2012).

The abundance of literature on climate change impacts on coastal ecosystems has substantially
grown since these early studies. While the volume of research has increased, the general focus has
remained roughly similar, with the majority of studies concentrating on temperature induced
changes in responses of individual organisms. However these responses to temperature changes in
both time and space are certainly not as straightforward as once envisioned (Harley et al., 2006,
Morelissen and Harley, 2007, Philippart et al., 2011, Doney et al., 2012).

Ecological communities are vastly complex systems with several intricate interactions occurring
between components. As such, responses to increasing temperature cannot focus simply on single
organisms but should also encompass multiple species and their interactions. The impacts of
increasing temperature at community and ecosystem levels depend on how this stressor influences
key interactions among dominant species within ecosystems (Sanford, 1999, Harley et al., 2006,
Morelissen and Harley, 2007, Philippart et al.,, 2011, Doney et al., 2012). Due to the complex
connections involved between species in ecological systems, consequences of temperature

increases are barely understood. The ability to understand and predict community level effects of



increasing temperature therefore depends on understanding how interactions among species are
altered by rising temperatures (Sanford, 1999, Harley et al., 2006, Morelissen and Harley, 2007,

Philippart et al., 2011, Doney et al., 2012).

1.3. Seagrass ecosystems

Climatic variability, especially increasing temperatures generally pose a significant threat to
structurally complex marine ecosystems, but seagrass systems are considered to be one of the most
at risk (Thomson et al., 2004, Orth et al., 2006, Morelissen and Harley, 2007, Garthwin et al., 2014).
Seagrasses are marine flowering plants (including the widely distributed genera Zostera, Thalassia,
and Posidonia) which form some of the most productive ecosystems on earth, rivalling even crops of
corn and sugar cane (Thomson et al., 2004, Orth et al., 2006, Wilson et al., 2009, Waycott et al.,

2009, Pillay et al., 2010, Garthwin et al., 2014).

1.3.1. Seagrass Biology and Ecology

Seagrasses have developed entirely unique life-history strategies. They have evolved ecological,
physiological and morphological traits to survive in completely marine conditions. These traits
include internal gas transport, epidermal chloroplasts, aquatic pollination and marine dispersal
(Short and Neckles, 1999, Orth et al., 2006, Wilson et al., 2009, Waycott et al., 2009, Pillay et al.,
2010, Garthwin et al., 2014). In order for seagrasses to provide oxygen to their roots and rhizomes
which grow in highly anoxic sediments with toxic levels of sulphide, they require some of the highest
levels of light of any plant group worldwide. They also require high light levels to support large

amounts of non-photosynthetic tissue (Terrados et al., 1999, Orth et al., 2006, Koch et al., 2007).



These extremely high light requirements mean that seagrasses are heavily responsive to any changes
in the local environment that alter water clarity.

Seagrasses are structurally complex ecosystems that can exist as continuous beds filling
hundreds of square meters or as a mosaic of small patches interspersed amongst unvegetated sand-
flats, thereby enhancing local habitat heterogeneity. Furthermore, seagrass meadows provide high-
value ecosystem services such as (1) supporting commercial fisheries worth as much as R40000 ha
per year, (2) sustaining local subsistence fisheries that support entire communities, (3) nutrient
cycling, (4) sediment stabilization, and (5) sequestration of carbon on global scales (Short and
Neckles, 1999, Thomson et al., 2004, Orth et al., 2006, Wilson et al., 2009, Waycott et al., 2009,
Pillay et al., 2010, Garthwin et al., 2014). Seagrasses sustain fisheries and enhance local biodiversity
primarily by serving as feeding and nursery habitats for commercially and recreationally important
invertebrates and vertebrates including megaherbivores such as manatees, dugongs, and turtles (Ter
Morshuizen and Whitfield, 1994, Thomson et al., 2004, Orth et al., 2006, Morelissen and Harley,
2007, Garthwin et al., 2014). Seagrass meadows are hotspots for carbon sequestration and some of
the carbon filled sediment is even exported to the deep sea which is extremely food-limited
(Shuchanek et al., 1985, Duarte et al., 2005, Garthwin et al., 2014).

Seagrasses provide regulatory services for pelagic ecosystems, modify their physical and
chemical environments and reduce levels of suspended sediments, chlorophyll-a and nutrients. Their
root-rhizome systems bind and stabilize bottom sediments and their leaf canopies improve water
quality through filtration of suspended matter such as organic and inorganic nutrients (Ter
Morshuizen and Whitfield, 1994, Short and Neckles, 1999, Orth et al., 2006, Wilson et al., 2009,
Waycott et al., 2009, Pillay et al., 2010, Garthwin et al., 2014). Through these activities, seagrasses
act as vital ecosystem engineers that provide nutrient-rich, sheltered habitats, enhance biomass,
richness and abundance of fauna and flora and ultimately provide unique habitats relative to the
unvegetated sand-flats (Ter Morshuizen and Whitfield, 1994, Short and Neckles, 1999, Orth et al.,

2006, Wilson et al., 2009, Waycott et al., 2009, Pillay et al., 2010, Garthwin et al., 2014).



Seagrass meadows are extremely sensitive to environmental perturbations, and are declining
around the world. Recent studies have shown a 29% loss of global seagrass cover has occurred over
the last century (Thomson et al., 2004, Orth et al., 2006, Wilson et al., 2009, Garthwin et al., 2014).
This rate of loss is similar to those of mangroves, coral reefs and even tropical rainforests, making
seagrass ecosystems one of the most threatened on the planet (Thomson et al., 2004, Orth et al.,
2006, Wilson et al., 2009, Garthwin et al., 2014). Regional losses of seagrasses are associated with
numerous ecosystem-level effects such as losses of waterfowl populations, the collapse of fisheries
(e.g. collapse of a scallop fishery in North Atlantic) and the extinction of a seagrass specialist, the
limpet Lottia alveus (Carlton et al., 1991, Thomson et al., 2004, Orth et al., 2006, Garthwin et al.,
2014). Shifts in seagrass abundance and distribution can therefore signal changing environmental

conditions.

1.3.2. Temperature effects on seagrasses

Temperature changes can alter seagrass distribution and productivity (Thomson et al., 2004,
Orth et al., 2006, Morelissen and Harley, 2007, Wilson et al., 2009, Garthwin et al., 2014), with
parallel changes occurring in local and regional biota, geomorphology and biogeochemical cycles.
Such effects can also disrupt important linkages between seagrass communities and other vital
ecosystems, resulting in long lasting impacts greater than simply the individual effects of local scale
losses of the seagrass. Such linkages are the result of the proximity of seagrasses to other critical
habitats such as salt marshes, mangroves and coral reefs (Beck et al., 2001, Thomson et al., 2004,
Orth et al., 2006, Morelissen and Harley, 2007, Garthwin et al., 2014), which allows for trophic
transfers and cross-habitat utilization for many fish and invertebrate species. This energy exchange
can be essential in maintaining the abundance of species in habitats outside of seagrass ecosystems
but which are dependent on seagrasses for trophic subsidies (Thomson et al., 2004, Valentine and
Heck, 2005, Orth et al., 2006, Morelissen and Harley, 2007, Garthwin et al., 2014).
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While temperature variation related to climate change has a clear influence on seagrass
(Thomson et al., 2004, Orth et al., 2006, Wilson et al., 2009, Garthwin et al., 2014), its impacts vary
in scale and magnitude. Increasing water temperatures ultimately may cause shifts in seasonal and
geographic patterns of species abundance and distribution through effects on seagrass metabolism
and maintenance of a positive carbon balance (Short and Neckles, 1999, Thomson et al., 2004, Orth
et al., 2006, Wilson et al., 2009, Morelissen and Harley, 2007, Garthwin et al., 2014).

Increasing water temperatures can have direct and indirect impacts on seagrasses. Direct
impacts are species-specific, being dependent on thermal tolerances and optimum temperatures
required for photosynthesis, respiration, and growth. For example, it has been shown that increasing
temperatures results in increased respiration rates relative to photosynthetic rates in the seagrass
Zostera marina (Short and Neckles, 1999, Nejrup et al., 2008), leading to a decrease in the
photosynthesis-to-respiration ratio (P: R) and a decrease in seasonal growth. A similar trend is
shown for the Mediterranean seagrass Cymodocea nodosa, with elevated oxygen production and
respiration and no optimum seasonal growth with rising temperatures (Short and Neckles, 1999).
Extreme water temperatures have been shown to negatively affect the physiology of Zostera
marina, with reductions in photosynthetic rate at very low temperatures (5°C) and increased
mortality and lowered photosynthetic and growth rates at higher temperatures (25 °C-30°C). It
appears that the ideal water temperature lies between 10°C and 20 °C for Z. marina (Nejrup and
Pedersen, 2008).

In general, warm water species such as C. nodosa increase their photosynthesis and respiration
over a wide range of temperatures, while the more temperate species such as Z. marina and
Heterozostera tasmanica have a photosynthetic optimum below seasonal maximum temperatures
(Short and Neckles, 1999, Nejrup and Pedersen, 2008). Other than the P:R ratio, shifts in plant
growth can be affected by other factors impacted by increasing temperatures such as root to shoot
ratio, nutrient uptake and enzyme-mediated processes (Short and Neckles, 1999, Nejrup and

Pedersen, 2008). Populations which grow in locations where the temperature is above the optimum



for growth or near the upper limit of their thermal tolerance are in danger to increasing
temperatures. Productivity and distribution are decreased when there is an annual increase in
temperatures pushing the population beyond its limit to survive. Such environmental stress results
in a reduction in its overall distribution in summer months (Short and Neckles, 1999, Nejrup and
Pedersen, 2008).

It has also been recorded that flowering and seed germination can be influenced by temperature
changes in some seagrass species (Short and Neckles, 1999, Nejrup and Pedersen, 2008). For
example, seed germination for Ruppia sp., Z marina and Z. noltii significantly increase with
increasing temperatures up to 30°C. However, other studies found no significant temperature effect
on the seed germination of these species. Such conflicting results indicate a need for further
research on context dependencies that influence the temperature-germination relationship in these
seagrass species. For example, temperature interaction with other factors such as salinity may
influence seed germination of seagrass. Some species such as C. nodosa and Z. capricorni require low
temperatures for seed germination if the local salinity is high (Short and Neckles, 1999, Nejrup and
Pedersen, 2008).

Apart from understanding direct and indirect effects of temperature on seagrass physiology,
predicting ecosystem responses to climate change, also requires an understanding of how abiotic
changes influence interspecific interactions and the feedbacks generated from the latter. For
example, thermal conditions influence the strength of biological interactions such as predation,
competition, and facilitation (Sanford, 1999, Leonard, 2000, Morelissen and Harley, 2007, Garthwin
et al., 2014). Given the complex connections prevalent in ecosystems, changing thermal conditions
may not only alter individual species, but also the interactions that occur between them, which
ultimately determine ecosystem functioning. Seagrass ecosystems are composed of the seagrasses
themselves and a diverse suite of species living on the plants. Microalgae grow attached to seagrass
blades, with macroalgal forms sometimes growing intermingled. Several grazing species feed on this

algal layer, including obligate seagrass fauna that live on leaves, as well as pelagic grazing species



(shrimps and fish) (Thomson et al., 2004, Orth et al., 2006, Morelissen and Harley, 2007, Garthwin et
al., 2014).

In order to understand effects of increasing temperature on seagrasses, it is important therefore
to quantify responses of key components of the system; testing seagrass responses alone is an over-
simplification of the problem. Seagrass performance is often linked to the amount of algae present
on leaves; under some conditions, seagrasses can become completely fouled by algae, leading to the
smothering of plants and starvation of nutrients and light (Thomson et al., 2004, Orth et al., 2006,
Morelissen and Harley, 2007, Garthwin et al., 2014). However, levels of fouling can be regulated by
grazers, which positively feed back to plants (improved physiological performance). However,
temperature can influence both processes (fouling and herbivory) whilst simultaneously impacting
seagrass physiology (Short and Neckles, 1999, Harley, 2003, Allison, 2004, Keser et al., 2005,

Morelissen and Harley, 2007, Wilson et al., 2009, Garthwin et al., 2014).

1.4. Temperature change and seagrasses in the Western Cape, South Africa

Langebaan Lagoon is part of a marine reserve on the West Coast of South Africa (Fig. 2). The loss
of seagrasses (Zostera capensis) has been reported in the lagoon along with ecological effects of this
loss (Pillay et al., 2010). Z. capensis is limited to intertidal sandflats in the lagoon (Angel et al., 2005,
Pillay et al., 2010) and functions as a vital ecosystem engineer. It has been estimated that coverage
of Z. capensis coverage in Langebaan Lagoon has decreased by 38% over the last 5 decades (Pillay et
al., 2010); this decline is consistent with losses of seagrass globally (Short and Neckles, 1999, Angel
et al., 2005, Wilson et al., 2009). General factors have been invoked to explain declines in seagrass in
Langebaan Lagoon (e.g. disturbance, pollution, etc); however, the precise mechanisms responsible
for driving losses remain obscure.

While the exact reasons for seagrass loss in Langebaan Lagoon remain unknown, the
repercussions of these losses are notable, especially considering that seagrasses are such vital
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components of ecosystems with connections to multiple trophic levels (Thomson et al., 2004, Pillay
et al., 2010, Garthwin et al., 2014). Following the decline in seagrasses, invertebrate communities
were transformed within selected areas in Langebaan Lagoon, with a decrease in invertebrate
richness by up to 50% and abundance by up to 70% (Pillay et al., 2010). Many of the species which
declined are associated either exclusively or predominantly with Z. capensis (Pillay et al., 2010).

The most noteworthy outcome of seagrass declines in Langebaan Lagoon from a conservation
point of view was the near extinction of the limpet Siphonaria compressa at some sites (Pillay et al.,
2010). S. compressa is the smallest species of the genus, reaching shell lengths of 3—-5 mm (Allanson
and Herbet, 2005, Angel et al, 2006) and is currently listed as critically endangered by the
International Union for the Conservation of Nature (IUCN). Some evidence suggests that S.
compressa was at one time more widely distributed in South Africa, but for almost 50 years since its
description, it was known only from Langebaan Lagoon on the West Coast of South Africa (Allanson
and Herbet, 2005, Angel et al., 2006). Within Langebaan Lagoon, S. compressa occurs almost
exclusively in the Geelbek region at the southern end of the Lagoon (Fig. 2) (Allanson and Herbet,
2005, Angel et al., 2006). S. compressa has recently been discovered at another location 600km east
of Langebaan Lagoon at the Knysna Estuary on the South Coast (Allanson and Herbet, 2005, Angel et
al., 2006). In addition to its restricted geographic range, S. compressa also has extremely narrow
habitat requirements, being recorded only on blades of the seagrass Z. capensis, where it feeds on
epiphytic diatoms, filamentous algae and bacteria (Short and Neckles, 1999, Wilson et al., 2009,
Pillay et al., 2010). The conservation of this limpet is thus very closely linked to the conservation and
management of the seagrass communities in Langebaan Lagoon.

Even though there is such danger to the existence of this endangered limpet, there is limited
knowledge on S. compressa and the role it plays in seagrass ecosystems. Only recently has the
reproduction and growth of S. compressa been documented. Allanson and Msizi (2010) focused on
the Knysna population, performing observations to assess larval development, growth, fecundity,

mating activity and field measurements for the structure of the natural population. S. compressa
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appear to have the ability to restore their numbers quickly as they have rapid growth rates and a
high frequency of spawning (Allanson and Msizi, 2010).

As S. compressa has an extremely limited range, it is important to understand the reasons for
this. Understanding the biology of rare species and the factors that predispose these species to
extinction are paramount to conservation practices (Chapman, 1999, Wilson et al., 2010). It appears
that salinity may have a strong influence on its range (Angel et al., 2006, Wilson et al., 2010), with S.
compressa having a very low tolerance to low salinities and flooding. Langebaan Lagoon is marine-
dominated system with very little freshwater input; therefore salinities tend to remain fairly close to
that of seawater. This low tolerance shown by S. compressa to hyposaline conditions places a
significant restriction on its distribution (Wilson et al., 2010).

Another limpet species which is closely linked to Z. capensis in Langebaan Lagoon is the Cape
keyhole limpet, Fissurella mutabilis. This limpet species virtually disappeared from certain parts of
Langebaan Lagoon where seagrasses have been lost (Pillay et al., 2010). F. mutabilis is not present in
Geelbek where S. compressa is predominant, but occurs predominantly in the Oesterwal region (Fig.
2) (Angel et al., 2006). Fissurella mutabilis is not an obligate seagrass limpet like S. compressa but
still requires the presence of the seagrass Z. capensis for feeding and refuge in the lagoon (Pillay et
al., 2010). It is also found in rocky crevices and amongst other aquatic plants. There is very little
information on F. mutabilis as it is almost completely unstudied. Known studies revolve around the
role of F. mutabilis in aquacultural scenarios, focusing on the control of this species (Hansen et al.,
2006).

Climate change, especially rising temperatures, could be an important factor responsible for the
demise of seagrasses in Langebaan Lagoon either directly or indirectly. Long-term weather data
indicate a warming trend for Langebaan Lagoon over the last 40 years (Fig. 1); it is therefore vital for
the management on conservation of seagrasses in the system that direct and indirect effects of

increasing temperatures on seagrass ecosystems be quantified.
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Figure 1: Mean Maximum Yearly Temperature for Langebaan Lagoon over the
last 40 years (Lawrence pers data, 2015)

1.5. Aims and key questions
The broad aims of the study are to experimentally test the interactive effects of temperatures
and grazing by the limpets, S. compressa and F. mutabilis on the seagrass Z. capensis.

The following hypotheses will be tested:

o 1. Increasing temperatures will enhance levels of algae fouling on seagrasses,
given the reported ability of algae to proliferate faster under high temperature
conditions.

o 2. Grazing by limpets will reduce microalgal fouling of seagrasses, especially under
high temperatures

o 3. Given that the limpet S. compressa is a seagrass specialist it will more effective

in limiting fouling of seagrasses than F. mutabilis.
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2. Methods and materials

A mesocosm experiment was undertaken to quantify the interactive effects of temperature and
grazer presence on seagrass condition and algae growth. Seagrass and limpets that were used in the
experiment were collected from Langebaan Lagoon in the West Coast National Park (Fig. 2). Zostera
capensis and Fissurella mutabilis was collected from Oesterwal while Siphonaria compressa was
collected from Geelbek. Prior to commencing the experiment, all visible grazers on seagrasses and
sediment were removed and epiphytic algae delicately scraped off each leaf with the blunt end of a
knife (Nejrup and Pedersen 2008). Seagrass density per pot was quantified and limpets added

according to treatment designations (details given below).

2.1. Experimental Design

The design used in the experiment is illustrated in Figure 3 and based on Nejrup and Pedersen
(2008) and Eklof et al., (2012). Seawater was transferred into four header tanks (120L), each of
which were individually aerated and heated to 4 temperatures, corresponding to the designated
temperature treatments used for the experiment (18°C, 22°C, 26°C and 30°C). The latter treatments
were based on temperature ranges collected in seagrass beds in Langebaan Lagoon over a year in
2010. Water temperatures were initially at 18°C when seagrass cores with grazers were added.
Water was then bought to the desired temperature over a three day period to allow for acclimation.
Water was pumped (Atman PH-2500 submersible pump) from each of the four header tanks into
three interconnected 80L tanks (replicates for each temperature treatment) with regulating valves
to maintain constant flow between tanks.

Connected to each array of three replicate tanks was a fourth 80L tank which collected surplus

water from each array, and was then pumped (Atman PH-2500 submersible pump) back into the
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header tank. This design created a re-circulation system allowing constant water flow between
tanks. The flow rate was kept constant and checked daily (Nejrup and Pedersen 2008, Ekl6f et al.,
2012). The four temperature treatments were maintained by placing heaters (300W Eheim Jager) in
each of the four header tanks. Water temperatures were measured daily to ensure consistency.
Within each 80L mesocosm (excluding the overflow tanks) there were three grazer treatments:

(1) a control with seagrass by no grazers, (2) seagrass with Fissurella mutabilis (2 per seagrass core)
and (3) seagrass with Siphonaria compressa (5 per seagrass core). Grazer densities used in the
experiment were based on in situ limpet densities measured during four surveys of seagrass beds in
Langebaan Lagoon in 2010. Grazers were monitored daily to ensure constant numbers were
maintained. Any additions to grazer numbers through births were removed. In cases of limpet
deaths, new limpets were added to ensure that grazer densities were maintained. All mortalities
were recorded. In total, grazer treatments were replicated three times (Fig. 3). All seagrasses were
contained in plant pots (top diameter = 13cm, bottom diameter = 10.8cm, depth = 10.8cm, capacity
= 1 litre). Osram Lumilux Cool White 58 Watt artificial lighting was used to provided controlled
lighting for mesocosms on a 12 hour day/night schedule. Salinity, nutrient levels, pH, O, and chl-a
were tested throughout the experiment to ensure constant levels (Nejrup and Pedersen 2008, Ekl6f
et al., 2012). Water in each system was changed weekly to prevent build-up of unwanted nutrients.
This involved preparation of 120L of seawater at the required temperatures and replacing “old”
water with fresh preparations. The experiment was conducted over a five week period after which
time the seagrass was removed from the mesocosms and further post experiment analysis

performed.

2.2, Post-experiment measurements

Ten leaf samples were randomly chosen per plant pot and the length and width of each leaf was
measured. For width, three measurements (base, middle and top) were averaged. These measures
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were used to calculate the surface area of each leaf (Short and Duarte, 2001). The algae present on
each of the 10 leaf samples were scrapped into labelled, pre-weighed containers and dried for 12
hours at 60°C (Kendrik and Laverty, 2001, Nejrup and Pedersen 2008, EkI6f et al., 2012). All leaves
(including those chosen for area measurements) from each plant were cut at the base, cleaned of all
bio-matter, placed in pre-weighed containers and dried for 12 hours at 60°C to provide an estimate
of above-ground dry mass per pot (Nejrup and Pedersen 2008, Eklof et al., 2012). Similarly, the roots
contained in each pot were delicately rinsed, placed in pre-weighed containers and dried for 12
hours at 60°C to provide an estimate of below-ground dry mass per pot (Nejrup and Pedersen 2008,

EKISF et al., 2012).

2.3. Data Analysis

Statistical analyses of the data were performed using the statistical program R. Two-way analysis
of variance (Two-way ANOVA) was used to test the main and interactive effects of the treatments on
the response variables. Data normality and homogeneity tests were assessed using Shapiro-Wilks
tests and linear regression model validation test such as qqg plots and residual plots. All data
displayed normal distributions and homogenous variances except for algal mass data and limpet

death data. These data were normalised using Box-Cox power transformations.
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3. Results

3.1. Leaf Abundance

There was a significant difference in percentage leaf deaths between temperatures (ANOVA
df=3, F=6.540, p<0.05), but not between grazer treatments (ANOVA df=2, F=0.146, p>0.05). There
was also no significant interactive effects of temperature and grazing on leaf deaths (ANOVA df=6,
F=1.332, p>0.05). In terms of temperature effects, differences in leaf deaths were greatest between

30°C than 22 °C and 18°C (Table 1), with deaths generally being greatest at 30 °C.
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Figure 4: Mean (+ 1SE) leaf deaths (%) between temperature and grazer
treatments
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Table 1: Results of post-hoc tests (Tukey's HSD) for differences in leaf deaths among
temperature treatments. P = significance level

Temperature Mean p
Treatment Difference
18-22 2.8 0.82
18-26 8.1 0.08
18-30 13.1 <0.05
22-26 5.2 0.38
22-30 10.2 <0.05
26-30 5.1 0.41

3.2. Leaf Length and Surface Area

There was no significant effect of temperature (ANOVA df=3, F=0.905, p>0.05) and grazer
(ANOVA df=2, F=0.092, p>0.05) treatments on seagrass leaf lengths. However the interaction
between temperature and grazing did significantly impact leaf length (ANOVA df=6, F=2.605,
p<0.05). The significant differences lay within the Fissurella mutabilis treatment, with seagrasses in
the 22°C treatment having significantly longer leaves than those at 26°C (Tukey’s HSD post hoc test,
Diff=35.7, p<0.05) and 30°C (Tukey’s HSD post hoc test, Diff=34.6, p<0.05).

There was no significant difference in surface area of seagrass leaves between the different
temperature (ANOVA df=3, F=0.299, p>0.05) or grazer treatments (ANOVA df=2, F=0.216, p>0.05).
The interaction between temperature and grazer treatments significantly affected surface area of
leaves of plants (ANOVA df=6, F=2.743, p<0.05). The most obvious difference lay within the
Fissurella mutabilis treatment at 22°C in which leaf surface area was greater than at 26 °C (Tukey’s

HSD post hoc test, Diff=119.2, p=0.06).

19



250

200 -
E
E
£ 150 -
g
2 W Control (no grazer)
-
]
9 100 - O Fissurella mutabilis
=
o W Siphonaria compressa
b=

50 -

O .
18 22 26 30
Temperature (OC)

Figure 6: Mean (+ 1SE) leaf length (mm) between temperature and grazer
treatments

(o))

o

o
)

(O]

o

o
1

N

o

o
1

MW Control (no grazer)

O Fissurella mutabilis

N

o

o
1

B Siphonaria compressa

Mean Leaf Surface Area (mm2)
w
o
=)

[

o

o
1

Temperature (OC)

Figure 5: Mean (+ 1SE) leaf surface area (mm?) between temperature and grazer
treatments

20



3.3. Algal Mass

There was a significant difference in algal biomass present on seagrass blades at different
temperatures (Fig 7; ANOVA df=3, F=161.18, p<0.001). In general, algal biomass increased with rising
temperatures (Fig. 7), with all pairwise comparisons among temperature treatments being
significantly different (Table 2). The presence of grazers also had a significant impact on algal
biomass on seagrass blades (ANOVA df=2, F=43.41, p<0.001), with algal biomass being different
among all grazer treatments (Table 3). Control treatments had significantly more algae than the
plants with grazers present, but in the presence of grazers, algal biomass was greater in the
presence of F. mutabilis than the presence of S. compressa (Table 3, Fig. 7).

The interaction between temperature and grazer presence significantly impacted the amount of
algae present on the leaves (ANOVA df=6, F=14.86, p<0.001). Among seagrasses subjected to 18°C
and 22°C, grazers had no significant impact on the amount of algal fouling. Within the 26°C
treatment control treatments had significantly more algae than plants with grazers present (Tukey’s
HSD post hoc test, Diff=1.3, p<<0.05) and algal biomass was significantly greater in the presence of F.
mutabilis than the presence of S. compressa (Tukey’s HSD post hoc test, Diff=-0.5, p<<0.05). At 30°C
there was no statistical difference between the algal presence on control seagrasses and those with
F. mutabilis (Tukey’s HSD post hoc test, Diff=-0.2 p=0.6). Plants with S. compressa had significantly
less algae than the controls and plants with F. mutabilis (Tukey’s HSD post hoc test, Diff=-0.4,

p<0.05).
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Figure 7: Mean (+ 1SE) algae mass (mg/mm?) between temperature and grazer
treatments

Table 2: Results of post-hoc tests (Tukey's HSD) test for differences in algal mass (mg/mm?)
among temperature treatments. P = significance level

Temperature Mean p
Treatment Difference
18-22 0.6 <0.001
18-26 1.2 <0.001
18-30 1.7 <0.001
22-26 0.6 <0.001
22-30 1.1 <0.001
26-30 0.5 <0.001
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Table 3: Results of post-hoc tests (Tukey's HSD) test for differences in algal mass (mg/mm?)
among grazer treatments. P = significance level

Grazer Treatment . Mean P
Difference
Control-Fissurella mutabilis -0.3 <0.001
Control-Siphonaria compressa -0.5 <0.001
Fissurella mutabilis-Siphonaria compressa -0.2 <0.001

3.4. Leaf Mass

The different grazer treatments (ANOVA df=2, F=0.15, p>0.05) did not to have any significant
impact on the leaf mass of the various plants. Similarly, the interaction between grazer and
temperature treatments did not influence seagrass leaf mass (ANOVA df=6, F=0.69, p>0.05). The
different temperature treatments had a significant impact on the leaf mass of the seagrasses
(ANOVA df=3, F=7.91, p<0.05). Leaf mass at 26°C was significantly greater than those at 18°C, 22°C

and 30°C.
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Table 4: Results of post-hoc tests (Tukey's HSD) test for differences in leaf mass (g) among
temperature treatments. P = significance level

Temperature Mean p
Treatment Difference
18-22 0.03 0.9
18-26 0.4 <0.05
18-30 -0.02 0.9
22-26 0.4 <0.05
22-30 -0.06 0.9
26-30 -0.4 <0.05
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3.5. Root mass

There was no significant difference in seagrass root mass between grazer treatments (ANOVA
df=3, F=2.246, p>0.05), but root mass did differ statistically between temperature treatments
(ANOVA df=2, F=8.177, p<0.05). Seagrasses in the 26°C treatment had a significantly higher root
mass than seagrasses at 18°C and 30°C. The interaction between temperature and grazing did not

significantly impact the root mass (ANOVA df=6, F=1.13, p>0.05).
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Figure 9: Mean (+ 1SE) root mass (g) between temperature and grazer
treatments
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Table 5: Results of post-hoc tests (Tukey's HSD) test for differences in root mass (g) among
temperature treatments. P = significance level

Temperature Mean p
Treatment Difference

18-22 0.4 0.5
18-26 1.1 <0.05
18-30 -0.2 0.9
22-26 0.7 0.2
22-30 0.7 0.2
26-30 -1.3 <0.05
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3.6. Grazers

There was no significant effect of temperature on limpet deaths (ANOVA df=1, F=0.0341,
p>0.05). There was a significantly higher percentage of deaths of Fissurella mutabilis than Siphonaria
compressa (ANOVA df=1, F=14.736, p<0.05,). The interaction between temperature and grazer also
significantly affected limpet deaths (ANOVA df=1, F=15.956, p<0.05). There was no significant
difference between the percentage of deaths of the grazers at 18°C and 22°C while at 26°C and 30°C
there were greater mortalities of Fissurella mutabilis than Siphonaria compressa (Tukey’s-HSD post

hoc test p<0.05).
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4. Discussion

Changes in temperature can have significant effects on seagrass ecosystems (Short and Neckles,
1999, Orth et al., 2006, Harley et al., 2006, Morelissen and Harley, 2007, Wilson et al., 2009,
Philippart et al., 2011, Doney et al., 2012). The findings of this study are consistent with several
other studies documenting the important effects temperature changes can have on seagrass
systems on the whole (Harley et al., 2006, Morelissen and Harley, 2007, Philippart et al., 2011,
Doney et al., 2012). The findings of this experiment also have important implications for the future
of seagrasses in Langebaan Lagoon for two reasons. Firstly, there has been a gradual increase in
atmospheric temperature in the lagoon over the last 40 years (Fig. 1). Secondly, sea surface
temperatures are expected to rise by an average of 2.5°C by the year 2050 (IPCC, 2001, Hiscock et
al., 2004). Given the latter, understanding how future rises in temperature can impact seagrasses
and key interactions within these systems can assist in managing and conserving these systems and

mitigating, to some degree, the threat of future warming.

4.1. Algal fouling

The relationship between algal fouling and temperature, grazing and their interactions recorded
in this experiment was very complex. It is clear from this study that temperature has a major
influence on the growth of algae on the seagrass blades, with increasing temperatures greatly
increasing the amount of algae present on seagrass leaves. This is an important outcome of this
study as algal fouling can limit seagrass growth and survival. This essentially occurs through algae
limiting the availability of light and nutrients to seagrasses, resulting in poor performance and

ultimately their death and overall decline in marine ecosystems (Short and Neckles, 1999, Shiel et
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al., 2004, Harley et al., 2006, Morelissen and Harley, 2007, Philippart et al., 2011, Doney et al.,
2012). Previous studies on other seagrass species also highlighted the importance of water
temperature in determining the magnitude and extent of the competition on seagrass by algal
epiphytes (Short and Neckles, 1999, Duffy and Harvilicz, 2001, Harley et al., 2006, Morelissen and
Harley, 2007, Philippart et al., 2011, Doney et al., 2012), as benthic microalgal production is strongly
influenced by temperature with photosynthetic rates increasing with temperature to an optimum of
30°C (Blanchard et al., 1997, Morelissen and Harley, 2007). Thus, high water temperatures have
been found to exacerbate the impact of algal epiphytes on the growth of seagrass through limiting
light and carbon (Short and Neckles, 1999, Migne et al., 2004, Harley et al., 2006, Morelissen and

Harley, 2007, Philippart et al., 2011, Doney et al., 2012).

Results of this experiment also show the importance of grazer presence (generally) and identity
(specifically) in providing important “anti-fouling” functions for seagrasses, especially at high
temperatures. This clearly indicates the importance of grazers for the persistence of seagrasses in
Langebaan Lagoon, especially under future higher temperature conditions. Grazer feeding on
epiphytic algae has been shown to enhance the survival and growth of seagrasses and other
macrophytes (Jernakoff et al.,, 1996, Duffy and Harvilicz, 2001, Doney et al., 2012). The importance
of grazer presence in reducing algae fouling was clearly shown by Duffy and Harvilicz (2001). Over a
four week period seagrass without the presence of grazers accumulated a thick coating of epiphytic
algae, whereas seagrass exposed to grazers showed a significant reduction of fouling (Duffy and
Harvilicz, 2001). The importance of grazer presence is also emphasised by Thompson at al., (2004),
who showed using field data and manipulative experiments that reducing grazing intensity led to a
considerable increase in the photosynthetic biomass of epiphytic algae (Thompson at al., 2004).
Morelissen and Harley (2007) showed that the presence of the limpet Lottia scabra had a strong,
negative effect on microalgal biomass, thus emphasising the importance of grazer presence in

reducing algae fouling on seagrass.
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While the importance of grazer feeding on epiphytic microalgae is widely appreciated, subtle
differences in feeding traits among grazers and its potential importance for understanding
community structure and dynamics in marine vegetation is far less recognised. Small grazing
invertebrates that inhabit marine plants were traditionally treated as a homogenous group, with
similar ecology and feeding behaviour (Bell 1991, Duffy and Harvilicz, 2001). Duffy and Harvilicz
(2001) conducted a study on grazing by two amphipod taxa, which produced strong but clearly
different impacts on seagrass fouling levels. The presence of these grazers greatly reduced the
fouling by algae, but seagrasses under the influence of the amphipod Gammarus mucronatus was
generally clean of periphyton but became fouled by a heavy growth of Polysiphonia harveyi (red
alga) while seagrass exposed to ampithoid amphipods were free of all fouling organisms (Duffy and
Harvilicz, 2001). While both amphipod taxa were of similar size their influence on fouling varied

substantially indicating a clear difference between grazer impacts on microalgal presence.

The latter example is very relevant to the findings of this experiment. Apart from limpets overall
reducing microalgal fouling of seagrasses in this experiment, limpet identity was also highly
influential. While the generalist limpet Fissurella mutabilis plays an important role in the removal of
microalgae films on seagrass blades, the obligate seagrass limpet Siphonaria compressa is far more
effective. The latter is probably due to S. compressa having coevolved with seagrasses to survive
solely with it, and therefore having better morphological adaptations to living on seagrasses,
particularly the ability to graze microalgae off seagrass blades. Coevolved relationships are often
intricate with mutually beneficial services being provided by each partner in the relationship

(Loeuille et al., 2002).

The interaction between grazer presence and temperature recorded in this study is illustrative of
the complexity of interactions that take place in seagrass systems that ultimately determine algal
fouling of seagrasses. At lower temperatures (18°C and 22 °C) algal fouling on seagrasses were

similar between the various grazer treatments. This indicates that at low temperatures, the presence
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of grazers is a statistically insignificant determinant of algal fouling on seagrasses. However at higher
temperatures the presence of grazers appears vital in reducing the algal fouling. However, grazer
identity, especially at higher temperatures, is also of importance in determining the level of algal
fouling. Siphonaria compressa clearly managed to reduce algal biomass far more effectively than F.
mutabilis. At higher temperatures, the effectiveness of the generalist limpet F. mutabilis therefore
appears to lessen. At 30°C there was no difference in microalgal fouling of seagrasses between
control plants and those with F. mutabilis. In contrast, seagrasses with the specialist limpet S.
compressa had the least amount of microalgae on blades. This is a vital finding of the experiment, as
future temperature rises can clearly enhance fouling of seagrasses by algae. However, the ability of
F. mutabilis to graze on microalgae lessens at very high temperatures whereas S. compressa
maintains its capacity to feed on algae, suggesting that under increased temperatures, F. mutabilis
may be of little use in controlling algal fouling of seagrasses, but that S. compressa is of extreme
importance. Under field conditions, regions which experience warmer temperatures, on average,
have seagrass with almost only S. compressa present (Lawrence pers data, 2015, Fig. 11). These
patches of seagrass also appear to have virtually no algal fouling and are in better condition than
patches of seagrass which have on average lower temperatures and mostly F. mutabilis (Lawrence
pers data, 2015, Fig. 11). Therefore, field observations concur with findings recorded in this

experiment.

The survival of the limpets under different temperatures in the current experiment also concurs
with field observations. S. compressa is better able to survive at higher temperatures (26°C and
30°C) while F. mutabilis experience a significantly greater death rate. This could explain why S.
compressa is dominant in the warmer Geelbek region of Langebaan Lagoon and the predominant
occurrence of F. mutabilis in cooler areas (Lawrence pers data, 2015, Fig. 11). Based on the results of
the current experiment, future increases in temperature may lead to the demise of F. mutabilis but
this may not necessarily be the case for S. compressa. This species-specific response to high water
temperatures is very important to note, as understanding the thermal tolerances of critical species
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in ecosystems will inform managers on the best management practices available to mitigate against

future temperature rise.
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Figure 11: Mean seasonal temperatures for Geelbek and Oesterval sites in
Langebaan Lagoon. Measured in 2014 (Lawrence pers data, 2015)

4.2, Seagrass leaf morphology

There were no substantial differences in leaf morphological attributes between temperature and
grazer treatments at the termination of the experiment. Temperature stress coupled with the
increases in fouling would have been expected to negatively affect leaf morphology. The lack of
treatment effects could also be due to specific inherent biological and physiological traits of Z
capensis used in the experiment. In general, direct responses of plants to temperature depend on
thermal tolerances of individual species and temperature optima for photosynthesis, respiration,
and growth (Short and Neckles, 1999, Nejrup and Pedersen 2008). Life histories of seagrass will also
influence how increasing temperatures will influence growth. The main problem with interpreting

findings in the current experiment is that there have been no focused studies on temperature and
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grazing effects on Zostera capensis. The only study of relevance was conducted by Edgcumbe (1980),
However this was a preliminary study, and indicating that temperatures over 26°C may decrease

growth rate. The study does suggest further investigation is required (Edgcumbe, 1980).

From previous studies it appears that warm water seagrasses increase rates of photosynthesis
and respiration with increasing temperatures, while temperate species have photosynthetic optima
at temperatures below seasonal maxima. Caution, however, must be applied when interpreting the
above as these studies were not conducted comparatively and the different testing methods used

may confound results obtained (Short and Neckles, 1999, Nejrup and Pedersen 2008).

Studies on the closely related seagrass, Zostera marina, are currently the best available for
interpreting results obtained in the current experiment. It has been shown that high water
temperatures have an overall negative influence on Z. marina. Very low temperatures (5°C) can slow
down the photosynthetic rate and growth but has no effect on mortality. Higher temperatures, such
as those experienced in this study (25°C -30°C), increased mortality and lowered the photosynthetic
rate and growth of Z. marina. It appears that for Z. marina, the ideal water temperature lies
between 10°C and 20°C (Nejrup and Pedersen, 2008). Mediterranean seagrass species (Posidonia
oceanic and Cymodocea nodosa) also showed somewhat similar responses to Z marina to
experimental temperature changes. Leaf formation rates of P. oceanic declined with increasing
temperatures. Rhizome growth and other plant performance indicators for C. nodosa increased with
warming until a thermal threshold of around 30°C, beyond which performance declined (Olsen et al.,
2012). Importantly, the later experiments were run over three months. In contrast, the current
experiment on Z. capensis was run for four weeks; there is therefore the potential that while the
duration of the current experiment was adequate for assessing limpet survival and seagrass fouling,
it was inadequate to assess impacts of treatments on plant morphological attributes. A similar
explanation was provided by Duffy and Harvilicz (2001), who showed that despite grazing having

dramatic impacts on mass and composition of fouling material, grazers had no significant impact on
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the growth of the seagrass. It was concluded that the short running time of the experiment (four
weeks) was insufficient to detect grazer induced affects on seagrass growth (Duffy and Harvilicz,

2001).

5. Conclusion

This is the first study testing the interactive effects of increasing temperatures and grazing by
the obligate limpet Siphonaria compressa and the generalist limpet Fissurella mutabilis on the local
seagrass Zostera capensis in South Africa. It is also one of the few studies globally which incorporates
tests of the joint and individual effects of predicated increases of sea water temperature and grazing
intensity on the performance of seagrasses. Results indicate that increasing temperatures will
positively influence algal growth on seagrass blades but that grazing can limit the level of algal
fouling, with the specialist limpet Siphonaria compressa being significantly more effective in
preventing seagrass fouling, especially at high temperatures. S. compressa is also far more tolerant

to higher temperatures than F. mutabilis.

The findings of this study are especially important for local conservation goals that involve the
endemic critically endangered limpet S. compressa and a drastically declining vital ecosystem
component, the seagrass Z capensis. With changing climate and predicted rises in sea surface
temperatures, it is critically important to be able to accurately predict ecosystem responses to these
changes and adapt accordingly with scientifically robust management practices. These results
suggest that while seagrasses themselves, a vital ecosystem component of Langebaan Lagoon
requires protection, it may be more important to consider the conservation of associated seagrass
fauna when attempting to conserve the seagrass. This could increase survival rates of the seagrass

with corresponding positive effects on seagrass dwelling species. Overall, the results of this
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experiment highlight the need to focus on advancing ecological understanding of the complex
dynamics within this ecosystem and other structurally complex ecosystems, especially future climate
change scenarios, with a focus on understanding the underlying mechanisms that allow systems to

resist or submit to environmental change.
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