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ABSTRACT

After a brief respite in the mid to late ®@entury, macrophysiology has come to the fore in
elucidating large scale ecological patterns andgsses as physiological assumptions often form
the backbone of many predictive theories associatéd species distributions. Critically,
macrophysiological patterns are valuable in exjptgirphysiological variation across multiple
scales and provide insights into the effects ahate change on populations spanning a wide
range of latitudes. This can assist in predicpogsible distribution expansions, contractions or
shifts in light of current climate change scenarle®m this perspective, investigating intra- and
inter-specific physiological responses to environtak stress may contribute to better
understanding and predicting the effects of climatange on geographical ranges. Further,
investigating the physiological effects to envirantal stresses across ontogenetic stages allows
for the identification of weak links within the éi€ycle of a species. Additionally, determining
settlement characteristics along a latitudinal ecliprovides integrated indications of the
sustainability of populations, highlighting vulnbta regions in terms of repopulation of viable
habitats. In this context, the present study aina¢destablishing how temperature, in a
physiological context, may affect reproductive b} of two species of mangrove crab,
Perisesarma guttaturand Uca urvillei at the centre (Kenya) and edge (South Africa) eirth
distributional range along the east coast of Afaca highlight possible consequences for range
distributions. A third speciedyeosarmatium africanuponly in South Africa, was included to
provide additional interspecies comparisons. Funioge, settlement characteristics of
brachyuran populations at the centre and edgeenf thistributional range were considered in

order to determine how settlement may contributgojoulation persistence.




Abstract

Physiological investigations at the centre and exfgéistributional range and across ontogenetic
stages (larvae, stage 2 and 4 embryos, non-granddgeavid females) under the concept of
oxygen and capacity limitation of thermal toleraff@CLTT), revealed that, for both species,
populations at the centre of their distribution Ki¢a) were generally more robust to increasing
temperatures and generally displayed greater plogsoal stability with increasing temperatures
compared to their conspecifics in South Africa. igility in physiological robustness between
regions, did however, differ among ontogenetic esagnd species but, overall, were evident
throughout. Within and between regions, adaptaiiooxygen extraction in both milieus (air or
water) was displayed for present temperature camditout aerial respiration largely alleviated
increased thermal stress due to overcoming thddliions of reduced oxygen availability and
diffusiveness in water for all bimodal ontogenestages. Brooding eggs proved to be a
physiologically critical process with either heigtitoxygen consumption for gravid females or
collapse of physiological processes demonstratedsigyressed oxygen consumption. The
physiological cost of brooding eggs, referred tonaeternal costs, was reflected in in both
Perisesarma guttatunand Uca urvillei where, in most cases, maternal costs were negative.
Again, aerial respiration was able to alleviatedré@ased thermal stress, as shown by positive
maternal costs indicating sustained maternal ¢tarethis mechanism was species and regionally

specific.

Settlement patterns differed between the edge anttecof distribution of the species studied.
This difference was predominantly driven by zonaf@rence within the mangal and/or effects
of new and full moon (lunar phase). Overall, setéat dynamics were more widely variable in

South Africa, both spatially and temporally, tharkienya.




Abstract

Finally, empirical physiological data from ontogénestages present during the reproductive
process (early and late stage embryos) and fromgrenid and gravid females were used in
conjunction with data mined from the existing l#emre to parameterise an individual based
model designed to simulate reproductive outputhat ¢entre and edge of distribution of
Perisesarma guttatunPhysiological data indicate that, in terms of reljucive output across

increasing temperatures, populations based at twrec of their distribution presently

outperform their counterparts at the edge of thecigg’ distribution, but reproductive output
stagnated as temperature rose. Edge of distribupopulations consistently increased
reproductive output with increasing temperaturesventually outperform centre of distribution

populations at higher simulated temperatures.

Overall, results of the physiological and settletngndies suggest that with increased climate
change there may be a contraction of distributioaage of the study species from high latitudes
to low latitudes, contrary to general poleward tshifiigrations seen in most species, with
possible contractions of the entire ecosystem mimgathe disappearance of keystone mangrove

macrofauna.
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CHAPTER 1

GENERAL INTRODUCTION

Species distribution and diversity patterns hawenkatriguing natural scientists since the advent
of evolutionary theory (e.g. Darwin 1859, 1862, \&ed 1878). One of the most fundamental
patterns observed in the natural world is the mseeof biodiversity from high latitudes to the
equator and this has been discussed in detailfdgthora of authors spanning decades of work
which detail this pattern in marine and terrestggvironments, across animal phyla and
encompassing biodiversity across millennia (e.gbZbansky 1950, Fischer 1960, MacArthur
1965, Pianka 1966, 1989, Connell 1978, Rohde 197,880, Schall and Pianka 1978, Huston
1979, Krebs 1985, Stevens 1989, Rohde 1992, Ga$896, Rosenzweig 1992, 1995,
Rosenzweig and Sandlin 1997, Forle¢sal 1999, Willig et al. 2003). Based on this work, an
abundance of hypotheses have attempted to exgleicies distribution and diversity patterns
along the latitudinal cline between the equator thredpoles, but no single hypothesis adequately
accounts for all such patterns (Rohde 1992, GaatwhBlackburn 2000, Williget al. 2003).
Rather, this suggests that patterns of speciesrdiyeand distributions are the result of
interactions of a number of aspects (Wilkg al. 2003). Notably, the physical environment
mostly drives distribution patterns as it has higral effects on biological functions ranging
from molecules to ecosystems (Clarke 2003, Macpine2§02, Somero 2010, Boucher-Lalonde
et al. 2012) and understanding outcomes of climate chahiyers will require an in depth
understanding these hierarchal effects (Spicer Gaston 1999, Ricklefs and Wikelski 2002,

Wikelski and Cooke 2006, Brook 2008, Broetkal. 2008, Cooke and Suski 2008).




General introduction

1.1 Climate change and distributional shifts:

Environmental factors strongly influence speciestrihutions in both marine and terrestrial
environments (Woodward and Williams 1987, Macpher2002, Boucher-Lalondet al. 2012),
indicating that climate has important implicationshaping past and future species distributions
(Petersonret al. 2002, Parmesan and Yohe 2003, Rebtl. 2003, Thomast al. 2004a, b,
Rosenzweiget al. 2008). Impacts of climate change are likely tongeographically (Roatt al.
2003, Parmesan and Yohe 2003, Thombsl. 2004a, Parmesan 2007, Deutsthal. 2008,
Dillon et al.2010, IPCC 2014a, b, c, d) and will depend on geeiic sensitivities of species to
changing conditions (Roessag al. 2004, Harleyet al. 2006, Mundayet al. 2008). The marine
realm is not an exception and studies have showvan itarine species often respond to
environmental factors associated with climate cledmg shifting their ranges (Perey al. 2005,
Parmesan 2006, Hiddink and Hofstede 2008, Muetdr latzow 2008, Dillonet al. 2010).
Range shifts may result in localised extinctiong.(®etersoret al. 2002, Dulvyet al. 2003,
Cheunget al. 2009, Sinerveet al. 2010) or facilitate range expansion and the invasibnew
habitats (e.g. Hiddink and Hofstede 2008, Cheeingl. 2009) which can possibly disrupt and
alter ecosystems and their associated function$ff{[2003, Roessigt al. 2004, Wormet al.

2006, Cheunegt al.2009, Hoegh-Guldberg and Bruno 2010, Doatgl.2012).

Species both at high latitudes and in equatorigiores are expected to be highly sensitive to
climate change with the possibility of localisedieations (Deutsclet al. 2008, Cheunggt al.
2009, Dillon et al. 2010), and generally marine species distributiores @redicted to shift
polewards under the influence of climate changeclvhwill lead to an increase of species

invasion producing greater richness at higherudés (Zacherét al. 2003, Precht and Aronson
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General introduction

2004, Harleyet al. 2006, Cheungt al. 2009). Further shifts are expected to affect psjeacies
with distributions retreating back towards the pas these species are generally less robust than
their lower latitude counterparts (Somero and De¥11967, Peckt al. 2004), while sub polar
regions are expected to experience greater invadrom low latitude regions (Cheurgd al.
2009). Such shifts have been documented in théerorthemisphere particularly at the mid- to
high- latitudes (Waltheet al. 2002, Parmesan 2007, Rosenzweigal. 2008) and under the
present assumptions about climate change are mojented due to the high warming rates in
these regions (Walthet al. 2002, Roott al. 2003, Rosenzweigt al. 2008). The varying rates
of climate change and the complex responses ofiespdigat influence range expansions and
contractions therefore require a global scale metsge to obtain a complete picture of the
effects and repercussions of climate change. Uyiderthese predictions is a strong foundation
in physiology, as biological impacts are likelylie mediated through physiology and metabolic

rates (Portneet al. 2007, Tewksburgt al. 2008, Deutsclet al. 2008, Dillonet al.2010).

1.2 The role of physiology in large scale pattashdistribution:

A promising facet that contributes to the underditagy of species distributions and patterns is
the study of physiology over large scales or maaysmwlogy (Chownet al. 2004, Chown and
Gaston 2008, Gastoet al. 2009, Violleet al. 2014). During the first half of the 0century,
macrophysiology was common place as ecology andiplogy were largely synonymous (e.g.
Shelford 1911, Chapman 1931, Fox 1936, 1938, 1889,and Wingfield 1937, Moore 1939,
1942, 1952, Scholandet al. 1953, Andrewartha and Birch 1954, Scholander 198%he latter
half of the twentieth century however, large sqgathgsiological ecology was rather side-lined
(Kingsolver 1988) compared to the flourishing didicies of molecular biology and

biochemistry and their roles in elucidating the hedsms and effects of physiology (Weibel
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1997, Gastoret al. 2009). In the 2% century, there has been fresh interest in bothelacale
temporal and spatial physiological ecology initigtia call to re-establish macrophysiology
(Chown and Gaston 1999, Spicer and Gaston 1999mdahet al. 2001, 2003, Chowset al.
2004, Osovitz and Hofmann 2007, Chown and Gast@8,2Gastoret al. 2009, Stillman and
Tagmount 2009), with the importance of short temma #ocal studies still being emphasised
(Brown and Maurer 1989, Lawton 1999, Waltle¢ral. 2002, Gastoret al. 2009) as seen in the
combination of small and large scale ecological rapghes (Ricklefs 1987, Ricklefs and
Schluter 1993, Brown 1995, Gaston & Blackburn 200)e basis for this “new light” on
macrophysiology was provided by reviews of the vastount of early 20 century
macrophysiological work in the latter half of the™2century (e.g. Garland and Adolph 1991,
Huey 1991, Spicer and Gaston 1999) forming an ige#atform from which studies into
macrophysiology can be justified, especially in there current context of climate change

(Chown and Gaston 2008).

The merits of large scale studies have come tddieein the identification and explanation of
ecological patterns and processes (Brown 1995,068amthd Blackburn 2000, Blackburn and
Gaston 2003) and are often associated with phygimdbassumptions that back up these theories
(Geist 1987, Stevens 1989, Gastnal. 1998, Chown and Gaston 1999, Spicer and Gaston
1999, Clarke and Gaston 2006, Ghalamétoal. 2006, Millienet al. 2006, Kearney and Porter
2009) with further links to its evolutionary sigicénce (Lovegrove 2000, 2001). Analyses of
macrophysiological patterns are valuable in exphgirphysiological variation across multiple
scales (Clarke and Johnston 1999, Cheitval. 2003). For example, the Rapoport effect, which
applies to diverse taxa in both terrestrial andasiguenvironments, targets the issue of an
increase in species range with latitude (Rapop®r61Stevens 1989, Gastenhal. 1998). This

effect is driven by the more variable (and/or algtion of extreme) climate towards the poles,

4
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which is linked to broader physiological tolerand&sevens 1989). This theory predicts that
tropical species should have less physiologicatifiéty than their counterparts at higher
latitudes (Stevens 1989, Willigt al. 2003, Chownet al. 2004). Quantitative links between
macroecology and physiology were however relatiweigequent (Brown 1995, Kirkpatrick and
Barton 1997, Clarke 2003, Bernardbal. 2007), but amongst recent research, there areestudi
focused on the marine environment (e.g. Pértnefl 2BOrtner and Knust 2006, Gt al. 2005,
Parmesan 2006), including the intertidal habitag).(élelmuthet al. 2002, Placeet al. 2008,
Sundayet al. 2011). Importantly, it must be noted that, withiretmarine realm, large scale
displacements are more likely due to changing @laysionditions than simple expansion and
contractions of distributions (Parmesan 2006), lighting the importance of studying these
systems. Smaller scale studies targeting possibigahility of physiology in relation to
geographic distribution are still relevant as thieym the building blocks upon which
macrophysiology is founded. Additionally, the metiséic basis on which traits are constructed
and linked to local environmental factors (e.g.penature, precipitation, salinity, solar radiation,
productivity) has been identified as a potentiavelr of spatial and temporal variability in
physiological traits and so is essential in thestderation of large scale patterns and processes

across scales (Chovet al. 2004, Gastort al. 2009).

Considering the dynamic yet physiologically vulri#ea nature of intertidal systems (see
Helmuth et al. 2002, Somereet al. 2010), mangroves, which range from warm tempetate,
subtropical and tropical environments, are obvicasdidates to link macrophysiology and
climate change studies. Mangrove ecosystems sparhe east coast of Africa provided an
ideal platform to evaluate the physiological resgemof cosmopolitan species to temperature
change over many degrees of latitude. Due to tabgjoecies living close to their thermal optima

(Krockenbergeret al. 2004, Somero 2005, Deutseh al. 2008, Huey and Tewksbury 2009,
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Dillon et al.2010, Nguyeret al.2011, Faulkneet al.2014, Rummeet al.2014), in Chapter 2, |
propose that species in this region (Kenya) will in@re vulnerable to climate change,
experiencing greater physiological stress and radkersely affected by changing temperatures
(shown by elevated oxygen consumption at highemp&zatures). Meanwhile, | propose that,
while temperate conspecifics will still be affectby increasing temperatures associated with
climate change, the the elevation in oxygen congiamprates associated with increasing
temperatures will be lower than for their tropicebunterparts indicating that they are
physiologically more robust than their tropical oterparts. In Chapter 3, | investigate
settlement dynamics of mangal Brachyura in ordedeatify similarities or differences between
centre (Kenya) and edge (South Africa) populatidbsapter 4 aims to use data collected in
Chapter 2 to parametrise an individual-based coenpuibdel that deals with the reproductive

output of mangrove crabs under changing temperaturditions.

1.3 Structure of thesis:

Comprised of three working chapters, the presergishexamined the metabolic response of two
cosmopolitan brachyurandérisesarma guttatunand Uca urville) that exploit a bimodal
breathing lifestyle within the mangrove ecosyst@king advantage of oxygen uptake from both
air and water. Several ontogenetic stages werettign the evaluation of metabolic response at
both low latitude (Kenya) and high latitude (So#éthiica) regions to allow the examination of
variation in physiological strategies across sdvi#fia stages and the identification of possible
physiological weaknesses (as shown by elevatedemxggnsumption) under the influence of
changing temperatures (Chapter 2). A third spe®iessarmatium africanupwas included in
South Africa to further examine interspecific vailay (Chapter 2). The important facet of
settlement was also considered as this is a crpoless whereby new settlers are recruited in

the existing population contributing to overall pdgtion dynamics and structure (Underwood
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and Fairweather 1989, Flores al. 2002, Papadopoulast al. 2002, Anger 2006). In order to
gather baseline information on the natural setttf@gnrates of cosmopolitan species at key
latitudes (centre and edge of distribution), théimdte aspect of reproductive success,
settlement, was monitored in the two regions olerreproductive season (Chapter L3stly,
using empirical data from chapter 2 and in-situiemmental profiles from each of the studied
sites, an Individual Based Model (IBM) was desigaed implemented to assess the effects of
projected increasing in temperatures (IPCC 2014ppn the production and development of
eggs at each of these localities (Chapter 4). @naptand 5 of the thesis cover the general

introduction and synthesis of this research.

1.4 Overview on the system, reqgion and species:

1.4.1 Importance of Mangrove Ecosystems:

Mangals are among the most biologically important groductive ecosystems globally,
providing valuable ecosystem functions (Adaetsl. 2004, Nagelkerkeet al. 2008, Leeet al.
2014), including the stabilisation of shorelinesgucing the impacts of natural disasters such as
tsunamis and hurricanes (Gétial.2011). Biologically, they provide significant refigoreeding
grounds and nurseries for birds, marine invertelstapelagic and marine fish (Adaras al.
2004, Giriet al. 2011). They contribute to coastal primary productiproducing more than 2
tons hd yr!, making them one of the most productive ecosystmasfurther contribute to food
chains through detrital pathways (Snedaker 197&eRson 1996, Alongi 1998, Adanes al.
2004). Additionally, mangals and their associatedtliments are estimated to sequester
approximately 22.8 million metric tons of carbomaally (Giri et al.2011), accounting for 11%
of the total terrestrial carbon and 10% of thegsinial dissolved organic carbon (DOC) exported

to the ocean (Jennerjahn and Ittekot 2002, Dittetaal. 2006). Economically, these unique
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forests are important in providing building matésjafirewood, enhancing water quality in
estuaries and nearby coastal systems, fisheriesenturism (Ewekt al. 1998, Coleet al.
1999, Adamst al. 2004). Overall mangals are unique, integral pairt$e coastal ecosystem,

important both biologically and economically.

1.4.2 Global distribution of mangroves:

Mangals are conspicuously distributed throughouertidal tropical and sub-tropical areas
globally, usually between 30° N and 30° S latituded are occasionally present in warm
temperate regions (Duket al. 1998, Morriseyet al. 2010, Giriet al. 2011). They inhabit the
land-sea interface, typically growing in sheltenetdrtidal areas that are submerged during high
tide (Alongiet al. 1999). These systems are generally divided intogmwaips; the Atlantic East
Pacific (AEP) and the Indo West Pacific (IWP) witte IWP having greater species richness
(Duke et al. 1998). Overall, mangroves are estimated to coeénvden 13.7 to 15.5 million ha
along the coasts of North and South America, Asi@ Australia, while a further 3 million ha
occur along the coasts of East and West Africad®&lat al. 1998, Adamst al 2004, Giriet al.
2011), although some recent studies suggest teatothl area in Africa has decreased and is
now between 1.1 to 2.6 million ha (Wilkie and Fok2003, FAO 2007, Fatoyinbo and Simard

2013).

Temperature is one of the main environmental factwntrolling the global distribution of
mangroves (Duket al. 1998, Morriseyet al.2010, Saintilaret al.2014). It is postulated that the
latitudinal limits coincide with a mean monthly aispheric temperature of 20°C during the
coldest months of the year (Walsh 1974, Saintdaml. 2014). Their distribution is however

more accurately identified by the position of tf#Q isotherm in sea surface temperature (SST)
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during winter, as this controls latitudinal limits both the southern and northern hemispheres
(Duke et al. 1998, Alongi 2009). The limits for different maoge species can be uneven and
the SST and atmospheric temperature effects may fram each of the described limits for
different species (Quisthoudtt al. 2012, 2013). Studies have identified annual thérma
amplitudes of less than 5°C as being importantistridution patterns (Walsh 1974, Chapman
1975) and Ellison (2000) noted that latitudinalstrdimits and the winter 16°C atmospheric
isotherm were important in driving distributionahlts in the South Pacific. Further literature
suggests that a varying SST winter isotherm betwEermnd 20°C limits the distribution of
mangroves (Tomlinson 1986, Woodroffe and Grindre€l1l Dukeet al. 1998, Alongi 2002). In
any event, there is clear agreement that temperatuone form or another, is a limiting factor

for the occurrence of mangroves.

Growth of some species is already inhibited at BP@mlinson 1986) and decreases in seedling
growth of Avicennia marinahave been recorded below temperatures of 15°C @éah 2004).
Further literature indicates that this species shmegligible growth at 17°C (Steinke and
Naidoo 1991). Frost has been shown to cause emimiis the secondary xylem, killing trees
(Stuartet al. 2007), causing premature death of leaves (Elial. 2006), while temperatures
from -3°C are known to cause deathfofmarina(Sakai and Wardle 1978, Wardle 1985). An
increase in latitude has been shown to correlatie e@creased net primary production in some
Rhizophoraspecies, mortality of propagules and the occugeoic seedlings with damaged
leaves (Krauset al. 2008, Suwa and Hagihara 2008). Trees belongirtgeayenusAvicennia
are amongst the few that show some frost toler§&tmvenset al. 2006), making them among

the most widely distributed species across latsu@aintilianet al.2013).
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The latitudinal distributions of mangroves alongtieental east and west coasts vary due to
oceanic currents; cool western boundary currerienafause constriction of distributions due to
unfavourable climatic conditions and limitation pfopagule dispersal, while warm eastern
boundary currents cause an expansion into highieudas (Chapman 1975, Duke 1992). These
notable modifying factors are prominent along thestmcoasts of America and Africa, where
there is an absence of mangroves south of &i3@ 12°20respectively. Along the east coast of
Africa, mangroves make up an integral part of thastal ecosystems and range from Egypt (28
N) in the northeast of the continent to the southed South Africa (29 S) (Fatoyinbo and
Simard 2013). The northern latitudinal limits of mgaoves along the Indian Ocean and Red Sea
are restricted by factors such as temperature addya(Fatoyinbo and Simard 2013). Mean
average rainfall of below 30 mm yeamlong the west coast of Africa has also been shovire
important in restricting the distribution of manges (Saenger and Bellan 1995). Aridity is
considered to be the second most important climfator restricting the distribution of
mangroves as they require higher temperaturesuimival in these conditions (Spaldireg al.
1997, Saenger 1998, Quisthowdtal. 2013). Other factors that influence distributiopatterns

of mangroves include nutrients, which are linkedinalerlying differences in geochemistry over
latitudes (Loveloclet al. 2007), wave energy, salinity, pH, and durationnoindation by water

(Morriseyet al.2010).

Mangals consist of a range of functional formsJuding trees, shrubs, a palm and a fern, all
generally greater than half a meter in height. Cameg to other high biomass tropical
ecosystems such as coral reefs or tropical raisferéhey have considerably lower species
richness (Ricklefs and Latham 1993). In order twise in the harsh intertidal region, flora have
a broad range of structural and functional adamtati(Dukeat al. 1998). These adaptations

include, but are not limited to, pneumatophoreg. @vicenniaspp.), prop roots (e.gRhizophora
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spp.), mechanisms for physiological salt exclugmeg.Rhizophoraspp.) and/ or excretion (e.qg.
Avicenniaspp.) and viviparous propagules (Passicetral. 1992, Clarke and Allaway 1993,

Kathiresan and Bingham 2001, Kitagial.2002).

For the purpose of this study, East African mangsowvere selected from their mid-
distributional range in Kenya, specifically GaziyBand Shirazi Creek, while two mangrove
systems were chosen from the southern edge ofdisiibution in South Africa, Mngazana and

Mntafufu estuaries (MacNae 1963, Saenger and B&B&5, Spaldingt al. 1997).

1.4.3 Kenya:

The Kenyan coastline experiences two distinct sestropical monsoon cycles, with the
southeast (SE) monsoon occurring between April Segtember while the northeast (NE)
monsoon occurs between October and March (McClan&B88, Wakibiget al. 2006). The SE

monsoon is characterised by strong winds, low gt water temperatures, low solar radiation
and heavy rains (Wakibiat al. 2006). In contrast, the NE monsoon is a reversalhete

variables (McClanahan 1988). Overall, there is amannual precipitation of approximately
1144mm and the mean monthly temperature ranges 2&81to 29.9°C while the mean annual

temperature between 1931 — 1990 was 26.4°C (kie#h 1999).

Gazi Bay (39°30’E, 4°22'S) is located on the soutlmast of Kenya, 50 km south of Mombasa.
The bay opens into the Indian Ocean through a @.5%vide mouth and is mostly shallow with a
mean depth of 4 m (Kitheka and Mwashote 1997). iRgeitito the 15 krhbay are two rivers,
the Kidogoweni River at the north-west of the bayhich supports the majority of the

mangroves, while the Mkurumuji River is on southstvede and supports a much less extensive
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mangrove stand (Kitheka and Mwashote 1997). Thehoa¢nts for the Kidogoweni River and
the Mkurumuji River extend 30 Kmand 164 krfy respectively, into the Shimba Hills which
receive an average rainfall of 900 mm yeafFhe mangrove forest contained within the bay
covers approximately 7 Kmand consists of all the mangrove species commdropical east
African mangrovesAvicennia marinaBruguiera gymnorrhizgL.) Lam., Ceriops tagal(Perr.)
C.B. Robinson, Heritiera littoralis Dryand., Lumnitzera racemosaWilld., Rhizophora
mucronata Sonneratia albe&Sm., Xylocarpus granatuniKoen, Xylocarpus moluccensidamk.)
Roem andPemphis acidulaForst (Cannicciet al. 2009, Richmond 2010). Shirazi Creek
(39°25’E, 4°31'S) is located 12 km South of Gazy Bad approximately 62 km from Mombasa
and makes up part of the Shirazi-Funzi mangrovéesyd$ed by the Ramisi and Mwena Rivers
which drain through the Mamuja and Vikurani Creekspectively (Cannic@t al. 2009). This
mangrove system is made up of the same east Afgpagies found in Gazi bay excedpt
acidulais absent (Cannicat al. 2009). In both these systen#®, mucronata, C. tagandA.
marinaare the dominant species and make up approxima@&y of the mangrove (Spaldireg

al. 2010).

1.4.4 South Africa:

The area and species composition of South Africamgroves are smaller and less diverse
compared to those found in the tropics. South Afrienangroves generally consist of three
species of treeAvicennia marina, Bruguiera gymnorrhizmnd Rhizophora mucronatalhese
species are not necessarily cold specialists, atiter have a wide latitudinal distribution
(Morrisey et al. 2010). These mangroves are restricted to estudtiesto high energy wave
action which prevents the establishment of operstcomngrove ecosystems (Quisthoatsl.
2013). Wave action either prevents the establistimokpropagules or creates delays between

new shore creation and colonisation by mangrovés k€ and Myerscough 1993, Alongi 2009).
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Along the east coast of South Africa, mangroves r®ricted to 37 estuaries covering
approximately 1688 ha, and make up about 0.05 %heftotal area of mangroves found in
Africa (Adamset al. 2004). Mangroves distributed within estuaries ferthorth, closer to the

tropics, are larger than their more southern copatés (Adamt al.2004).

Out of the 37 estuaries hosting mangroves in Sd\ftica two estuaries, Mngazana and
Mntafufu were chosen on the basis that both coethrelatively large mangrove stands, and are
approximately 25 km apart and are estuaries coreside be close to the furthest southern limits
of mangrove distribution. The Mngazana catchmerer 275 krfi(Emmerson 2005) and the
5.3 km estuary which enters the subtropical seatioimdian Ocean (29°25'E, 31°42’S) is rated
as the third largest mangrove system in South Afdt 1.45 krh (Colloty 2000, Adamst al.
2004, Rajkararet al. 2004). The 5 km long Mntafufu estuary is considet@ host a medium
sized mangrove stand in South African terms anelstsnated to cover 12.4 ha (Adamisal.
2004) and enters the Indian Ocean at 29°38’'E, 3%$3Both the Mngazana and Mntafufu
systems have extensive intertidal flood plains Whacilitate complex riverine forests with high
tree densities (Adanmet al. 2004). In these systemAyicennia marinds the pioneer species on
both the seaward and landward edges of the margyrBwaguiera gymnorrhizdorms a band
between the stands @&. maring while Rhizophora mucronatdines the channels running

through the flood plains (MacNae 1963, Rajkaran addms 2012).

The Port St Johns area, which encompasses bothriestuis subject to year round rainfall
although greater precipitation is recorded duringser (November to January). Weather data
for this area has been collected over 89 years0(192009) during which mean minimum

temperatures range between 10.5 to 22.4°C whilenmmeximum temperatures are between 18.7
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and 28.2°C, the average * SE rainfall for this quris 115.6 £ 3.4 mm during summer while

average = SE winter rainfall was recorded at ab 483.1 mm (Rajkaran and Adams 2012).

1.4.5 Mangrove Fauna:

Mangals host a diverse array of macrofaunal assegablthat display a variety of lifestyles from

marine to semi-terrestrial to fully terrestriand include members from the Gastropoda,
Brachyura, Insecta, Arachnida and Oligochg&avichandran and Wilson 2012, Vannini and

Fratini 2012). The importance of these assemblagesngrove ecosystem functioning has been
revised over the past two decades (Canretal. 2008, Lee 2008) and their role in ecosystem
functioning and mangal structuring clarified (SmitB87, Smithet al. 1991, Lee 1998, 2008,

Kristensen and Alongi 2006, Canni@tial. 2008, Kristensen 2008).

1.4.6 Importance of the Brachyura:

The fauna of mangal systems is dominated by braenyarabs, which have evolved to take
advantage of the available marine, intertidal,etstmal and arboreal habitats, exploiting several
niches critical to mangrove ecosystem functionidgr{noll 1975, Jones 1984, Dahdouh-Guebas
et al. 2002, Fratiniet al. 2005, Dukeet al. 2007, Mukherjeet al. 2012, Vermeiren and Sheaves
2012). The integral role of mangrove fauna in estay functioning was highlighted in
Australian mangals (Robertson 1986, Robertson aasidD 1989, Micheli 1993) where
mangrove brachyurans were shown to scavenge agdipuo 28% and 71 - 79% of leaf litter in
the low and high intertidal zones respectively (Btdon 1986, Robertson and Daniel 1989).
Crabs also feed extensively on detrital matter @nidhary production located in mangal
sediments (Crane 1975). This highlights the impaaof brachyurans in the trapping and

converting of primary production and in transfegriih to higher trophic levels, both within the
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mangal and as exported larvae (Giddiegal. 1986, Robertson and Daniel 1989, Micheli 1993,
Skov and Hartnoll 2002, Hartnodit al. 2002). It is hypothesised that due to the depasit a
carnivorous feeding preferences of the crab assagablin the Atlantic East Pacific, their role in
mangrove ecosystem functioning differs from thodethe herbivorous Indo-West Pacific

mangroves assemblages (Robertson 1988, Mclvor auitth $995).

East African mangals are estimated to produce dfe® hayr™ of primary production of which
80% is leaf litter (Shunula and Whittick 1999). Thentribution to the detrital pathway in
mangals by microalgae, phytoplankton and epiphigegenerally low (Alongi 1998), but the
greater nitrogen content of algae suggest thatfdinniss an important supply of organic nitrogen
into mangal food webs (Newadl al. 1995, Kristensen 2008, Bouillat al. 2008). The majority

of the East African brachyuran assemblages are gsatbof members from the Graspidae
superfamily and the Ocypodidae family (Hartnoll 29dones 1984). Grapsidae in particular, are
voracious herbivores and the removal of leaf littem African mangals is amongst highest in
the world (Micheliet al1991, Steinkeet al1993, Skov 2001, Olafsscet al. 2002). Grapsids
generally macerate, ingest and bury leaf litteevpnting loss of nutrients from the mangal and
promoting decomposition (Emmerson and McGwynne 1982 1997). Ocypodids, in contrast,
primarily feed on micro-algal mats and are gengraitated in open areas of the mangal where
sunlight promotes algal growth (Nobbs 2003, Krisemand Alongi 2006). Their feeding effects
are confined to the upper few millimetres of thdisent (Dye and Lasiak 1986) that the crabs
sort, consuming micro-algal cells, nematodes, auddoia, while the residue is shaped into balls
and placed back on the surface of the sedimenn¢Era998). Studies suggest fiddler crabs have
profound effects on micro-algal and bacterial ataunogs (France 1998, Bouillat al. 2002,
Mezianeet al. 2002, Reinsel 2004, Kristensen 2008) as well a®fanena through predation,

disturbance or competition for food (Schrijvatsal. 1995, Olafsson and Ndaro 1997, Reinsel
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2004, Weis and Weis 2004). Furthermore, the midhghe sediment that occurs during the
feeding process greatly alters microbial distribntand activity due to change in the chemistry

of the upper 2cm of the sediment (Kristensen arahéil 2006).

Members of the Graspidae and Ocypodidae furthetribome to ecosystem functioning by
burrowing extensively in the mangal, with signifitaeffects on the topography and
biogeochemistry of the sediments, emphasisingdleeaf these species as ecosystem engineers
(Smith et al. 1991, Mouton and Felder 1996, Botto and Iribarn®@®O0Kristensen 2008).
Additionally, the faecal matter of brachyurans cimites to secondary production via enhanced
microbial activity (Lee 1997, Gillikinet al. 2001, Kristensen and Pilgaard 2001, Kristensen
2008). Furthermore, mangals have been highlightedinaportant feeding grounds with
brachyurans and other invertebrates being a prinfeogl source for mobile marine and
terrestrial fauna, further reinforcing their crdaiale in ecological functioning (Wilson 1989, Fry
and Ewel 2003, Lugendet al. 2006). Finally, very recent and novel findings gest that the
burrowing activity by mangrove associated crabsy(@dids) might influence directly and
indirectly the productivity of mangroves by supplgi oxygen to the roots, not only during

ebbing tides, but also during tidal submersion (@aai et al. unpublished data).

1.4.7 Model species:

Perisesarma guttaturfBrachyura: Sesarmidae) (A. Milne Edwards, 1869):

Perisesarma guttatums endemic to the east coast of Africa, spanningrse degrees of latitude
from Somalia to the Transkei region of South Afyiita distribution further extends across the
Mozambique Channel to Madagascar (Kensley 1981 nMamand Valmori 1981, Lago 1993a,

Silva et al. 2010a). This species occupies the seaward fringlbeofmangal (Macnae 1968, pers
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obs) and is mostly associated with the root systeii®hizophora mucronatéCannicciet al.
1996). P. guttatumroam freely on the mangal floor, rarely construgtiourrows, but rather
sheltering in crevices, holes and prop roots; tiypically feed on mangal leaves and any other
available organic matter (Fratiet al. 2005, Silvaet al.2010a). Females reach sexual maturity at
approximately 2 years of age (Flomsal. 2002) and in tropical regions breed year roundv@so
and Mambonhe 2000, Skov 2001, Floetsal. 2002), while in temperate regioi’s guttatum
demonstrates seasonal breeding patterns (per3. ®he. eggs are brooded through five stages
on the underside of the female abdomen (Skov 280doniet al. 2013) and planktonic larvae
are released during the ebb phase of new and finnspring tides, as is typical of sesarmid
species (Florest al. 2002, Skowet al. 2005, Guerao 2011, 2012). Larvae spend approxignatel
22-25 days as pelagic larvae during which they immatrough five zoeal stages and one
megalopa stage (Lago 1993a). Recent phylogeneticrarphometric analyses have indicated
that there are two divergent clades, the first dperssociated with populations in Kenya,
Tanzania and northern Mozambique, while the sectandk is present in southern Mozambique,
(Inhaca Island and Maputo Bay) (Sileaal. 2010a) and presumably populations located further
south, along the coast of South Africa. Althouglo wergent clades d?. guttatumhave been
identified along the east coast of Africa (Siktaal.2010a), | do not expect this differing genetic
diversity to confound the results of the studydasrgent physiological responses are expected
at the centre and edge of the distributional raagy@opulations will likely show adaptations to
present climate conditions regardless of clade.niptes of different genetic lineages having
different physiologies for mussels have been deedrby Zardet al.(2011). Additionally, Silva

et al. (2010a) were unable to determine whether the @iffication occurs due to a distinct break
or is a result of clinal variation (Hebest al. 2003, Silvaet al. 2010a). Early studies of this

species may also have confustgtisesarma samawativhich was described for the first time in
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2004 by Gillikin and Schubart) fdP. guttatum.In this study care was taken to identify and

separate these two species to prevent confoundiregoits.

Neosarmatium africanurfBrachyura: Sesarmidae), previoudlgosarmatium meinerfDe Man

1887):

In 2009 the phylogeography dfeosarmatium meinerivas investigated based on genetic and
morphological traits throughout its geographicalga producing a species complex with four
evolutionary branches; African mainland, westemtidn Ocean islands, south-eastern Asia, and
northern Australia (Ragioniegt al. 2010). Subsequently, with the sequencing of mitadnial
genes, the African mainland complex was renaniNsbsarmatium africanumwhich is
distributed from Somalia to South Africa reachiragtp of Madagascar (Ragionieti al. 2012).

N. africanuminhabits the upper intertidal region of estuaaes mangals where they are rarely
submerged, they burrow up to 80cm into the sediroftah reaching the water table (Skov 2001,
Berti et al. 2008). Mangrove leaves form a large part of the, dispecially those oAvicenna
marina, as well as small amounts of animal matter (Emmesa McGwynne 1992, Dahdouh-
Guebaset al. 1997, 1999), indicating that this species playsnéegral role in the biochemical
cycle in mangrove ecosystems (Skov and Hartnoll220Gurthermore, this species feeds
intensively on mangrove propagules, highlighting importance in mangal regeneration
(Dahdouh-Guebast al. 1998, Bosireet al. 2005). Breeding seasons fdr africanumvary along

its latitudinal distribution. In Kenya, the breediseason is typically during the dry season
between February and April, while in South Africeedding occurs during the summer months
of January and February (Emmerson 1994, 1999, k61, Skovet al. 2005).N. africanum
broods eggs through five stages on the undersidiés ddbdomen (Skov 2001) and releases

pelagic larvae which include five zoeal stages @mel megalopa stage (Lago 1989).

18



General introduction

Uca urvillei (Brachyura: Ocypodidae) (A. Milne Edwards, 1852):

The distribution ofUca urvillei spans the east coast of Africa from Somalia tatlSédrica and

it is present in Madagascar, coastal Pakistan ag&tenn coastal India (Vannini and Valmori
1981). Within the mangal, it is typically assocthteith open muddy areas between stands of
Rhizophora mucronatand Avicenna marinavhere it is able to construct burrows, graze and
filter sediment (Hartnoll 1975, Branch and GrindEy79, Litulo 2005a). In tropical regiond,
urvillei is considered to breed year round (Litulo 2005d)ilevin temperate regions breeding
occurs seasonally (Emmerson 1994, 1999). Femalesdbeggs on the underside of their
abdomen through five stages until larval releasehvbsual occurs during the spring high tides
associated with new and full moon (pers. obs.)h@lgh this species inhabits areas inundated
with water twice daily, it tends to avoid submersloy foraging during low tides and retreating
to its burrow during incoming tides, where it plufg entrance with a disc of mud preventing
submersion (Cannicci et al, unpublished data)s @immon in fiddler crab species (de la Iglesia

1994).

1.4.8 Characterisation of the in-situ environmentainditions of model species

habitat:

To characterise natural temperature and humidityiattans experienced by brachyuran
populations at their respective latitudinal disitibns, ten temperature i-button loggers (Maxim
integrated product, ColdChain Thermodynamics) weaeed in water proof silicon capsules to
prevent water damage and placed in areas inhabitetthe model species. The loggers were
haphazardly positioned both 1cm above and 20cmwb#ie sediment surface in semi shaded
conditions typical of mangal habitat. A further fatbutton temperature and humidity loggers

were placed approximately 1.5m above the sedimaridce in each area. The temperature i-
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button loggers were set to record temperature évenyn for 15 days, while the temperature and
humidity loggers recorded both temperature and Hitynvalues for the same time intervals,
after which the data were retrieved and the i-m#teeset. Data were downloaded with Cold
Chain ThermoDymanimcs software (version 4.9 — FKalge Technology), and average
temperature for each hour of each day was calculdielal data were sourced from Witide

(version 3.1.7; www.wtide.comAll data were collected during field expeditiaioseach region

limiting the available time for data collection. Kenya, field expeditions corresponded to the
northeast (NE) monsoon (McClanahan 1988, Walébial. 2006). The NE monsoon is thought
to be the equatorial equivalent to peak summepinttSAfrica. Both these periods correspond to
the peak breeding season for the targeted studyesp@ this thesis. Data collection was further
subject to the number of available i-button loggénsiting data collection to specific periods at

specific sites.

Gazi Bay mangal, Kenya

The environmental conditions of the zones inhabibgdPerisesarma guttatunamong the
Rhizophora mucronateoots (Figure 1.1) and the open areas betviRamucronatarees which
Uca urvillei typically inhabits (Figure 1.2) at Gazi Bay, wetearacterised over 47 days during

the northeast monsoon season in Kenya (McClana®) 1
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Figure 11: Temperature, humidity and tidal profile for tRhizophora mucrona zone within
the Gazi Bay mangal, which typically hoPerisesarma guttaturand whereUca Urvillei are

occasionally foundThe profile was recorded between 31 October 20811§nDecember 201
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Mngazana estuary mangal, South Africa:

Over 27 days during the summer months of JanuadyFatruary at Mngazana estuary, South
Africa the environmental conditions of the zonegidglly inhabited by the study species were
characterised. These were fRRizophora mucronataone among the roots which is the typical
habitat ofPerisesarma guttaturgFigure 1.3), the open areas betw&rmucronatdrees where
Uca urvillei are found (Figure 1.4) and along the high tide krafrthe banks of the estuary

whereNeosarmatium africanurre locateqFigure 1.5).
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CHAPTER 2

THERMAL SENSITIVITY AT THE CENTRE AND EDGE OF
DISTRIBUTION RANGE: VULNERABILITY OF MANGAL

MACROFAUNA TO GLOBAL CLIMATE CHANGE

2.1 Introduction:

Anthropogenically induced climate change signifibaalters the physical and chemical aspects
of ecosystems worldwide, affecting their functianiend structure (Waltheat al.2002, Deutsch

et al. 2008, Hoegh-Guldberg and Bruno 2010, Domeyal. 2012). These changes have large
scale biological effects such as driving pole-waslsfts in species distributions, varying
population sizes and growth rates and restructudgagimunity diversity and interactions
(Somero 2010, Sundagt al. 2012). On a smaller scale, localised effects irgluslt are not
limited to, variations in reproduction, foragingnter- and intra-specific interactions,

morphology, behaviour and physiology (Harktyal. 2006, Helmuthet al. 2006, Pértner 2010).

While global climate change is recognised as amawgking process, its effects are not uniform
on all ecosystems (IPCC 2014a, b, c, d). For exampl Africa, temperature increase at high
latitudes is expected to be greater compared teases at tropical latitudes (Deutsshal.

2008, Dillonet al.2010). Furthermore, while warming is expected ithiderrestrial and marine
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environments it will occur to different degreeshe two milieus (Deutscht al. 2008, Dillonet

al. 2010). Intertidal communities are particularly vedable to climate change as organismal
fitness is significantly decreased by acute or aics temperature changes that exceed an
organism’s thermal window (Hawkinst al. 2008, Cheungpt al. 2009). Intertidal systems are
further stressed, as the species within inhabiaraow transition area between the marine and
terrestrial environments and are thus affected Hey complex interactions of a multitude of

chemical and physical stressors (Alongi 2008, Nagg&kn 2008).

Oxygen and capacity limitation of thermal toleraf@C&€LTT) has been suggested as a unifying
principle to explain the sensitivity of terrestreahd aquatic ectotherms to thermal stress. Under
this principle, the ability of an organism to extr@axygen from the environment and efficiently
deliver it to its tissues is one of the key deteramits of its thermal tolerance (Frederich and
Portner 2000, Portner 2001, 2002, 2010, Meatrlal. 2002, Melzneet al. 2006, Wittmanret al.
2008). During short or long term thermal stresthathigh and low limits of the thermal window,
responses in the respiration and circulatory systduffil the increased oxygen demands,
however, when they can no longer cope with theem®ed demand, the organism’s thermal
tolerance is constrained by the onset of hypoxemiajor thermal stress induces protective
metabolic pathways such as the production of heatksproteins (Morimoteet al. 1994, Hartl
and Hayer-Hartl 2002, Hamdoun and Epel 2007), lweihtially tissue anaerobiosis sets in

compromising recovery and ultimately survival.
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OCLTT predicts that the effects of thermal stragsadleviated by an increased supply of oxygen
either by optimisation of respiratory mechanisms lyr an increased supply from the
environment, thus widening the thermal tolerancedaiv. For example, the green ci@arcinus
maenasexploits haemocyanin-bound oxygen reserves twiatke thermal stress and widen its
thermal tolerance window (Pdrtner and Giomi 201M8hile work on the Antarctic eelpout
Pachycara brachycephalumemonstrated that hyperoxic water mitigates teatpez induced
loss of performance, allowing survival at highanperatures compared to individuals exposed

to normal oxygen conditions (Magk al.2002).

Oxygen is vastly more available in air than wated &as a greater diffusiveness; breathing air
conveys a distinct advantage to bimodal breathmgguasms approaching their upper or lower
thermal windows, allowing them to reduce the costespiration and extend their thermal
tolerance (Portner 2001, 2010, Verbetkal. 2011, Giomiet al. 2014). This translates into an
advantage when the organism’s respiratory appaiategptimised to extract oxygen from air
(Farrelly and Greenaway 1994, Morris 2002, Gietal.2014). Embryos also display the ability
to exploit oxygen uptake from air and water (Caonét al. 2011, Simonet al.2011, Simoniet

al. 2013), although brooding behaviour of brachyuramgtd the supply of oxygen to eggs at the
centre of the egg clutch and requires the femalenttertake behaviours that adequately ventilate

the brood mass (Woods 1999, Fernareted. 2000, Fernandez and Brante 2003).

The exploitation of both aquatic and aerial mediadxygen provision (bimodal breathing) has
been documented in a variety of vertebrate andriebeate phyla. Among vertebrates, the most

extensive examples occur in fish with approxima#{ species relying on aquatic and aerial
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media for oxygen provision to differing extents y8aand Davenport 1991, Brainerd 1994,
Graham 1997, Aguilaet al. 2000, Ishimatseet al. 2007), while among invertebrates, multiple
taxa display bimodal breathing (e.g. Molluscs; matal. 1984, Dye 1987, Fratiret al. 2001
and Annelids; Mill 1996). Crustacea have been paldrly successful in utilising bimodal
breathing to inhabit the aquatic-terrestrial bougida marine and fresh water environments of
temperate and tropical regions (Innes and Tayl@&61®artnoll 1988, Henry 1994, Canniati

al. 1996, Gillikin and Schubart 2004, Schubketral. 2006).

True crabs (Decapoda; Brachyura) are at the baeginaf their terrestrial transition and have
evolved a variety of novel and modified breathioagmoregulatory and excretory pathways that
enable them to take advantage of the terrestriar@mment (Little 1983, 1990, Dejours 1988,
Burggren 1992, Henry 1994, Weihrauehal. 2004). Novel respiratory adaptations include gill
sclerotisation, to prevent the collapse of the iragpry epithelia or the use of gill chambers as
lungs (Farrelly and Greenaway 1994, Morris 2002on@iet al. 2014), while a shift from
ammonia to uric acid in nitrogen excretion has prbyivotal in the terrestrialisation process
(Bliss 1968, Burggren and McMahon 1988, Henry 198dl)extant marine brachyuran families,
with terrestrial and semi-terrestrial species, haxamples inhabiting mangals (Hartnoll 1988,
Schubartet al. 2006) which exploit intertidal, supratidal and evarboreal habitats (Hartnoll
1975, Jones 1984, Dahdouh-Guelssal. 2002, Fratiniet al. 2005). Further, facilitating
expansion into terrestrial environments have bekptations to feeding behaviours (Cannetci
al. 1996, Ericksoret al 2003, 2004) and sensory systems (Canmitcai. 2002, Zeil and Hemmi

2006).
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Whilst adults are able to exploit the terrestriavieonment to varying extents, reproductive
aspects restrict true terrestrialisation and firrtiy the Brachyura to the aquatic environment
(Anger 1995, Simonet al.2011). Females typically brood their eggs betwéenatbbdomen and
carapace where they are fixed to pleopods by fitasantil hatching (Fernandez al. 2002).
This allows the female to protect, clean and maintiae embryos, but at the same time incurs
metabolic costs (Bauer 1989, Fernanad¢zal. 2000, Ruiz-Tagleet al. 2002, Fernandez and
Brante 2003). As it stands, fairly little is knowabout the biology of mangal brachyuran
embryos (Canniccet al.2011), with information recently being published atimited number
of species (e.g. Simomit al.2011, Simoniet al. 2013). Although embryos of different species
demonstrate varying degrees of terrestrialisattiemiselves, most still require water for the
removal of metabolic waste and the facilitation afygen diffusion across the embryonic
membrane (Canniccet al.2011, Simonket al.2011, Simonet al. 2013), needs that are fulfilled
by the ovigerous females. This necessity implicatdsehavioural adjustment of both females
and embryos into a bimodal breathing lifestyle,ihguo extract oxygen from air and water.
Several East African mangrove Sesarmid speciesladguperform such behaviour e.g.
Perisesarma samawatChiromantes ortmanniChiromantes eulimenParasesarma leptosoma
and Selatium elongatuniSimoni et al. 2011, Canniccet al. 2011, Simoniet al. 2013). Once
hatched, larval development occurs predominantihéaquatic environment further enforcing

the aquatic ties in Brachyura (Anger 1995).

OCLTT has further been verified in crustaceandarye.g. Storctet al. 2009), as well as in
small zooplankton (e.g. Seidt al 2005), and results obtained in the laboratorgro#ffectively

support the application of this theory to natura@rsarios (Frederich and Pdrtner 2000, Portner
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2001, Market al. 2002, Melzneret al. 2006, Wittmannet al 2008). Only recently has this
principle been focused on bimodal breathing orgasige.g. Giomet al. 2014, Giomiet al.in
press) and to a limited degree been explored ovéatimdinal gradient using adults of
conspecific species (Fugt al. 2014). Additionally, this principle has not beenpkgd to
brooding bimodal breathing organisms where a mismat thermal tolerance between mother
and embryo may have critical outcomes especialth wie increasing temperatures associated

with global climate change.

To verify the vulnerability of mangal crabs to cite change, | investigated the physiology of
two intertidal crabs Rerisesarma guttaturand Uca urvillei) at the centre (Kenya) and edge
(South Africa) of their distributions along Eastridh. Specifically, | propose that ontogenetic
life stages (females with and without egg¥ @hd 4' stage embryos and larvae) at the centre of
their distribution will experience greater physgical stress and to be more adversely affected
by changing temperatures (shown by elevated oxggesumption at higher temperatures) than
at the edge of their distirbution. Furthermore,rogmse temperate conspecifics will still be
affected by increasing temperatures associated sliittate change. However, the elevation in
oxygen consumption rates associated with increasengperatures will be lower than their
tropical counterparts. Interspecies variability drygen consumption was also compared for
these ontogenetic life stages at each localityguBiaerisesarma guttaturand Uca urvillei in
Kenya andPerisesarma guttatuntUca urvillei and Neosarmatium africanurm South Africa.
The effect of brooding eggs on female physiologsreafter termed maternal costs (MC), was

also investigated over the same latitudinal scale.
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2.2 Methods:

These experiments were conducted in two differenntries at different times during the study
on mangal brachyurans. As such, different oxygensgmption meters were used due to
availability. Unfortunately, oxygen consumption erstwere not available in each locality at the
same time to perform baseline studies to confirmt tthe meters and methods produced
comparable data. However, non-significant diffeendetween Kenya and South Africa
obtained at ambient temperature (27°C) using diffel/O, meters and methods verify that these
results were in fact comparable. All oxygen metessd had built in temperature compensation

software to adjust for dissolved oxygen availablevater at different temperatures.

2.2.1 Oxygen consumption by larvae:

Gravid femalePerisesarma guttaturmndUca urvillei were collected in Kenya and South Africa
and additional gravitNeosarmatium africanuwere collected in South Africa. For each species,
embryonic stage of gravid females were assessedfeandles brooding "5 stage eggs were
placed in separate plastic containers containircksrcand aerated seawater. Females were
typically kept in these holding tanks for 1-2 ddyefore hatched larvae were released in to the
water. Larvae of each species were then collecidgua pipette and placed in separate
temperature controlled holding tanks with aeratsirsater set at 27°C. Two different techniques
were used to measure oxygen consumption of larv&vouth Africa and Kenya due to oxygen

meter availability.
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In South Africa, for each species, between 50 add [hrvae were placed in a 2ml mass
spectrometer vial filled with recently aerated satewv with an oxygen sensor spot glued to the
inner wall, the vial was then sealed. A Fibre-omtiiygen meter (Fibox 3 with oxygen Micro-
optode Type PSt3 PreSens, Regensburg, Germanypratatl in air-equilibrated seawater
(100%) and saturated sodium thiocyanate soluti®n)(@as used to measure the collective
oxygen consumption of the larvae at 27°C. Measungsn@ere taken until at least a decrease of
5% oxygen saturation was detected and it was etdinad the oxygen saturation never fell
below 60% oxygen saturation, this period of times\v@@proximately 1 hour. Larval movement
was adequate to mix the water inside the chamladisying the linear recording of oxygen
decline over time. This procedure was repeated d&twl0 and 20 times at each experimental
temperature and new larvae were used for each &iabntrol vial, filled with seawater, was
used to quantify background oxygen changes, andj@xyonsumption rates were adjusted
accordingly. Once the experimental procedure waspbete, the larvae were removed from the
vials and placed in 5ml Eppendorf vials containit@®§o ethanol for further measurements. The
same experimental procedure was repeated alongreeasing and decreasing temperature ramp
whereby consumption rates were measured at eatie ¢démperatures; 27°C /29°C /31°C /33°C
/35°C and 25°C /23°C /21°C /19°C respectively. Atach measurement the temperature of the
holding tanks was altered accordingly along th@wise ramps at a rate of 1°C % huntil the

next experimental temperature was reached and ¢lasumement procedure repeated.

In Kenya, for each species, between 10 and 25dam&e placed in a custom made 0.5 ml glass
vial filled with recently aerated seawater. A glasctrode oxygen meter (Unisense with glass

electrode, Regensburg, Germany), calibrated ireguitibrated seawater (100%) and saturated

34



Thermal sensitivity

sodium thiocyanate solution (0%) was used to measuygen consumption of the larvae at
27°C. Measurements were taken until at least a 8&tedse of oxygen (umo™ was detected.
Larval movement within the chambers was adequatmito the water inside the chambers,
allowing the linear recording of oxygen decline otiene. A control vial was used to quantify
the background oxygen consumption, and oxygen copsan rates were adjusted accordingly.
Once the experimental procedure was complete, damexe removed from the vials and placed
in Eppendorf vials containing 70% ethanol for fertimeasurements. The experiments were run

along a temperature ramp as above.

Overall, for each species, a minimum of 10 repéisatrere measured at each temperature in both
South Africa and Kenya. As average oxygen conswmnptvas measured for several larvae,
accounting for body mass of individual larvae ahéirt effects on metabolic rate was not
possible. Therefore, the larvae in each vial wexented and the oxygen consumption rates were

standardised to nmol*larvashr™.

2.2.2 Oxygen consumption of stage 2 and stage #yesb

Gravid femaldPerisesarma guttaturandUca urvillei were collected in Kenya and South Africa.
Gravid Neosarmatium africanunwere only collected in South Africa. For each sp&c
embryonic stage of gravid females were assessetearales brooding™ and 4" stage embryos
were placed in temperature controlled holding tasetsat 27°C, with either a layer of moist sand
or filled aerated seawater. Gravid females weret keyaler these conditions throughout the

experimental procedure. Three different techniguese used to measure oxygen consumption
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of 2 and 4" stage embryos in both air and water for Southcafrand Kenya due to oxygen

meter availability.

In Kenya, only for oxygen consumption rates in wabetween 100 and 500 eggs from a single
brooding female were removed from the female’s pbels and immediately placed in a custom
made 0.5 ml glass vial filled with recently aeratsehwater. The Unisense glass electrode
oxygen meter was used following the procedure ds=dr above to measure oxygen

consumption of larvae. Once the experimental proed/as complete, eggs were removed from
the vials and placed in 5 ml Eppendorf vials cantaj 70% ethanol for further measurements. A
control vial filled only with aerated seawater wased to quantify background oxygen

consumption, and oxygen consumption rates werestatjlaccordingly.

In both Kenya and South Africa, to measure oxygamsamption rates in air and water, between
20 and 100 eggs were removed from a single brod@imgle and placed in Hamilton syringes
set at 100pul. For experiments conducted in waler syringes were filled with recently aerated
seawater prior to the addition of eggs and seatedekperiments in air, eggs were placed in the
syringe and sealed. Fiber-optic oxygen microsengNBH-PSt1-L5ITF-PC3,1-NS 35x1,20-
YOP, PreSens GmbH, 93053 Regensburg, Germany) oechlwith a TX2-A oxygen meter
(PreSens) with integrated signal processing soéwaere used to measure oxygen consumption
of the eggs at 27°C. Prior to each experiment, dggovere calibrated in oxygen-free (solution
of seawater and sodium dithionite) and air-satdr@ibeibbled) seawater. For water experiments,
syringes were repeatedly manually inverted to engue eggs moved through the water column

creating suitable mixing allowing the linear redaglof the oxygen decline over time. A control
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syringe was used to quantify the background oxygemsumption, and oxygen consumption
rates were adjusted accordingly. Once the expetahenocedure was complete, the eggs were
removed from the syringes and placed in Eppendait \containing 70% ethanol for further

processing.

In South Africa only, to measure oxygen consumptio air and water, between 100 and 500
eggs from a single brooding female were placednm @ass spectrometer vials with oxygen
sensor spots glued to the inner wall. For air expents the vial was filled with either air while
for water experiments the vial was filled with rettg aerated seawater and was then sealed.
Oxygen consumption rates were measured using twx B oxygen meter as described above in

the measurement of oxygen consumption by larvae.

All experimental procedures were repeated alongereasing and decreasing temperature ramp
of 27°C /29°C /31°C /33°C /35°C and 25°C /23°C R119°C respectively. The temperatures of
the gravid female holding tanks were altered adogig along the stepwise ramps at a rate of
1°C x W, For each species, a minimum of 8 replicates wezasured at each temperature for
each egg stage in both Kenya and South Africa. Exgats at each temperature typically lasted
between one to two hours. As average oxygen consomp/as measured for several eggs,
accounting for body mass of individual eggs andr thects on metabolic rate was not possible.
Lastly, the number of eggs were counted and th@e&xygonsumption rates was standardised to

nmol*larvae*hr? .
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2.2.3 Oxyqgen consumption of gravid and non-grasmddles:

In Kenya and South Africa gravid (fo) and non-gdaifi femalePerisesarma guttaturandUca
urvillei were collected and kept in plastic containergdilto one side and partially filled with
mangrove mud and fresh aerated seawater. Femald® cfame size range were collected in
Kenya and South Africa. Further gravid and non-gt&deosarmatium africanumwere collected

in South Africa only. Embryonic stage of gravid f&es was assessed prior to the experimental
setup, only females broodind 4tage eggs were used for the experiment. Crabes kegt unfed

for at least 24 hours before experimental setugingjle crab was then placed in each of nine
custom-made intermittent flow Perspex chambers I@&s) while a tenth chamber remained
empty/or filled with water (depending on the meditested) as a control. For aerial experiments,
chambers containing crabs were closed and connéztad pumps to ensure a constant supply
of oxygen. For aquatic experiments, chambers waled fwith seawater and connected to
circulation pumps from temperature controlled astateawater holding tanks. The chambers
were of relatively low volume limiting the availa$pace for the crabs to move. These chambers
were then covered with aluminium foil to minimisswal stress, ensuring therefore a rest state
of the specimens tested (Giostial. 2014, Fusiet al.2014), and submerged in a water bath set

at 27°C and left to settle for eight hours to rexlpossible effects of handling stress.

After this acclimation period, the chambers werepletely sealed by cutting off the supply of

air or aerated seawater from the circulation purdps.oxygen sensor spot glued to the inner
wall of the chamber and a Fibox 3 Fibre-optic oxygaeeter was used to measure oxygen
consumption as described above. The movementseofribs were adequate to mix the water

inside the chambers allowing the linear recordih@qa/gen decline over time for experiments
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conducted in water. Thereafter, the flow of eithér or aerated seawater was returned to the
chamber and the same experimental procedure wastegbalong an increasing or decreasing
temperature ramp of 27°C /29°C /31°C /33°C /35°Q &b°C /23°C /21°C /19°C. The
temperature was altered along the stepwise rampsate of 1°C x H. Fresh gravid (fo) and
non-gravid (f) crabs were used for each of thedasing and decreasing temperature ramps, with
each individual being used for only one experin{ente, either increasing or decreasing ramp).
The control chamber was used to quantify the baxkgt oxygen consumption, which was
routinely less than 2-3% of the consumption recdridewater, and negligible in air in all cases.
Following each experiment, the eggs from the bnogdiemales were removed from the
pleopods and stored in 70% ethanol for further messents and the animal wet weight and

volume were measured and recorded.

The clutch of removed eggs were separated fronplg@pods and the number of eggs in each
clutch counted. Oxygen consumption of each egglelwas calculated by extrapolating from

the consumption of a single stage 4 egg as cadmllat the experiments for egg respiration
described above to the entire clutch (C) by muyliig the number of eggs per clutch by the rate
of a single stage 4 egg at the given experimeataperature. The oxygen consumption rates of
gravid females (with clutches) were then adjustedubtracting the calculated rate of the clutch
(C) from the rate of gravid females (fo-C) givingsj the rate for the adjusted gravid female
(foadjusted)- These rates were standardised to micromole oxggasumed per gram of animal

per minute imol*g™*min™) and used for the statistical analysis.

fO(adjusteqy= fO — C
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2.2.4 Maternal Cost:

The cost of brooding eggs, maternal costs (MC), wasulated by subtracting non-gravid

female (f) rates from adjusted gravid female ratesalculated above (fo — C);

MC = (fo — C) — f

2.3 Statistical Analysis:

2.3.1 Oxygen consumption of larvae:

As the oxygen consumption rates at 27°C tdra urvillei larvae were abnormally high,
indicating an error in the measurement of oxygemsamption at this temperature, the data point
was excluded from the analysis. The possible effett 3-way interaction the factors “Region”
(2 levels), “Species” (2 levels) and “Temperatui@’dr 9 levels depending on the species) on the
oxygen consumption of the two species of brachylaavae Perisesarma guttaturand Uca
urvillei) were analysed with the Permutational Multivarianalysis of Variance
(PERMANOVA) add-on in PRIMER 6. As new groups afiae were used in each experiment it
was not possible to use a repeated measures d@sigiersonet al. 2008). For this and all
ensuing analyses, distance-based tests for homibgehenultivariate dispersions (PERMDISP)
were used to check for homogeneity within eachofadtnless otherwise stated, factors were
fixed and orthogonal and variances were heterogenas there were no suitable transformations
(PERMDISP,P < 0.05, untransformed data). All analyses were ootetl on Euclidean distance
matrices. Post hoc pairwise tests were performeghvetppropriate and all data are expressed as

mean + standard error.
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Oxygen consumption of a third speciéégosarmatium africanujmwas considered in South
Africa. 2-way PERMANOVA analyses testing the effects of the fettSpecies” (3 levels) and
“Temperature” (9 levels) were conducted for oxygensumption oPerisesarma guttatunyjca

urvillei andNeosarmatium africanutarvae.

2.3.2 Oxygen Consumption of stage 2 and stage #yesb

As new clutches of embryos were used in each axpeti it was not possible to use a repeated
measures design (Andersenal. 2008). The possible effects of the factors “Regi@nlevels),
“Species” (2 levels), “Temperature” (9 levels) afiilieu” (Air vs water, 2 levels) on the
oxygen consumption of stage 2 and stagedsesarma guttatumndUca urvillei embryos were

analysed separately, through a 4-way design, WalPERMANOVA add-on in PRIMER 6.

Again a third speciesNeosarmatium africanumwas considered in South Afric&-way
analyses, testing the effects of the factors “Sgsc(3 levels), “Temperature” (9 levels) and
“Milieu” (2 levels) were conducted for oxygen congotion of stage 2 and Stagd”érisesarma

guttatum,Uca urvilleiandNeosarmatium africanumbryos.

2.3.3 Oxygen Consumption of gravid and non-grasmddles:

As analyses comparing species yielded uninformagtagistical results, species were analysed
separately (Statistical tables comparing species iacluded in appendix 6.1). As the
experimental crabs used to determine oxygen consoimyere the same along one temperature

ramp (either increasing or decreasing) during alsirexperiment, but different for each
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combination of gravid/non-gravid (f/ffo) and milie@air/water), a repeated measures
PERMANOVA 4-way design (Andersaet al. 2008) was used to test for the possible effects of
the factors “Region” (2 levels), “Gravid/Non GraViq2 levels), “Milieu” (2 levels) and
“Temperature” (9 levels in South Africa, 5 levetsienya). Experimental design was limited to
5 levels in Kenya as the decreasing temperaturera®pnts could not be conducted due to time

limitations during data collection.

2.3.4 Maternal Costs:

As analyses comparing species yielded uninformattedistical results species were analysed
separately (Statistical tables comparing speciesrmiuded in appendix 6.2). As the crabs used
to determine the maternal costs along a temperagadient were the same as those used to
determine differences in oxygen consumption aldmg same temperature ramp, a repeated
measures PERMANOVA 3-way design was used to testhi® possible effects of the factors
“‘Region” (2 levels), “Milieu” (2 levels) and “Tempature” (9 levels). Variances were

homogeneous for “Region” and “Species” (PERMDIBP, 0.05, untransformed data).

2.4 Results:

The interpretations of the results in this chapter complex as most interactions in the ensuing
analyses were significant. In the following secti@mobability levels refer to the results of

Pairwise tests at an alpha level of 0.05 unlessratise stated.
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2.4.1 Perisesarma quttatuamdUca urvillei larvae in South Africa and Kenya:

Interactions among the factors Region, SpeciesTamdperature had significant effects on the
oxygen consumption rates of larvae compared betv&mith Africa and Kenya (Table 2.1).
Intraspecifically, the oxygen consumptionRérisesarma guttaturtarvae differed significantly

between regions at higher temperatures (27°C, 291CC, 33°C 35°C) and at 23°C, where
generally larvae from South Africa had greater gdtean larvae from the Kenyan population
(Figure 2.1A). Oxygen consumption rates at all terafures, withinP. guttatumand within

country, were compared with one another giving 88sfble comparisons. Within South Africa
there was fairly high variability between rates different temperatures (26 significant
differences of the possible 36 comparisons), witleKenya there was less variability (6

significant differences of the possible 36 compars.

Uca urvillei consumption rates did not differ between Southcafand Kenya for comparisons
at 19°C, 21°C, 23°C and 25°C (Pairwise test, P 05)0.However, significantly greater rates
were noted at 29°C, 31°C, 33°C and 35°C in Southcafthan in Kenya (Figure 2.1B).
Intraspecific and intraregional comparisonslbf urvillei within South Africa yielded a high
variability along the experimental temperature gi(@9 significant differences of the possible
28 comparisons), while Kenya had low variability i@nificant differences of the possible 36

comparisons)

Within South Africa, oxygen consumption differedween the two species at 29°C, 31°C and

35°C (Figure 2.1A & B), wher®@erisesarma guttaturarvae had greater oxygen consumption
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rates tharlJca urvillei. In Kenya, rates only differed significantly beemethe two species at

23°C wherdJ. urvillei had a higher rate thah guttatum(Figure 2.1A & B).

Table 2.1: PERMANOVA on the oxygen consumptionsatemol*larvaé+hr™?) of Perisesarma
guttatumand Uca urvillei larvae, comparing Kenya and South Africa. For #msl following

tables *P < 0.05; * P < 0.01; *»** P < 0.001.

Oxygen Consumption Rate of larvae

Source d.f. M.S. Pseudo-
Region = Re 1 1886.8 124.03***
Species = Sp 1 190.36 12.51%**
Temperature = Temp 8 370.26 24.34***
Re x Sp 1 291.85 19.19%+
Re x Temp 8 261.13 17.17%%*
Sp x Temp 8 417.76 52.22%%
Re x Sp x Temp 7 41.13 2.70%**
Residual 587 15.21

Total 621
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Figure 2.1: Average ras of oxygen consumptionmol*larvag'*hr™?) of (A) Perisesarma guttaturand (B)Uca urvillei larvae in
South Africa andKenya measured over a stepwise temperature ramp I€°C to 35°C at 2°C intervalsAll error bars represel
standard errors (n = 10 — 30)he data point at :°C for U. urvillei in South Africa was excluded due to an error during
measurement making this abnormally high.
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2.4.2 Perisesarma quttatutdca urvilleiandNeosarmatium africanumarvae in South Africa:

Within South Africa, an interaction of the factoBpecies and Temperature had significant
effects on the oxygen consumption rates of larnable 2.2). At 19°C, 21°C, 23°C and 25°C
there was no difference in oxygen consumption anmbaghree species (Figure 2.2). Thereatfter,
Neosarmatium africanurfarvae consumed significantly less oxygen compaoelderisesarma
guttatumandUca urvillei (Figure 2.2) except for the comparisonNofafricanumandU. urvillei

at 33°C (Figure 2.2P. guttatumlarvae had greater consumption rates than thogk afvillei
larvae between 29°C and 35°C; although these @ifées were only significant at 31%0d
33°C. Intraspecific comparisons &f. urvillei larvae yielded significantly different oxygen
consumption rates for 19 of the 28 possible corspas over the temperature range, while
guttatumandN. africanumlarvaehad significantly different oxygen consumption safer 26

and 14 of the 36 possible comparisons respectively.

2.4.3 Larvae Summary:

Differences between regions and species were dgneradent at temperature greater than
27°C, where South African larvae had greater oxygmmsumption rates and were typical for
both species. In Kenya, there was generally newiffce between the two species while in South
Africa differences among the three species werdesniat higher temperatures. In Kenya, there
was little variability in oxygen consumption rategth increasing temperature while in South

Africa there was generally more variability witlcreasing temperatures.
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Table 2.2: PERMANOVA tables on rates of oxygen cwmngtion (nmol*larvag*hr?) of

Neosarmatium africanum, Perisesarma guttaamdUca urvillei larvae in South Africa.

Oxygen consumption Rate

Source d.f. M.S. Pseude-
Species = Sp 2 683.82 30.90%***
Temperature =Temp 8 517.71 23.39***
Sp x Temp 15 79.13 3.57%*
Residual 350 22.13

Total 375
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Figure 2.2: Average rates of oxygen consumptionoftiarvae’*hr™) of Neosarmatium africanum, Perisesarma gutta@amd Uca
urvillei larvae in South Africa over a stepwise temperatanep from 19°C to 35°C at 2°C intervals. All efbars represent standard
errors (n = 10 — 30).The data point a@7or U. urvillei was excluded due to an error during the measuremeiking this
abnormally high.
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2.4.4 Perisesarma guttatuamdUca urvillei stage 2 embryos in South Africa and Kenya:

Significant interactions of the factors SpeciesgiBe, Air/Water and Temperature affected the
rates of oxygen consumption of stage 2 embryos I€T@&)3). Between regions, oxygen
consumption rates dPerisesarma guttaturambryos in air only differed significantly at 23°C,
with greater oxygen consumption rates recordednmbrgos from South Africa than Kenya
(Figure 2.3A). In general, oxygen consumption rategir were greater in South Africa than
Kenya, except for non-significant differences a@@@and 35 °CFigure 2.3A).P. guttatumstage

2 embryos in water exhibited significant differemgée oxygen consumption between regions at
all experimental temperatures except 19°C, 23°C2&4@0. Rates were higher in Kenya than in
South Africa between 19°C and 25°C while the tnewérsed at 27°C, where rates were greater

in South Africa than in Kenya (Figure 2.3C).

Oxygen consumption rates of stage 2 embryodaz urvillei in air were significantly different
between South Africa and Kenya at all but 2 expental temperatures (19°C and 27°C). Rates
of consumption were higher in South Africa at ailnperature except 27°C (Figure 2.3B). In
water, there were no significant differences iesabf consumption between regions at 19°C and
25°C and Kenyan embryos had greater oxygen consumyaites than South African ones from
19°C to 25°C.Thereafter the oxygen consumptiorsrateSouth African embryos were greater

than Kenyan stage 2 embryos (Figure 2.3D).

In South Africa, consumption rates of stage 2 embrgf Perisesarma guttaturdid not differ

between air and water at the lower temperature$98€C, 21°C and 23°C, while the higher
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experimental temperatures produced significantijecént rates. In all cases except at 25°C,
consumption rates in water were greater than agu(é 2.3A & C). In Kenya, rates were
significantly different at all temperatures exceptl9°C and embryos in water consumed more

oxygen than those in air in all cases (Figure 283@).

In South Africa, stage 2 embryos d€a urvillei had significantly different oxygen consumption
rates between air and water at 19°C and betwedd @78 35°C. These rates were higher in
water than in air except at 21°C and 23°C (FiguBB 2 D). In Kenya,U. urvillei stage 2
embryos oxygen consumption rates were significathilygher in water than in air at all

experimental temperatures (Figure 2.3B & D).

In South Africa, aerial oxygen consumption of st@gembryos did not differ between the two
species. In water, however, rates of oxygen contiomgignificantly differed between the two
species at 27°C, 29°C, 31°C and 33°C wiRmrgsesarma guttaturhad greater consumption
rates tharUca urvillei (Figure 2.3C & D). Within KenyaP. guttatumand U. urvillei largely

showed no differences in oxygen consumption ratesrior water, with exceptions occurring at

29°C in air and 33°C and 35°C in water.

Oxygen consumption rates Bferisesarma guttaturdiffered significantly among temperatures
less often in air than water in both South Africad&Kenya, with 8 and 10 of 36 possible
comparisons in air and 23 and 15 of 36 possiblepawimons in water for South Africa and
Kenya respectively. Of the 36 comparisons in a@ags 2 embryos obca urvillei showed

differences for 16 in South Africa and 10 in Kerwhile in water there were more differences
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between temperatures for South Africa with 23 ofb86 the same amount In Kenya with 10 of

36 possible comparisons.
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Table 2.3: PERMANOVA of rates of oxygen consumptigmmol*egg™*hr™) of stage 2

Perisesarma guttatumandUca urvillei eggs in Kenya and South Africa.

Oxygen consumption Rate

Source d.f. M.S. Pseudd
Sp 1 5077500 47.27+*
Re 1 33079000 307.92***
Air/Water 1 64020000 595.95***
Temp 8 8047400 74.91%*
Sp x Re 1 8127507.57*

Sp x Air/Water 1 246870022.98**
Sp x Temp 8 5034604.69***
Re x Air/Water 1 17207000160.18**
Re x Temp 8 454030042.27**
Air/Water x Temp 8 554600051.63**
Sp x Re x Air/Water 1 266990024.85***
Sp x Re x Temp 8 4784204.45%*
Sp x Air/Water x Temp 8 8780208.17***
Re x Air/Water xTemp 8 465300043.31***

Sp x Re x Air/Water x Temp 8
Residual 945

Total 1016

80596 .50***

107430
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2.4.5 Perisesarma quttatum, Uca urvillmdNeosarmatium africanustage 2 embryos in South

Africa

Interactions among the factors Species, Air/Water Bemperature had significant effects on the
oxygen consumption rates of stage 2 embryos intSaéditica (Table 2.4). There were no
differences in rates of oxygen consumption betwsage 2 embryos d?erisesarma guttatum
andUca urvillei in air. P. guttatumgenerally had significantly lower oxygen consuroptrates
compared withNeosarmatium africanunfFigure 2.4A), as didJ. urvillei, at low (19°C and

23°C) and mid-experimental (27°C and 29°C) tempegat(Figure 2.4A).

In water,Perisesarma guttaturstage 2 embryos had greater oxygen consumptios ttz@Uca
urvillei at 27°C, 29°C, 31°C and 33°C (Figure 2.4B). Siiyil#. guttatumstage 2 embryos had
significantly higher oxygen consumption thaNeosarmatium africanumat almost all
experimental temperatures (except 19°C and 21°@),nen-significant differences observed at
23°C, 25°C and 27°C (Figure 2.4B). Significantedi#ghces of rates of oxygen consumption of
stage 2 embryos d. africanumandU. urvillei were noted at 21°C, 23°C, 31°C 33°C and 35°C,
with U. urvillei, showing greater rates of oxygen consumption thaafricanumat the higher
experimental temperatures (Figure 2.4B). A posstiviéich respose with a large increase in

oxygen consumption was detected betweeg2bd 27C for all three species.

In South Africa, consumption rates of stage 2 embrpf Perisesarma guttatunwere
significantly different between air and water dttamperatures except 19°C, 21°C and 23a¢fd
consumption was generally greater in water exce@5&C (Figure 2.4A & B)Uca urvillei

exhibited significant differences between air aratex at 19°C and between 27°C and 35°C, in
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all cases oxygen consumption was greater in watan air, except at 21°C and 23°C (Figure
2.4A & B). Neosarmatium africanurhad significant differences in oxygen consumptiates
between air and water at 23°C, 29°C and 33°C (Eiguf), but no clear pattern emerged as to
which temperature and milieu induced greater oxygamsumption rates (Figure 2.4A & B).
Overall, significant intraspecific differences ofxygen consumption among temperature
comparisons were scarcer in air compared with wa&erguttatumhad 8 of 36 significant
differences in air compared with 24 of 36 in watérurvillei andN. africanumeach had 16 of

36 significant differences in air compared withd36 and 26 of 36 in water respectively.

2.4.6 Stage 2 embryo summary

Generally in air,Perisesarma guttaturhad no significant differences in oxygen consuopti
between South Africa and Kenya at lower temperafusdile in water differences were evident
across all temperatureB. guttatumfrom South Africa generally had the highest constiomp

rates.

In both air and water oxygen consumption rateblcd urvillei in South Africa werggreater in

South Africa than Kenya, except at lower tempeesun water.

Within Kenya,P. guttatumandU. urvillei largely showed no differences in oxygen consumption
rates in air or water. In South Africa, differendegweenU. urvillei andP. guttatumwere not
evident in air, but both these species had lowmsréthanNeosarmatium africanumn water,
differences betweed. urvillei andP.guttatumonly became apparent at higher temperatures, but

both these species generally had higher ratesNhafricanum.
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Table 2.4: PERMANOVA of rates of oxygen consumptigmol*egg™*hr™?) Neosarmatium

africanum, Perisesarma guttatummdUca urvillei for stage 2 embryos in South Africa.

Oxygen consumption Rate

Source d.f. M.S. Pseudd-
Species = Sp 2 ATTE 11.28%
Air/Water 1 8.40F° 19.87*+
Temperature = Temp 8 1.24E 29.23***
Sp x Air/Water 2 5.53F 13.07**
Sp x Temp 16 1.36B 3.21%
Air/Water x Temp 8 2.21F 5.23%
Sp x Air/Water x Temp 16 9.23F 2.18**
Residual 665 4.23F

Total 718
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2.4.7 Perisesarma guttatuamdUca urvillei stage 4 embryos in South Africa and Kenya

Interactions among the factors Species, Region/Waiter and Temperature had significant
effects on the oxygen consumption rates of stageldryos (Table 2.5). Comparison of rates of
Perisesarma guttaturhetween South Africa and Kenya, exposed to air skdomo significant
differences at 25°C, 27°C, 31°C and 33°C thougts nakere greater in South Africa than Kenya
at all temperatures except 35°C (Figure 2.5A).Ha tomparison between regions, oxygen
consumption rates d?. guttatumexposed to water, only showed a non-significarfetéhce at
29°C. Rates were greater in Kenya than South Ab@aeen 19°C and 25°C and at 29°C, while
the trend reversed at 27°C and between 31°C ai@] @8&h rates greater in South Africa than in
Kenya (Figure 2.5C). Stage 4 embryos Wéa urvillei exposed to air showed significant
differences between regions at 19°C, 21°C, 23°@C 2thd 31°C and in all cases rates were
greater in South Africa than Kenya (Figure 2.5Batd® in water were significantly different
between regions at all temperatures, with Kenyangagreater oxygen consumption than South
Africa between 19°C and 25°C, but lower oxygen wgom#ion than South Africa for

temperatures between 27°C and 35°C (Figure 2.5D).

Oxygen consumption was significantly greater inavdhan air for bottPerisesarma guttatum
(Figure 2.5A & C) andJca urvillei (Figure 2.5B & D) in Kenya. Stage 4 embryd<s. guttatum

in South Africa showed significant differences kygen consumption between air and water at
all temperatures except 25°C and oxygen consumptamsignificantly greater in water except
at 19°C, 21°C and 23°C (Figure 2.5A & C). Non-digant differences in oxygen consumption

rates between air and water were notedUourvillei embryos in South Africa for 21°C, 23°C
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and 25°C, generally oxygen consumption was gréat@ater compared with air, except at 23°C

and 25°C (Figure 2.5B & D).

At the higher experimental temperatures in SouthicAf(27°C, 31°C, 33°C and 35°C), there was
no significant difference betweéh guttatumandU. urvillei in air, while in water no significant
differences were observed at 23°C, 25°C and 29%Kenya, no significant differences in
oxygen consumption between species were noted yratsthe lower experimental temperatures
(19°C, 21°C, 25°C and 29°C), while in water, n@midicant differences spanned the entire
experimental temperature range (19°C, 21°C, 23%CC and 35°C). Of the 36 possible
temperature comparisons of stage 4 embryos expmsadr, P. guttatumshowed significant
differences for 4 in South Africa and 22 in Kenydile in water there were more significant
differences between temperatures for South Afrigch @8, but less in Kenya with 6 of the 36
possible temperature comparisorid. urvillei stage 4 embryos showed more significant
differences in South Africa with 19 and 25 in aidavater respectively, compared with 2 and 12

in Kenya.
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Table 2.5PERMANOVA of rates of oxygen consumption (nmol*&glr ™) of stage 4

Perisesarma guttatumandUca urvilleiembryos in Kenya and South Africa.

Oxygen consumption Rate

Source d.f. M.S. Pseudd
Sp 1 9434600 41.31%*
Re 1 12981000 56.83***
Air/Water 1 110520000 483.90***
Temp 8 7635500 33.43*+
Sp x Re 1 15877 0.07

Sp x Air/Water 1 11338004.96*

Sp x Temp 8 567100024.83***
Re x Air/Water 1 2698601.18

Re x Temp 8 6498802.85**
Air/Water x Temp 8 547420023.97**
Sp x Re x Air/Water 1 267400011.71%*
Sp x Re x Temp 8 84759(8.71%*
Sp x Air/Water x Temp 8 927870040.62***
Re x Air/Water xTemp 8 14673006.42***
Sp x Re x Air/Water x Temp 8 1541600.75***
Residual 926 211500000

Total 997
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2.4.8 Perisesarma quttatum, Uca urvillmdNeosarmatium africanustage 4 embryos in South

Africa

Significant interactions of the factors Species/\Wiater and Temperature affected the oxygen
consumption rates of stage 4 embryos tested inhSafrica (Table 2.6)Uca urvillei stage 4
embryos exposed to air had significantly lower atygonsumption rates thadeosarmatium
africanumandPerisesarma guttaturat 19°C to 27°C and 19°C to 25°C and 29°C respeécti
(Figure 2.6A). Thereafter, there was no differemteoxygen consumption rates between
urvillei and eitherP. guttatumor N. africanum P. guttatumandN. africanumstage 4 embryos
had relatively similar oxygen consumptions ratesain Differences were only noted at two
temperaturesP. guttatumhaving higher consumption rates thdnafricanumat 19°C with the

opposite trend at 25°C (Figure 2.6A).

When exposed to water, differences in oxygen copsiom rates among all three species were
more evidentPerisesarma guttaturhad significantly greater oxygen consumption ratem
Uca urvillei at 23°C, 33°C and 35°C, but significantly lower stamption at 27°C and 29°C
(Figure 2.6B).Comparisons betweed. urvillei and Neosarmatium africanurgielded only 3
non-significant differences, at 19°C, 21°C, andC2&spectively and generallyca urvillei had
greater oxygen consumption among the two speciggirg-2.6B). Oxygen consumption rates
betweenPerisesarma guttatumndNeosarmatium africanurstage 4 embryos were significantly
different at all experimental temperatures excep?tCl 21°C and 25°C, and in all cases
Perisesarma guttatunembryos had greater oxygen consumption thanafricanum (Figure
2.6B). A possible switch respose, with a large @ase in oxygen consumption, was detected

between 28Cand 27C in water forP. guttatumU. urvillei andN. africanum.
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Intraspecifically,Perisesarma guttaturhad significantly different oxygen consumption satd

all experimental temperatures except 25°C, condompates greater in air than water at 25°C
and below greater in water at 27°C and above (Eigu8B). Aerial oxygen consumption in stage
4 embryos showed the least variation among temyreigt with only 4 of the 36 temperature
comparisons yielding significantly different ratés.water, howeverRerisesarma guttaturhad

a high variation in oxygen consumption rates ofieréxperimental temperature range with 28 of
the 36 temperature comparisons yielding signifiyadifferent rates.Uca urvillei had non-
significant differences between air and water 212@%C and 25°C, and generally oxygen
consumption was greater in water except at 23°C289¢€ (Figures 2.6A & B). Significant
differences over the experimental temperature raveye detected in air and water in 18 of the
36 and 25 of the 36 temperature comparisons ragpBctNeosarmatium africanumoxygen
consumption rates in air and water were the mastlagi, with significant differences only at
21°C, 23°C and 25°C. Variability in oxygen consumpin air was smaller than in water, with
pairwise tests yielding significant differencesl1a and 21 of the 36 temperature comparisons

respectively.

2.4.9 Stage 4 embryo summary

Generally, in airPerisesarma guttatunm South Africa had greater oxygen consumptionsrate
than in Kenya. In water, rates in Kenya were greate low temperatures, but lower at

temperatures above 27°C.
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In air, Uca urvillei generally had greater rates in South Africa thamy&. In water rates were

greater in Kenya at temperatures below 25°C, btdsravere lower in Kenya above this

temperature.

In Kenya, oxygen consumption was generally greateair compared with water for both
species. In South Africa oxygen consumption wasnaganerally greater in air compared with
water for both speciesln South Africa, Neosarmatium africanunembryos had similar

consumption rates in air and water.
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Table 2.6: PERMANOVA of rates of the oxygen constioiprates (nmol*eggrhr™) for stage 4

embryos ofNeosarmatium africanum, Perisesarma guttatand Uca urvillei within South

Africa.

Oxygen consumption Rate
Source d.f. M.S. Pseudd-
Species = Sp 2 1.24F 38.07**
Air/Water 1 1.60F° 4.93*
Temperature = Temp 8 1.29E 39.68***
Sp x Air/Water 2 1.79F° 54,84+
Sp x Temp 16 2.18F° 6.71%
Air/Water x Temp 8 3.28F 10.08***
Sp x Air/Water x Temp 16 1.65F 5.08**+
Residual 624 3.26F
Total 677
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2.4.10 Perisesarma quttatuamd Uca urvillei gravid and non-gravid females in South Africa and

Kenya

Significant interactions of the factors Region, GdéNon-gravid, Air/Water and Temperature
affected the oxygen consumption ratesPafrisesarma guttatunm South Africa and Kenya
(Table 2.7). Non-gravid females had significandwer rates in South Africa than Kenya at 33°C
in air. In water at 27°C, rates in Kenya were dgigantly lower than those in South Africa.
Gravid females differed at only 31°C in air whexth Africa had significantly lower oxygen
consumption rates. In water, rates were signifigamgher in Kenya than South Africa for all
experimental temperatures. In South Africa, sigatfit differences between non-gravid and
gravid females were seen in air between 19°C aR€,2with rates being lower for gravid
females at 19°C, but higher for gravid females EAC2 23°C and 25°C. In water, differences
between non-gravid and gravid females were note2b¥t, 31°C, 33°C and 35°C, where rates
for gravid females were greater than those of namid females. In South Africa, rates differed
significantly between air and water for non-grat&nales at 19°C, where rates in air were
greater than those in water, while at 27°C, 31°€ 28PC rates were greater in water. Gravid
females had significant differences between rategater and air at 19°C, 31°C, 33°C and 35°C,
with rates being greater in air except at 19°CKénya, rates for non-gravid females were
significantly greater in water than air at 31°C &%C, but were significantly greater in air at
33°C. In Kenya, gravid females only had signifitagtreater rates in water than air at 29 °C. For
non-gravid females in South Africa, significantfdiences over the experimental temperature
range were detected in air and water in 21 and B@he 36 temperature comparisons
respectively. Gravid females in South Africa hadslevariation over the experimental
temperature range with 15 and 3 significant difiees of the 36 comparisons in air and water

respectively. In Kenya, significant differences owiee experimental temperature range were
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detected in air and water for non-gravid females4f@and 5 of the 10 temperature comparisons

respectively, while for gravid females these valwese 1 and 2 respectively.

Five significant 2-way interactions affected theygen consumption rates of non-gravid and
gravidUca urvillei females in South Africa and Kenya (Table 2.7)thie first 2-way interaction,
the factors Region and f/fo condition affected axygconsumption significantly. Non-gravid
females did not differ significantly in oxygen camsption between South Africa and Kenya, but
gravid females did. In both South Africa and Kenygere were significant differences between
non-gravid and gravid females. In the second twqy wderaction, the factors Region and
Air/Water affected oxygen consumption rates. Inhbair and water, significant differences of
oxygen consumptions rates between South Africakard/a were evident. The third significant
interaction involved the factors f/fo and Air/Watdhere was no significant difference between
air and water for non-gravid females, but significaifferences between air and water were
evident for gravid females. In both air and watexygen consumption rates differed
significantly between non-gravid and gravid femalasfourth significant interaction between
the factors Air/Water and Temperature affected exygonsumption rates. Consumption rates of
U. urvillei differed between air and water at all experimetgalperatures except 21°C, 23°C and
35°C. U. urvillei had 9 significant differences of the 36 possiblengerature comparison
combinations over the experimental temperaturegangair, while in water there was slightly
less variation with 14 significant differences @&. 2\ significant interaction between the factors
f/ffo and Temperature affected oxygen consumptidaesraf non-gravid and gravid. urvillei.
Rates of oxygen consumption differed significariibtween non-gravid and gravid females at
25°C, 31°C, 33°C and 35°C. Oxygen consumption maited. urvillei non-gravid and gravid
females over the experimental temperature range Veaty variable with 14 and 19 significant

differences out of 36 possible temperature compasisespectively.
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2.4.11 Gravid and non-gravid female summary:

Overall, oxygen consumption rates Périsesarma guttaturdiffered very little between South
Africa and Kenya for non-gravid females in air awdter, and for gravid females in air,
however, differences were evident in water. Witiauth Africa, differences between non-
gravid and gravid females were evident for the lot@enperatures in air and higher temperatures
in water. In South Africa, differences betweenamd water were mostly at higher temperatures
with rates being greater in water, while for grafedhales, rates again were mostly different at
higher temperatures, but were greater in air. Wienya, differences between non-gravid and
gravid females were rarely evident in air, whergawater, differences were evident at higher
temperatures. Differences between air and watee weident at higher temperatures for non-
gravid females, but were scarcer for gravid femal@serall, there was more significant
variability over the experimental temperature ramg@on-gravid females compared to gravid

females.

Pairwise statistical tests were not able to explhesignificant two way interactions. Overall,
significant differences between South Africa anchy@ were seen for gravid females and for
pooled non-gravid versus gravid females oxygenoi lair and water. Within both South Africa
and Kenya, oxygen consumption rates differed sicpmtly between non-gravid and gravid
females and between air and water. Non-gravid fesnal general did not differ in oxygen
consumption rates in air nor water, whereas gréamdales did. In general, within both air and
water oxygen consumption rates differed signifiabetween non-gravid and gravid females.
Temperature generally affected oxygen consumpttesrbetween air and water, while between
non-gravid and gravid females differences were chod¢ higher temperatures. Over the

experimental temperature range, there was relgtike@l variability in oxygen consumption
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among females in air and water, but higher vaiigbtimong both non-gravid and gravid

females.
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Table 2.7: PERMANOVA tables comparing the oxygenstomption ratespmol*g**min™) of

gravid and non-gravi®erisesarma guttaturandUca urvillei between Kenya and South Africa.

Oxygen consumption Rate

Source d.f. M.S. Pseud®-
Species = Sp 1 2.27E 7.94**
Region = Re 1 0.43 153.7%%*
Air/Water 1 1.10B 0.39
Condition (Gravid/Non-gravid) = Co 1 9.58E 33.94***
Temperature = Temp 8 5.43E 19.39%*+
Sp x Co 1 1.44E 5.15*

Sp x Air/Water 1 0.10 37.09%
Sp x Temp 8 1.75E 6.27%+
Re x Co 1 0.48 169.84***
Re x Air/Water 1 5.19E 18.562***
Co x Air/Water 1 1.33E 4.74*

Co x Temp 8 3.52E 12.57*
Sp x Co x Air/Water 1 6.23E 22.25%
Re x Co x Air/Water 1 4.19E 14.97***
Re x Co x Temp 4 1.05€ 3.77*

Co x Air/Water x Temp 8 1.18E 4.21%
Sp x Re x Co x Air/Water 1 6.40E 22.89***
Re x Co x Air/Water x Temp 4 8.60E 3.07*
Residual 785 2.80E

Total 899
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Figure 2.7: Average gravid and r-gravid oxygen consumptiomates (umol*g™*min™) of
Perisesarma guttatumm South Africa in (A) air, (B) water, and in Kenya (C) air and (D), an
of Uca urvillei in South Africa in (E) air, (F) water, and in Kenya (G) air and (H) over
stepwise temperature ramp from°Cto 35°C at 2°C interval®\ll error bars represent stand:
errors (n = 5 -5). Note that no measurements were made betwe¢C and 25°C in Kenya (C

& D).
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2.4.12 Perisesarma guttatummdUca urvilleimaternal costs in South Africa and Kenya

Significant interactions of the factors Region,/Mflater and Temperature affected the maternal
costs ofPerisesarma guttatunm South Africa and Kenya (Table 2.8). In air, #avas only a
significant difference in maternal costs betweentBdfrica and Kenya at 35°C, with positive
and negative maternal costs in Kenya and Southc#frespectively. In water, significant
differences between South Africa and Kenya werdeanti across all experimental temperatures,
where Kenya had positive maternal costs compareedative ones in South Africa. Significant
differences in maternal costs between air and wagge evident at 19°C, 31°C, 33°C and 35°C
in South Africa, where maternal costs in water weggative. In Kenya, maternal costs in water
were significantly higher than those in air at 2@ 29°C. In South Africa, maternal cost$of
guttatumwere fairly variable in air and water with 18 a2d significant differences out of 36
possible temperature comparisons respectively. émyld, maternal costs showed very little
significant variation along the experimental tengpere range, with 2 and 0 significant

differences out of 10 possible temperature comgpasisn air and water respectively.

Uca urvillei maternal costs were affected by a significant adgon of the factors Air/water and

Temperature and separately by the factor Regiotemdal costs differed between air and water
at all experimental temperatures except 21°C afA@ 28d generally maternal costs in air were
greater than those in water. In air, there was matdevariability along the experimental

temperature range with 15 significant differences af 36 possible temperature comparisons
while in water variability was high with 30 sigraéint differences out of 36 possible temperature
comparisons. Overall there was a significant défifee in maternal costs between South Africa

and Kenya.
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2.4.13 Maternal costs summary

Overall, forPerisesarma guttaturtmere were limited differences in maternal costaiirbetween
the two regions, but distinct differences throughtie temperature range in water. In South
Africa, differences in maternal costs between aat water were noted at the lowest and higher
experimental temperatures, while in Kenya diffeemnavere evident at the lower experimental
temperatures. Variability across the temperatungeavas relatively high in South Africa for

both air and water but almost non-existent in Kenya

Overall,Uca urvillei maternal costs differed between regions and gdpetiflered between air
and water. There was more variability in matermats over the experimental temperature range

in water than air.
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Table 2.8: PERMANOVA tables comparing the materoasts ggmol*g**min™) of gravid

Perisesarma guttaturandUca urvillei between Kenya and South Africa.

Maternal costs

Source d.f. M.S. Pseudd-
Species = Sp 1 2.69E 8.11**
Region = Re 1 0.94282.72*%**
Air/Water 1 2.40E 7.25%
Temperature = Temp 8 7.23E 21.78%**
Sp x Air/Water 1 1.21E 36.52%
Sp x Temp 8 8.89E 2.68**
Re x Air/Water 1 8.37E 25.24***
Re x Temp 4 2.08E 6.29%*
Air/Water x Temp 8 2.43E 7.33%
Sp x Re x Air/Water 1 1.25E 37.59%
Re x Air/Water x Temp 4 1.73E 5.22%**
Residual 388 3 30F3
Total

450
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2.2.14 General results summary

In general, larval differences between regions werglent at higher temperatures in both
species. In Kenya, there was no difference betvapaties for larvae, while in South Africa
differences occurred at higher temperatutasKenya, there was little variability in oxygen
consumption rates with increasing temperature, evminilSouth Africa there was generally more
variability. Stage 2 embryos differed between ragion water, but not air foPerisesarma
guttatum Uca urvillei generally had greater rates in South Africa thmKenya in air over all
temperatures, while only at higher temperaturessrat water differed between South Africa and
Kenya.In Kenya, rates foP. guttatumwere greater in water than in air, while in Soutiica
this was true only for the higher experimental tenapuresWithin Kenya, there was largely no
difference between the two species in stage 2 ewmlbayes in air or water. Intraspecific
differences of oxygen consumption for stage 2 ewmdrmong temperature comparisons were
scarcer in air compared with water for the two g Kenya and the three species in South
Africa. Stage 4 embryos &. guttatumin air had greater oxygen consumption in Southcafri
than Kenya. In water, rates in Kenya were greateroaler temperatures, but were lower at
higher temperatures. In Kenya, oxygen consumptias generally greater in air compared with
water for both species. In South Africa, rates wggeerally greater in water compared to air for
P. guttatumand U. urvillei, but mostly similar between the two milieus fdeosarmatium
africanum In Kenya, differences between species in air weegce at lower temperatures, while
in water differences were lacking throughout. Inutho Africa, differences in oxygen
consumption rates among all three species were exdent in water than in air. In aiP.
guttatumhad high variability among temperature comparisonkenya, but not South Africa,
while in water there was more variability in Sowfrica than Kenya.U. urvillei had more
variability among temperature comparisons in botleos in South Africa than Kenya. Fo\.

africanum,variability in oxygen consumption in air was lekart in water.
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Rates of oxygen consumption for non-gravid and igraliffered between South Africa and
Kenya, in water foPerisesarma guttatupbput not in air. Within South Africa, differencesre
evident between non-gravid. guttatumfemales in air and water at different spectra @& th
temperature range. In South Africa, non-gravid gnavid P. guttatumdiffered in oxygen
consumption between air and water at higher tenyr@s, but in opposite directions. Her
guttatum within Kenya differences in oxygen consumption sdtetween non-gravid and gravid
females were rarely evident in air whereas in waldferences were evident at higher
temperatures. In Kenya, differences between airveaitgr were evident at higher temperatures
for non-gravid females but were scarcer for grdeihales. Overall, foP. guttatum there was
more significant variability over the experimentamperature range in non-gravid females in

both air and water compared to gravid females &h ISouth Africa and Kenya.

Uca urvillei showed differences in oxygen consumption betweantiSAfrica and Kenya for
rates in air, water and for gravid females, but ma-gravid females. Within South Africa and
Kenya, rates of non-gravid and gravid females tbffeas did rates in air and water. Non-gravid
U. urvillei rates did not differ between air and water, bdtfdr gravid females. Non-gravid and
gravid U. urvillei oxygen consumption rates differed in both air awmdter. Generally
consumption rates differed between air and water dlie experimental temperature range.
There was less variability in oxygen consumptioaimhan water. Oxygen consumption rates of
U. urvillei differed between non-gravid and gravid femalesigihdr temperatures and rates of

non-gravid and gravid females were fairly variaiier the experimental temperature range.

In general maternal costs fBr guttatumbetween regions had differences in water, but édhit

differences in air. Maternal costs differed betwe@nand water to varying degrees in both

78



Thermal sensitivity

regions and relatively high variability was obselvacross the temperature range in South
Africa, but not Kenya. GenerallyJca urvillei had differences in maternal costs between regions

and between air and water. More variability waseobsd in water than air.

2.5 Discussion:

Although the OCLTT may not have been not directgtéd, the concept of OCLTT was
supported across all life stages of the study sgedncluding populations dPersisesarma
guttatumand Uca urvillei in both South Africa and Kenya ardeosarmatium africanunm
South Africa. High and low critical temperature wed for these species was determined by
means of lethal temperature (LT) experiments iraltel study (Fuset al. 2014) forming the
baseline to which the temperature curves weredfittecording to this hypothesis, temperature
increases oxygen consumption to fulfil cellular ggg demand during warming through the
response of the respiratory systems (FrederichRirther 2000, Pértner, 2001, 2002, 2010,
Mark et al. 2002). Furthermore, my findings validate the hypsth that bimodal breathing
organisms can extend their thermal tolerance tgivgrdegrees by shifting from aquatic to
terrestrial respiration, taking advantage of theeased oxygen availability and diffusivity in air
(Portner 2001, 2010, Verberk and Bilton 2013, Gietral. 2014, Fuset al. 2014). Species have
a tendency to respond strongly to increases in ¢emtgre above their acclimated temperature,
initiating a strong stress response (Poértner 2@Hldanziet al. 2015). Given the rates of
consumption were generally higher in water encosipgsall bimodal breathing ontogenetic life
stages tested [stage 2 and stage 4 embryos, gmastidon-gravid females, at the centre (Kenya)
and edge of latitudinal limits (South Africa) ofeih distributions], indicates that this method of
extending thermal tolerance is as important dukieg reproductive phases as well as in during

adulthood (this study and Fust al. 2014) of bimodal breathing species. It is not gampg that
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elevated rates were observed in water as these cgldom spend more than a few hours
submerged. Conversely, across all life stages sgpmhcimens had weak linear declines in
response to decreasing temperatures. Addtionalljpuhd important differences between

centre/edge populations, among ontogenetic stag@samong species. The experiments were
conducted over short term time periods and Por{@602) notes that thermal tolerance is
frequently investigated in this manner. Under th@ssumstances results are applicable to short
term events of extreme temperature variation (R6r2002) which are commonly associated

with climate change (e.g. Vinceet al 2011).

2.5.1 Effects of latitude:

The metabolism of ontogenetic stages in both stguicies at the centre and edge of their
distributions were largely temperature dependestst@own by the positive relationships for
metabolic rates in both air and water. It must beed that species in South Africa are naturally
acclimated to cooler average temperatures. Thidiesghat at the ambient experimental
temperature (27°C), they may have already beenriexpeng thermal stress, with the possible
knock on effect of exhibiting greater stress thagirt Kenyan counter parts. As a general trend,
both Perisesarma guttaturandUca urvillei, early and late embryo stages exhibited metabolic
stability in Kenya, with only slight increases ixygen consumption over the experimental
temperature range compared with South Africa. Tthisdency was particularly marked for
embryos exposed to water, but clear in air tookémya, larvae of both species had relatively
stable oxygen consumption over the experimentapésaiure range with increases only at the
upper end of the scale compared to larvae in Safriba, which were relatively stable at low
temperatures, but exhibited drastic increases ygex consumption at higher experimental
temperatures. These findings indicate that theseiap, at the central tropical latitudes, across

the tested ontogenetic stages, are well adaptaslaton temperatures, reflecting the thermal
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stability of this region (Hoepffnegt al. 2014, McClanahan 2014). Furthermore, as temperature
changes at low latitudes are expected to be relstsmall (Deutsclet al. 2008, Dillonet al.

2010), this should not negatively affect larvaearly and late stage embryos in this region.

Conversely, it must be noted that while embryosspécies located at the centre of their
distributional range generally exhibited greatettabelic stability over the tested temperatures,
embryos in South Africa coped better with the lowemperatures in water, consuming less
oxygen at these temperatures than their Kenyan pegifics, though thereafter oxygen
consumption increased considerably with increasqueremental temperatures. Furthermore,
larvae exhibited consistent and low metabolic raspe to the lower experimental temperatures
matching the present natural sea surface tempesaturound South Africa (Smétt al. 2013,
Hoepffneret al. 2014). Thereafter, the exponential increase ingeryconsumption at higher
temperatures biPerisesarma guttaturandUca urvillei suggestshat these species do not often
experience such warm temperatures at the obsemvetth &frican coastline (Smiet al. 2013)
and would therefore not be suitably adapted toetitbsrmal conditions. In larvae of all three
species in South Africa, oxygen consumption ratesewsimilar at lower temperatures, with
species-specific differences as temperatures isetkauggesting species-specific adaptations to
warming in this region. The increase in oxygen comgtion at higher temperatures By
guttatumandU. urvillei larvae and embryos, suggestat these species do not often experience
such warm temperatures at the observed South Afdoastline (Smiet al. 2013, Hoepffneet

al. 2014) and in the case of sudden extreme tempesawould experience detrimental thermal

stress.

81



Thermal sensitivity

Adult male Perisesarma guttatunmave been shown to be adapted to a bimodal brgathin
lifestyle, but with a limited ability to extract ggen from air (Fuset al. 2014). Furthermore they
are adapted to thermal regimes specific to diffel@ealities in their distributional range (Fuedi

al. 2014), indicating an adaptation to local climategimes at different latitudes (sensu
Angilletta 2009, Huet al. 2012). In this studyp. guttatumonly showed latitudinal differences
in water. Extracting oxygen from air can alleviateermal stress that would be otherwise
constraining in water (Portner 2001, 2010, Verbetlal. 2011, Giomiet al. 2014) and this
bimodal breathing strategy could possibly accoumtthe lack of regional variability foP.
guttatumin air, as aerial breathing supresses’ thermaraoice variability that is otherwise
evident in water. Latitudinal differences Bftta urvillei were evident in air and watefhese
results differ to those of Fust al. (2014), who consider mald. urvillei a thermal generalist
adapted to exploit the terrestrial environment exidlact oxygen from air with the further ability
to sustain activity at high temperatures. Furtheend-usiet al. (2014) found that maléJ.
urvillei do not display differences between centre and pdgelations in the aerial environment
and experience extreme hypoxia in the aquatic enmient in both regions. While results of this
study do indicate differences between air and walr@matic hypoxia as seen when adult males
are submerged was not observed in females. ThidesltoU. urvillei demonstrating a gender
shift from aerial adaptation in males (Ftial. 2014) to a bimodal breathing adaptation in

females.

2.5.2 Effects of species and ontogenetic stages:

Interspecific differences within regions reflecigatterns of populations located at the centre and
edge of their distributions. In Kenya, stage 2 dreimbryos of both species generally showed a
greater ability for extraction of oxygen from arriaesource than water, at all temperatures,

while in South Africa embryos extracted oxygen eiguefficiently from air and water at lower
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temperatures, but at higher temperatures for $loicies oxygen extraction in water became less
efficient. Stage 4 embryasf Uca urvillei showed similar oxygen consumption patterns in air
and water, while those éferisesarma guttaturshowed slightly different patterns, with oxygen
extraction at lower temperatures being less efficie water than air. These results suggest that,
in Kenya, both species have the ability to exptloé greater concentration and rates of diffusion
of oxygen in air to maintain their aerobic scopagifet al. 2014, Giomiet al. 2014), but at the
same time are adapted to efficiently extract oxygfem both air and water under warming
scenarios. At the edge of their distribution, thepecies seem to be well adapted to present
temperatures and were able to extract oxygen effilyi from both air and water, but could face

challenges in the event of warming.

Embryos at different stages of development ardylike have different metabolism, but general
patterns were evident, with oxygen consumptioniiirbaing lower that in water and variability
over the experimental temperature range being \lagsble in Kenya compared with South
Africa. Early stage embryos, along with being dower level of cellular level differentiation,
are often packaged with maternally invested celldiefences (innate defences) such as heat-
shock proteins and antioxidant chemicals (HamdauhEpel 2007, Ericsoat al. 2010). While
innate defences come at the expense of the mathergy reserves, they would not incur direct
metabolic costs on embryos and thus embryos, duhegarly stages of development, would
have lower metabolic rates than during the laterelbpmental stages. Conversely, late stage
embryos more heavily rely on self-induced defencesadaptive pathways to mitigate
environmental stress (Hamdoun and Epel 2007, Eries@l. 2010). These strategies would not
only use more oxygen, but make these ontogenetigest more sensitive to environmental
change (Hamdoun and Epel 2007, Ericebal.2010). This is likely to have caused the observed

steep increase in oxygen consumption rates atasetetemperatures for the edge population.
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The differences in cellular level differentiatioredikely to give the observed patterns whereby
early stage embryos show less structure in thepaeses to changing temperatures. Early stage
embryos rely on innate defences provided by theherotThese are the product of the past
history of their experience and generally resutisprotection against stressors previously
encountered that might be encountered by the emfptgondoun and Epel 2007). Later stage
embryos, even though they rely less on innate defenare able to produce defences that are
more applicable to immediate stressors due to tleeelerated progression through
undifferentiated early stages and advances in leelldifferentiation (Strathmanet al. 2002,
Hamdoun and Epel 2007) later stage embryos showora structured response to changing
temperatures. A possible switch response in wader detected for stage 2 and stage 4 embryos
of both species in South Africa whereby oxygen comstion suddenly increased between 25°C
and 27°C. A response of this nature could likelyraiced by an imposed stressor (temperature)
causing a sudden increase in oxygen consumptiorwelder after this respose oxygen
consumption follows a linear increase to tempeegatlwarval rates are distinctly higher than
those of late stage embryos, this is indicativeéhef high level of activity demonstrated by the
larvae (pers. obs.) compared to late stage embwhese only heart beat and limited muscular

movement is evident (pers. obs.).

Overall, stages 2 and 4 embryos of the Kenyan pdpuls ofUca Urvillei and Perisesarma
guttatumseem potentially well metabolically kitted to theedicted warming scenarios (IPCC
2014), with wide thermal tolerances. Additionalgmbryos of both species in this region were
able to take advantage of bimodal breathing hatrasided by brooding females to extend their
thermal tolerance by shifting from aquatic to derespiration and thus take advantage of the
increased oxygen availability and diffusivenessin(Portner 2001, 2010, Verberk and Bilton

2013, Giomiet al. 2014, Fusket al. 2014). The aquatic larvae were similarly adapted toide
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range of temperatures and again are not likely doabweak link in persistence of these
populations. Larvae and stages 2 and 4 embryds ghttatum U. urvillei and Neosarmatium
africanumare well adapted to present temperatures regim8suth Africa. Conversely, under
increasing temperatures, thermal stress on eadylae stage embryos becomes more evident
especially in water. As embryos still require aguatedia for oxygen exchange and removal of
metabolic waste (Cannica@t al. 2011, Simoniet al. 2011, Simoniet al. 2013), increasing
metabolic rates during warming in water could haggative effects on survival. This could be a
limiting factor for populations in this region cawg population decrease or species
disappearances in worst case scenarios @ual. 2014). The exponential increase in oxygen
consumption rate oP. guttatumlarvae and general increased in oxygen consumpaiod.
urvillei at higher temperatures in South Africa suggest titathe edge of their distribution, this
life stage could represent a risk for persisteniceapulations in South Africa. To cope with
warming temperatures at current localities, tropjapulations may shift to higher latitudes
tracking optimal temperatures, while populationswatent high latitude distributions (like South
Africa in this study) may shift further south wéSilvaet al.2010b). The genetic connectivity of
P. guttatumbetween centre and edge populations (Stval. 2010a) could, however, facilitate
the flux of adapted genotypes toward higher laggidiven appropriate transport pathways. The
flux of thermally tolerant genotypes to high laties would therefore facilitate the persistence of

P. guttatumat the current edge of their distribution.

Previous findings have indicated that adult mada urvillei are adapted to exploit the terrestrial
environment and extract oxygen from air with thettar ability to sustain activity at high
temperaturesU. urvillei has been described as a thermal generalist aldep® with a wide
range of temperatures along its geographical digion (Fusiet al. 2014). Contrastingly, adult

male Perisesarma guttaturare more adapted to a bimodal breathing lifestyid & limited
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ability to extract oxygen from air and are adaptedthermal regimes specific to different
localities in their distributional range (Angillat2009, Huey et al. 2012, Fusi al. 2014).P.
guttatum non-gravid females partially emulated these resyfi®senting a predominantly
bimodal breathing adaptation spread over the spedsstributional range, only showing
differentiation between the centre and edge ofr thisitribution in waterU. urvillei, however,
demonstrated a shift from aerial adaptation in sate bimodal breathing adaptation in non-
gravid females in South Africa, with extraction okygen typically not being significantly
different between air and water. Non-graldd urvillei in Kenya maintained their efficiency in
oxygen extraction from the aerial environment. Ferua urvillei also had the thermal generalist
characteristics typical of males across latitudessi et al. 2014), with similar metabolic
responses to temperature both at the centre areddadig distribution in both air and water. The
bimodal breathing adoption by females of btthurvillei andP. guttatumin South Africa and
Kenya presumably reflects the fundamental neednabrgos as they require water for the
removal of metabolic waste and facilitation of oggpgdiffusion through the embryo membrane
(Cannicciet al. 2011, Simoniet al. 2011, Simoniet al. 2013). Even though females show
adaptation to aquatic submersion, this does notssecily indicate that female and brood can
stay submerged for prolonged periods of time asdpraviously mentioned, embryos are still

significantly less efficient in the extraction ofygen from water compared to air.

Making use of high oxygen concentrations to all®vilermal stress is not uncommon and has
been noted for eurythermal crabs (Taylor and Wkesa8l79, Portner and Giomi 2013) and
Antarctic eelpout (Marlet al.2002). In this scenario, bimodal breathing aninmaddke use of the
higher oxygen concentrations and diffusivenessinrtcareduce thermal stress (Pdrtner 2001,
2010, Verberket al. 2011, Giomiet al. 2014). The ability of bimodal breathing speciegake

advantage of air breathing is further aided bygpecial adaptations in the gill chambers, where
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vascularised tissues help them perform as lungseasing the efficiency of oxygen extraction
from air (Farrelly and Greenaway 1994, Morris 200Ris therefore not unexpected that females

and embryos also employ this strategy to reduaentlestress.

2.5.3 Maternal costs:

Gravid females present complex responses to inogaemperatures possibly reflecting
different maternal strategies employed by differgmécies in different milieus at the centre and
edge of their distribution. In Kenya, gravikrisesarma guttaturnad similar or higher oxygen
consumption levels compared to non-gravid femaiesiri and water. The same species in South
Africa exhibited oxygen consumption rates well bekihose of their non-gravid counterparts in
water, but similar rates in air. This suggests thaternal investment is greater in Kenya, with
females expending additional energy to ensure ssb@dereproduction, while in South Africa
females do not invest energy in brood care to #Hmesdegree. In Kenya, gravid femélea
urvillei again showed greater rates of oxygen consumptian non-gravid females in air
suggesting high maternal investment. However rategravid females in water were lower than
non-gravid females. Given thak urvillei is aerially adapted in this region, these femaldk
invest considerable energy in maternal care in wate with P. guttatum U. urvillei in South
Africa appears to take advantage of easy extraatiooxygen from air. Although at higher
temperatures, gravid females have lower metabatesrthan their non-gravid counterparts. In
water however, oxygen consumption by the clutcheeglcthat of the female itself, indicating

negative oxygen consumption by gravid females.

Distinctly negative rates for gravid females seenbé¢ a characteristic dfca urvillei females
exposed to water, additionaBerisesarma guttaturshows a decrease in oxygen consumption in

water at higher temperatures in South Africa. Frimse data | propose that these are
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approaching their upper thermal tolerance limitewln water, in line with the OCLTT curve
(Frederich and Pértner 2000, Portner, 2001, 200202Market al. 2002, Portner and Farrell
2008), showing that their oxygen consumption isaistate of decline associated the onset of
performance loss at the pejus temperature (sendgondP@nd Farrell 2008). This occurs while
egg clutch oxygen consumption rates continue tceame with increasing temperatures. Gravid
females will have already invested considerablerggn@nd resources in the production of
gametes and in caring for the brood (Bauer 198Madrelezet al. 2000, Ruiz-Taglet al. 2002,
Fernandez and Brante 2003) depleting energy ressuequired to deal with thermal stress.
When submerged at increased temperatures, thegacionger cope with the additional cost of
extracting oxygen from water and care of the brdodontrast to their non-gravid counterparts,
this will have exhausted their energy reservesiaogased their thermal stress, putting them on
the downward slope on the OCLTT curve as tempezatareases (Frederich and Pdrtner 2000,
Portner 2001, 2010, Pértner and Farrell 2008, Véttnet al 2008). It has been suggested that
in ectothermic vertebrates a wide range of stresfies converge at the challenge of dealing
with mismatch of oxygen demand and coping with atiice stress (Kassalet al.2009) and, as
maternal care can be seen as a stress on fematesild possibly cause a mismatch between

oxygen supply and demand.

Maternal costs illustrate the energy females inwesbrood care more clearly as this value
indicates the amount of oxygen used above or béaw of a non-gravid female at the same
temperature in the same milidRerisesarma guttatunm South Africa display marginal maternal
care in water as shown by the negative maternattefilthough extraction of oxygen from the
aerial environment sustains maternal care to somgeed. While in Kenya, this species clearly
invests energy in brood care in both air and wéalea urvillei in South Africa showed minimal

maternal care at lower temperatures and, aboveaeshbld of 25°C, completely abandoned
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excess effort into maternal care in both air andewan Kenya,U. urvillei again showed
minimal maternal care in water, but in air, thergased concentration and rate of diffusion of
oxygen allowed it to sustain maternal care. Negathaternal costs seem to be a characteristic
for females of both species exposed to higher temyes in water in South Africél. urvillei
also experienced negative maternal effects whewsedto high temperatures in air in South
Africa. This further supports the interpretatiorattithese females reached an upper thermal
tolerance limits beyond which gravid female oxygemsumption rates were suppressed, while
embryo oxygen consumption rates continued to is&regith temperatures, creating a negative
maternal cost at higher temperatures. In casesewhtaternal Costs (MCs) are marginally
negative or marginally above zero, the female duasinvest energy in maternal care. As a
general trend, it seems maternal care was moretetan Kenya than in South Africa. Negative
maternal costs suggest a break down in maternaj easentially meaning embryos will have to
fend for themselves and will not be able to rely the mother. This could have serious
implications as females will no longer ventilateq@ds 1999, Fernandez al. 2000, Fernandez
and Brante 2003) and clean (Bauer 1989, Fernaedleal. 2000, Ruiz-Tagleet al. 2002,
Fernandez and Brante 2003) embryo masses as sewmm-stressed scenarios. Negative MCs
may also prevent regular submersion in water took@mmetabolic waste a adequately facilitate
the diffusion of oxygen across the embryo memb(&snnicciet al. 2011, Simoniet al. 2011,
Simoni et al. 2013). Overall, the breakdown in maternal carekisly to drastically affect the
survival of embryos, preventing the production afivhe and thus limiting the amount of new
recruits entering systems and could have serigpsrecassions for populations in regions that

show a break down in maternal care.

To verify that gravid females may in fact produasgative oxygen consumption rates in the

adjustment for gravid females carrying eggs, therevidence that clutches of brachyuran
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embryos can consume as much oxygen as the broedinly (Fernandez and Brante 2003).
Furthermore, the literature suggests that the oatexygen consumption by embryos is only
affected below a critical concentration, above Whicis not supressed (Nayl@t al. 1999,
Fernandezt al. 2000, 2002, Baeza and Fernandez 2002, FernandeBrante 2003), although
this may be species specific (Fernandeal. 2003). Additionally, there is evidence that, while
oxygen concentrations may drop within the inteérthe embryo mass, females attempt to
ensure adequate oxygen supply by abdominal flappimiting the time embryos may spend
below the critical concentration (Fernanatal. 2002). Also, measuring oxygen consumption of
unstirred embryos produces results that are apmpately half those of stirred embryos (Naylor
et al. 1999) and that embryos in the interior of the egggsnmay consume less oxygen than
embryos at the periphery of the clutch (Fernareteal. 2003), but without measuring the exact

differences involved, this is difficult to adjustrf

In conclusion, all bimodal breathing ontogenetagsss in this study were able to take advantage
of the increased concentration and diffusivenessoafgen in air to extend their thermal
tolerances, allowing population persistence undienate change scenarios. Overall, embryos
and larvae appeared to be more resistant to warthiag adults which is not uncommon in
juvenile ectothermic invertebrates (e.g. Petkal. 2013). The ontogenetic stages of the two
study speciesRerisesarma guttaturand Uca urvillei, in Kenya were generally more robust to
increasing temperatures than their South Africaimeerparts, which in turn were better suited to
present regional temperatures. Conspecific indalsluat the centre and edge of their
distributions in this study employed different sdégies in maternal care that seem to be linked to
thermal tolerance. Differing strategies in comhbmratwith thermal responses of individual life
stages, is likely to affect the persistence of g®eander climate warming at the centre of their

distributions. However, detrimental effects on seeat their higher latitudinal limits due to
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metabolic stress at higher temperatures and camstfamaternal care, could cause population

shifts away from their current locations.
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CHAPTER 3
SETTLEMENT PATTERNS OF BRACHYURAN CRABS AT MID

AND HIGH LATITUDINAL LIMITS OF MANGAL DISTRIBUTIONS

IN EAST AFRICA

3.1 Introduction:

Marine invertebrates generally produce pelagicdarwhich spend varying amounts of time
developing in the planktonic stage (Morgan and €r1995, Calet al. 1996, Beckeet al.
2007, Siegeekt al.2008, Cowen and Sponaugle 2009). Previously, itagasmed that during
their pelagic phase, larvae were distributed oaegd distances resulting in extensively
connected invertebrate populations (Scheltema ailliblvs 1983, Scheltema 1986, Levin
2006). Recent evidence suggests this is not altveysase; technological advances coupled
with recognition of new factors that influence tinensport of pelagic larvae have caused a
shift away from this theory (Swearet al. 1999, Levin 2006, Almangt al. 2007, Coweret

al. 2007, Beckeet al. 2007, Cowen and Sponaugle 2009). The driversreélalispersal are
now thought to be more complex, involving behavjounortality, suitable settlement habitat

and hydrodynamics (Metaxas 2001, Lefisl.2003, Largier 2003, 2004, Becketral. 2007).

The first contributing factor to dispersal is thengration of embryos. Along a latitudinal
cline, this may vary significantly in both timingha@ intensity, as species exhibit different
breeding cycles and strategies. The variation Ese¢hstrategies depends on a trade-off
between environmental factors and reproductivege®es (Morgan and Christy 1995, Flores

et al. 2002). Gonad maturation is largely mediated bypemture, but other prominent
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factors include light, food availability, salinitgnd tidal periodicity (Sastry 1983, Morgan
and Christy 1995). Authors have shown that reprodeicoutput, fecundity and embryo
volume and weight in brachyurans vary with latitdey. Lardies and Castilla 2001, Brante
et al.2003) and life history traits, such as the lendtthe incubation period and the number
of broods per season vary with temperature, wheclearrelated to latitude (Dunn 2004,
Tieleman 2009). Furthermore, the timing of the dneg season may shift along a latitudinal
gradient. Species in temperate regions often bessdonally due to periodic (seasonal)
resource limitation (e.g. Emmerson 1994), whileselg related species breed all year round
in the near sub-tropics and tropics (ltuaeteal. 2004, Torreset al. 2009) and these patterns
are consistent for many marine brachyuran spediéswAfrica (e.g. Emmerson 1994, Gove

and Mambonhe 2000, Floresal.2002, Litulo 2005a, b, c)

In cases where adult populations are in large gejalarvae may be retained avoiding
transportation to offshore areas and the assoc@tdalems of returning to suitable habitats
(Christy and Stancyk 1982, Stancyk and Feller 19Bfhnson 1985, McConaugha 1988,
Paulaet al. 2003). Behavioural mechanisms controlling dieltieal migration in the water

column can be initiated by changes in light intBnssalinity and pressure and are used to
prevent larvae being positioned in currents thauldoremove them from the estuary
(Wheeler and Epifanio 1978, Cronin and Forward 198mbert and Epifanio 1982,

McConaugha 1988). Larval availability is the resafithe reproductive output of the parental
stocks and as such, the cause and effect relaippmshy be more evident in restricted

systems like sheltered estuaries, where the nuoflibeew megalopae may directly reflect the
reproductive output of parental stocks (Floegsal. 2002). Such direct links can have
underlying effects on population dynamics (Cowed &ponaugle 2009) and hence larval

development and mortality due to environmental domts can mask the effect of seasonal
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or year-round breeding and affect the short termppluof new megalopae, influencing
recruitment patterns, especially in restricted eyst (Moloneyet al. 1994, Florest al. 2002,

Cowen and Sponaugle 2009).

Synchronous larval release is common in many manwuertebrates (Morgan and Christy
1995, Skovet al. 2005) and can be exhibited in scenarios rangiag fannual to lunar to
tidal synchrony (Caspers 1984, Harrisetnal. 1984 Skov et al. 2005). Tidal synchrony is
common in brachyurans and is thought to be advapteg as it reduces predation risk
(Morgan and Christy 1995) and mitigates againgtalesalinity and temperature conditions
(reviewed in Forward 1987). Most brachyuran larvagdly disperse seawards. The timing
of larval release during nocturnal large amplitetd tides (Scheltema 198@prgan 1995,
Morgan and Christy 1995), coupled with behavioungchanisms that typically manoeuvre
larvae into ebb-directional currents (e.g. Epifagial. 1984, Sulkin 1984, Zeng and Naylor
1996), aid in the rapid offshore transportationlastae (Epifaniol988, Dittelet al. 1991,
Lago 1993a, Queirogat al. 1994, Christy and Morgan 1998). Experimental evide
suggests that such strategic timing of larval #estrongly reduces the risk of predation
(Morgan and Christy 1994, 1995, 1996, Hovel and d4ar1997). Several African mangrove
crab species exhibit such tidal synchrony in theproductive strategies at both the centre
(tropical) and lower (temperate) limits of theisulibutions (e.g. Gove and Mambonhe 2000,
Papadopoulost al. 2002, Paulaet al. 2004, Skovet al. 2005). Similar predation and
physiologically driven selective pressures are ¢mbuto act on returning megalopae,
selecting for nocturnal immigration to adult hatstéAcosta and Butler 1999, Papadopoulos

et al.2002, Ragionieret al.2015).
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During the pelagic stage of the life cycle, the ameand megalopae of brachyurans
demonstrate species- and stage-specific vertisailalitions within the water column that are
related to tidal currents, temperature, saliniogd concentration, hydrostatic pressure, light
conditions, etc. Vertical distribution in turn affe the extent of their dispersal (Johnson
1985, McConaugha 1988, Zeng and Naylor 1996, Ghaistt Morgan 1998, Kingsforet al.
2002, Queiroga and Blanton 2005, Anger 2006). Quwrme chemical cues originating from
the parental habitat and/or conspecifics are ingoortn triggering and influencing larval
moult cycles, larval development and eventuallylasient (O'Connor 1993, Gebausral
1998, 2003, 2005). Some species can independdmftytisrough these life-history events
following a genetic and hormonal programme whileeos$ rely heavily on environmental and
chemical cues often linked to adult habitat or pnesence of conspecifics (Gebaaeral.

2005).

Returning late stage zoeae or megalopae alterlibhaviour and rely on stimuli to alter their
positioning within the water column to maximise lboie transportation to suitable habitats
(Christy and Morgan 1998, Kingsfort al. 2002, Queiroga and Blanton 2005, Anger 2006).
Responses to external stimuli are usually spegesiic and therefore the relative
importance of physical processes transporting &ahvack to parental habitat often differs
among species (Christy and Morgan 1998, Kingsétral. 2002, Shankst al.2003, Gardner
et al. 2004, Anger 2006). Marine invertebrate larvae galhemake use of the predictable
nature of tides and currents and have frequentved convergent behaviours linked to the
same transport mechanisms (Epifaetoal. 1984, Scheltema 1986, Epifani®88, Christy
and Morgan 1998). Many species of marine inverterenake use of high amplitude spring
tides to aid in their transportation to suitabléitets (Christy and Morgan 1998, Perestaal.

2000) and this has specifically been noted as eflmgal tactic in the recruitment of
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brachyuran species to mangrove ecosystems (FRaudh 2001, 2003, Florest al. 2002,
Ragionieriet al. 2015). Furthermore, prevailing weather conditioftsroaffect larval supply.
For example, in temperate regions, brachyuran megalrely on wind driven currents to aid
in transportation to estuarine habitats (Morgdnal. 1996, Garvineet al 1997, Botsford
2001, Floreset al. 2002, Olaguer-Feli@t al. 2010, Dominguegt al. 2011), while tropical
brachyuran species are thought to take advantagénaf driven currents in Maputo Bay,
Mozambique, for transportation to suitable settleimieabitats (Paul&t al. 2001, 2003).
These factors often act in conjunction with ead¢teoand account for the variability in larval
supply in many regions (e.g. Paetaal. 2001,2003, Olaguer-Feliét al. 2010, Ragionierét

al. 2015).

Successful recruitment involves the transportatiblarvae to suitable habitat, settlement and
the survival of juveniles that persist into the lagwopulation (Keough and Downes 1982).
Marine invertebrates often experience a dramatift Bom a pelagic larval life stages to
substratum based juvenile-adult phase that invobraplex behavioural and developmental
changes (Gebauest al. 2005). In cases where megalopae are densely ageggega
structurally complex micro habitats removed fromngpdal habitats, brachyurans will exhibit
an ontogenetic habitat shift (Heck and Hambrook1]19pivaket al. 1994, Flores and
Negreiros-Fransozo 1999), leading to migration fromwrsery to adult habitats. Once
settlement has occurred, juvenile recruitment iatgopulation is further influenced by
numerous factors such as habitat complexity (MaMikt al. 1995, Stevens and Kittaka
1998, Loher and Armstrong 2000), predation (Digtedl. 1996, Banks and Dinnel, 2000) and
physiological constraints (Tollegt al. 2012, 2013). Understanding recruitment mechanisms
is a step towards unravelling adaptive featurea species’ reproductive strategy (Flosets

al. 2002).
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Mangals spanning the east coast of Africa coves t#ndegrees of latitude and encompass
the mid and higher latitudinal limits of floral arfdunal components of this ecosystem
(Fatoyinbo and Simard 2013). As it stands, thermftion on recruitment of brachyurans
into mangrove ecosystems in east Africa is limitedth the majority of the studies
concentrated in Mozambique (e.g. Paelaal. 2001, 2002, 2004, Flored al. 2002, Litulo
2004, Litulo 2005a, b, c), although limited infortiea from South Africa is available (e.g.
Papadopoulost al.2002) and some literature deals with faunal reastaion of mangals in
Kenya (e.g. Bosiret al. 2004) with further recent information on brachyusettlement in
Kenyan mangroves (Ragioniezi al. 2015). Returning megalopae will use similar pathsvay
to those described above to locate and settleiialde habitat such as high amplitude spring
tides (e.g. Pauleet al. 2001, 2003, 2004, Florest al. 2002). Additionally, species
compositions differ at the different latitudes oamgal distribution (Emmerson 1994, Kalk
1995, Dahdouh-Guebast al. 2002, Emmersoret al. 2003, Gillikin and Schubart 2004,
Cannicci et al. 2009, Morriseyet al. 2010) and will likely contribute to variations in
settlement patterns due to megalopae following pecific cues (O'Connor 1993, Gebaeer

al. 1998, 2003, 2005, Anger 2006).

This study targeted settlement of brachyurans imgrave systems, at mid and higher
latitudinal limits of distribution. | hypothesisehdat settlement patterns between edge
populations (South Africa) and centre populatidfenya) will differ, with populations at the

centre having higher settlement than at the edbeséd settlement patterns will likely arise
due to dynamic events such as meteorological donditand hydrodynamics and regional
specific traits in population biology (e.g. seadowmersus continuous breeding patterns at
different latitudes, which would influence the daahility of larvae for settlement. ). Locally,

in each region, | propose there will be tempora gpatial variation in settlement which will
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again reflect the meteorological and hydrodynamenditions. On the other hand, |
hypothesise a synchronised preference for settlecheing night spring high tides to avoid
predators is expected across latitudes (e.g. Acassth Butler 1999, Papadopoules al.
2002). Furthermore, | propose settlement during mewn spring tides is likely to be greater,
again in accordance with the predator avoidanceothgsis (e.g. Acosta and Butler 1999,
Pereiraet al. 2000, Papadopoulas al. 2002). | propose that species-specific preferefmes
different heights on the shore may alter settlenpatterns within regions as brachyurans
exhibit clear zonation patterns in each region.(Emmerson 1994, Ruwa 1997, Dahdouh-

Guebast al.2002).

3.2 Methods:

3.2.1 Field Methods and Materials

Study sites were identified at the mid (Kenya) riisitional range and higher latitudinal
(South Africa) limits (referred to as centre angedespectively) of mangrove ecosystems in
eastern Africa. Sampling took place specificall\Gaizi Bay (3930’ E, 422’ S) and Shirazi
Creek (431’ S, 3925’ E) in Kenya and the Mngazana {2%’ E, 31 42’ S) and Mntafufu
(29°38’ E, 31 33’ S) estuaries in South Africa (Figure 3.1). 3&esites were chosen on the
basis that the full complement of tree speciesdach region was present. These were:
Avicennia marina Bruguiera gymnorrhizaCeriops tagal Heritiera littoralis, Lumnitzera
racemosa Rhizophora mucronata Sonneratia alba, Xylocarpus granatumand X.

moluccensidor Kenyaand A. marina, B. gymnorrhizand R. mucronataor South Africa.
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Figure 3.1: Map of East Africa indicating samplisges in Kenya (Gazi Bay and Shirazi Creek) andtiS@d\irica (Mntafufu Esuary and
Mngazana Estuary), boxes marked A indicate samiiteg located in zones dominatedAvicennia marinewhile boxes marked B indicate

sampling sites in zones dominatedRiyizophora mucrona, all photos courtesy of Google Earth.

99



Sampling was conducted in Kenya between tHe R6gust 2010 and the 26of September
2010 at both Gazi Bay and Shirazi Creek, and féurther four months, until the 1of
January 2011 at Gazi Bay. Limited data were cadldadn this region due to logistical
constraints. These sampling dates corresponddeketodrtheast (NE) monsoon (McClanahan
1988, Wakibiaet al. 2006). The SE monsoon is characterised by weaksyinigh air and
water temperatures, high solar radiation and lomfali (McClanahan 1988). The NE
monsoon was hypothesised to be the equatorial alguit/to the peak summer recruitment
season in South Africa and likely to give the miagbrmation on recruitment dynamics. In
South Africa, sampling took place at both sitesrfrihe 3' of November 2010 until the 15
of October 2011. Sampling was conducted twice ddilying spring tides, when the tidal
amplitude exceeded 3.00m for more than one consedide in Kenya and more than 1.65m
for South Africa. This ensured that the megalopdlector mats in the uppét. marinazones

were fully submersed at high tide.

Within each site, areas of monospecific zonesAwicennia marinaand Rhizophora
mucronatawere identified. These zones were chosen as bath nepresented in the Kenyan
and South African mangals, wifh marinaforming the upper zonation limit of the mangrove
forest, whileR. mucronatas the preferred habitat for the targeted spedidsachyuransin

the case of South African mangals, tRe mucronataand Bruguiera gymnorrhizazones
overlapped and areas whelRe mucronatadominated were chosen. Megalopal collectors
mimicked a complex settlement substratum. They wategrom air-conditioning filters and
measured 33 cm by 33 cm by 1 cm thick. The teclen@jwsing artificial substrata to collect
megalopae has been extensively used in estuarths Bulf of Mexico, the western Atlantic
(e.g. van Montfrangt al. 1990, 1995, Olmet al. 1990, Metcalfet al. 1995, Rabalaist al.

1995) and more recently in Mozambique and Kenyangals (Paulat al. 2003, Ragionieri
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et al. 2015). | adapted the technique from floating aitles, as used by Pawdaal. (2003) in
the central channels, to collector mats placedoffathe sediment within specific zones of the
mangal, as it has been shown that shape does fect akttlement on artificial substrata,

provided the surface areas are comparable (Mettalf 1995).

Six replicates were sampled in each monospecifiegmeave zone. Each replicated consisted
of a passive megalopal collection mat that wasgquldaphazardly among the trees in the two
identified monospecific zones at each site. This wane approximately four hours before
the first high tide in the spring tide cycle. Thecseeding high tides amplitudes submerged
all the mats (pers. obs.). The mats were pinnethéosediment with sticks to prevent
movement during the ebb and flow tides. Mats wetkected during the following low tide,
after the ebb tide had receded enough to allowrdpes to be fully exposed, minimising the
escape of megalopae during collection. Each mattiwas placed in a separate transparent
pre-labelled Ziplock bag. The mats were immediateplaced with clean mats. The collector
bags and mats were then transported back to tlueakany where the mats were removed
from the bags and placed in plastic buckets. Thgs b@ere washed out thoroughly using
freshwater sprayers to remove any megalopae traipgate. The megalopal collection mats
were then placed in plastic buckets and meticujowshashed by submersing them in
freshwater and using sprayers to dislodge any ropgal (van Montfrangt al. 1990).
Megalopal specimens were collected and stored % @€hanol in labelled Eppendorfs to
allow identification at a later stage. The datgtestof the tide and zone in which the
specimens were collected were recorded. This ptweadas carried out at 12 hour intervals
until the spring tide amplitude was no longer saidiint to submerge all the mats fully. During
each spring tide, the mangals were sampled bet®ee 8 days in South Africa and 5 days

in Kenya.
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Representative adult specimens @&pixanthus dentatus, Neosarmatium africanum,
Neosarmatium smithii, Ocypode ceratophthalmus, Besarma catenata, Perisesarma
guttatum, Potamonautes perlatus, Scylla serrataa dalorophthalmus, Uca annulipesd
Uca urvillei were collected from Mngazana estuary during 2@t3INA sequencing to help

identify unknown megalopae.

3.2.2 Laboratory Methods and Materials:

Megalopae were identified to species level whergsjide using a dissecting microscope and
the literature available on larval development angrove brachyurans (Lago 1987, 1989,
1993a, 1993b, Guerast al. 2011). Species that could not be identified, du¢htolack of
literature describing mangrove species megalopaee \Wyrouped by similar characteristics
into different morphotypes and labelled as spetjes 3 etc. A representative specimen from
each identified and unidentified group was seteaswt further DNA sequencing. This was
done to either verify the identification based d¢me tliterature, or to attempt to match
unidentified megalopae to known adult specimentectd from the Mngazana mangals or

to sequences already present in the BOLD DNA BangpDatabase.

A randomly chosen voucher specimen from each godugentified and unidentified groups
of megalopae was selected for DNA sequencing. Stisalle portions of each representative
adult specimen and voucher specimen were removddpkated in separate wells in the
sequencing plate in 30 mL of lysis buffer (httpWw.ccdb.ca/docs/CCDB_DNA
Extraction.pdf). The plate was then sealed andp&luipto the Canadian Centre for DNA
Barcoding (CCDB) for DNA sequencing and input inlee BOLD DNA Barcoding

Database. The standard PCR reaction protocol ofCi®B was used for amplifications
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(http://www.dnabarcodes2011.org/conference/precentee/CCDB-Amplification-
animals.pdf). Using the bold website, a BOLD tad@ntree was constructed using the
cytochromec oxidase subunit — 5p (CO1-5p) marker and the KanfuParameter Distance
Model in order to match sequenced voucher specirtiekaow adults. A further search for
DNA sequence matches between sequenced vouchémspsand entries already present in
the BOLD DNA Barcoding database was conducted ushey BOLD Barcode Index
Numbers (BINs) search engine which allows for conspas of sequenced DNA to sequence

clusters that closely approximate species.

3.2.3 Statistical Analysis:

The possible effects of several factors on numbérsrachyuran settlers between regions
were analysed with the Permutational Multivariatealysis of Variance (PERMANOVA)
add-on in PRIMER 6. The Distance-based test for dgmneity of multivariate dispersions
(PERMDISP) was used to check for homogeneity ofethiire dataset, according to the full
experimental design. All factors were consideredé¢ofixed as they offered all available
levels of the factors considered. Variances of gasp variables to “Site”, “Zone” and
“Day/Night” were homogenous folP. guttatum while “Site” and “Day/Night” was
homogenous foP. catenataand the total number of megalopae (PERMDISP,0.05).
Analyses were therefore conducted on square raotsfiormed Euclidean dissimilarity
matrices to reduce the effects of heterogeneows @ihe heterogeneous nature of some of the
data after transformations may induce type 1 erneithin the analyses, forcing in
precautious interpretation of results. The totaimbars of megalopae collected were
compared between regions (Kenya and South Afritag factors, “Region” (2 levels),
“Zone” (2 levels), “Moon” (2 levels) and “Day/Night2 levels) were fixed and orthogonal

(Table 3.1).
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Each region was then considered separately dudféoetht amounts of data collected in each
region and to find specific trends within each oegi For South Africa, analyses were
conducted on the total number of megalopae as aglihose of the two most abundant
species Rerisesarma guttaturand Parasesarma catenatacollected. These analyses were
conducted separately to simplify otherwise highlymplex statically interactions. Two
analyses were carried out for the total humber efjaopae and each of the two most
abundant species. These analyses had to be separthie levels in factor “Moon” were not
present in each of the spring tides. The analyses therefore designed to test for effects of
spring tide in conjunction with the other factorsdaa separate analysis it was necessary to
run to test for effects of new/full moon in conjtina with the other factors. The first
analysis considered the effect of the factors ‘®piiide” (21 levels), “Zone” (2 levels) and
“Day/Night” (2 levels) which were fixed and orthaga while “Site” (2 levels) was random.
Variances of response variables to “Site”, “Zonet dDay/Night” were homogeneous fBr
guttatum while variances of response variables to “Sited &ay/Night” were homogenous
for P. catenataand the total number of megalopae (PERMADIBP,0.05). Under square
root transformations, variances of response vagabbd “Spring Tide” forP. guttatum, P.
catenataand the total number of megalopae while the resporariable to “Zone” was
heterogeneous fdP. catenataand the total number of megalopae (PERMDIB®R,0.05)
(Table 3.2).The effect of new or full moon was analysed sepéyads each spring tide
involved either a new or a full moon only. In tlogse the factors “Moon” (2 levels), “Zone”
(2 levels) and “Day/Night” (2 levels) were fixeddanrthogonal, while “Site” (2 levels) was
random. Variances of response variables to “Mob&ite”, “Zone” and “Day/Night” forP.
guttatum,were homogeneous while variances of response Vesidb ‘Site”, “Moon” and
“Day/Night” were homogenous fd?. catenataand only variances of response variables to

“Site” and “Day/Night” were homogenous for the fatamber of megalopae (PERMADISP,
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P> 0.05). Under square root transformations, vagaraf response variables to “Zone” were
heterogeneous fdP. catenataand “Site” and “Zone” for the total number of meayme

(PERMDISP P< 0.05) (Table 3.3).

For Kenya, analyses were likewise conducted ondta¢ number of megalopae as well as the
two most abundant megalopal species collecRetigesarma guttaturand Neosarmatium
africanunj. Again, these analyses were conducted sepatategduce complexity. The data
collected from the Kenyan sites were asymmetrith W2 spring tides being sampled in Gazi
Bay while four spring tides were sampled in Shir@eeek. The factors “Spring Tide” (12
levels), “Zone” (2 levels) and “Day/Night” (2 lewglwere fixed and orthogonal, while “Site”
(2 levels) was random. Variances of response MVasgato “Site” and “Day/Night” were
homogeneous foP. guttatumand the total number of megalopae (PERMADIBP,0.05).
Under square root transformations, variances gbamse variables to “Spring Tide” and
“Zone” were heterogeneous ftire total number of megalopae dddguttatum(PERMDISP,

P< 0.05) (Table 3.4). Analyses comparing Gazi Bag 8hirazi Creek involved the factors
“Spring Tide” (12 levels), “Zone” (2 levels), “Dayight” (2 levels), were fixed and
orthogonal, while “Site” (2 levels) was randoms 4 (Table 3.4). Again, the effect of moon
was considered separately. The factors “Moon” (2I8, “Zone” (2 levels), “Day/Night” (2
levels) were fixed and orthogonal, while “Site”|&els) was random. Variances of response
variables to “Site” and “Day/Night” were homogenedor P. guttatumN. africanum and
the total number of megalopae (PERMADI$®, 0.05). Under square root transformations,
variances of response variables to “Moon” and “Zomere heterogeneous fér. guttatum

N. africanumand the total number of megalopae (PERMDIE®(.05) (Table 3.5).
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3.3 Results:

The Bold Taxon ID Tree that was used to confirrntdeations made using keys in the
literature as included in appendix 6.3. The tres w@nstructed using the Kimura 2 Parameter
Distance model based on COIl — 5P nucleotide marKbktp:/www.boldsystems.org,
Ratnasingham and Herbert 2006). This tree was usedsuccessfully confirm 27
identifications by matching genetic samples froma tacruits to genetic samples from adult

specimens collected in the South African mangals.

During the 12 spring tides that occurred betweé&w@ust 2010 and 24 January 2011, a total
of 96 megalopal recruits were collected in facennia marinaeand Rhizophora mucronata
bands of theGazi Bay and Shirazi Creek mangrove ecosysteman@&ig.2). Both Shirazi
Creek and Gazi Bay were sampled throughout thefotg spring tides, during which Gazi
bay yielded the highest number (16 megalopae; Ei§2). The peak in settlement occurred
over the & spring tide. During this tide, megalopae settiecboth zones at both sites but
only in Gazi bay. The'8spring tide was the only one to receive megalaeting in both

zones at both sites (Figure 3.2).

Over the remaining eight spring tides between 2fokker 2010 and 24 January 2011 only
Gazi Bay was sampled, yielding 67 megalopae. Thesiing tide had the highest peak
settlement with a combined total of 32 megalopadirsg in the Avicennia marinaand
Rhizophora mucronataones (Figure 3.2) and th& @nd 12" spring tides also had settlement
in both zones (Figure 3.2). Settlement occurrednia zone on the"5(R. mucronaty 9" (R.
mucronata, 10" (R. mucronataand i (A. marinazone) spring tides, while no settlement

was recorded on thd"&pring tide (Figure 3.2).
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Figure 32: Total number of megalopae settlingAvicenna marinand Rhizophora mucronataones at Gazi Bay (Ga) and Shirazi Creek
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The Avicennia marinaand Rhizophora mucronataones in the Mngazana and Mntafufu
estuaries, South Africa were sampled during 21lngptides spanning 2010 and 2011,
yielding a total of 579 megalopae. Megalopae skitieboth zones at both sites over tfie 1
34 g gh g 10" 19" and 28 spring tides (Figure 3.3). Megalopae settled anlyhe
Mngazana estuary over the"&pring tide, while only Mntafufu received megalepan two
occasions, over thé"7and 14' spring tides (Figure 3.3). Both sites receivedsatilers over
the 18", 16" and 17" spring tides (Figure 3.3). Overall, the marinazone at the Mngazana
site recorded the highest number of recruits oher 21 spring tides sampled, with 345
megalopae, and the single greatest settlement @véris zone occurred over the"8pring
tide (230 megalopae). ThR. mucronatazone at the Mngazana site received the fewest
megalopae at 41 (Figure 3.3), while themarinaandR. mucronatazones at the Mntafufu

estuary each received 97 and 96 megalopae resglgctiv
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Figure 33: Total number of megalopae settlincAvicennia marinandRhizophora mucronataones at each of the two mangal sites Mnga
(Mng) and Mntafufu Knt) in the Transkei, South Africa during spring tidesm November 2010 until October 2011. Light slmdelicate
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Figure 3.3continued: Total number of megalopae settlinAvicennia marinaandRhizophora mucronataones at each of the two mangal s
MngazanaNIng) and Mntafufu Knt) in the Transkei, South Africa during spring tideem November 2010 until October 2011. Light sh&
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indicate new moon spring tides, white circles iatkcfull moon spring tide
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Overall, interactions of Region and Zone, and Regamd Moon had significant effects on
megalopal settlement between South Africa and Ke@yaa finer scale, within each region,
highly complex interactions affected megalopal lsatent. South Africa had the most
variability, with settlement being affected by #dtors tested, while settlement in Kenya was
slightly less complex. In this and the followingcgens, probability levels refer to the result of
Pairwise tests at an alpha level of 0.05 unleseraiise stated. Interactions among factors that
did not have significant results across total megall Perisesarma guttaturor Parasesarma

catenatarecruits were excluded from the statistical talbbeseduce the length of tables.

Regional comparisons:

There were two significant 2-way interactions ire tbomparison of pooled megalopal taxa
between regions: Region x Zone and Region x moabl€r3d.1). South Africa had significantly
more megalopae than Kenya in tReizophora mucronataone (P < 0.01), while there was no
difference in theAvicennia marinazone. Within South Africa, there were significanthore
megalopae in thé. marinathan theR. mucronatazone, while in Kenya the opposite was true.
Regarding the Region x Moon interaction, there wammificant differences between South
Africa and Kenya for both the new and full moon g but within Kenya numbers were higher
during the full than the new moon (P < 0.001), witb such difference in South Africa.

Individually, the main factors Region, Day/Nighttazione were not significant (Table 3.1).
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Table 3.1: Regional analyses. PERMANOVA tables canmg the total number of megalopae between

Kenya and South Africa. Levels of significance iadicated as: P < 0.05; **P < 0.01; *** P< 0.001.

Total Megalopae

Source d.f. M.S. Pseudd-
Region = Re 1 0.26 2.82
Zone =Z 1 291F 031
Moon 1 0.85 9.02**
Day/Night =D/N 1 5.93E% 0.63
RexZ 1 1.11 11.891***
Re x M 1 1.74 18.64***
Residual 912  7.08E?

Total 927

South Africa, analyses for settlement among sprdes:

There was a significant 3-way interaction affectsgjtlement of pooled megalopal taxa and
Parasesarma catenatanegalopae as well as two 2-way interactions, witkErisesarma

guttatumsettlement was affected by multiple 3 and 2-wagrarctions.

Total meqgalopae:

There was a significant interaction among all thigetors (Spring tide, Site and Zone; Table
3.2). Settlement of megalopae differed significantl the Avicennia marinazone between
Mngazana and Mntafufu over five spring tides andrdwo in theRhizophora mucronataone.

At Mngazana, there were significant differencesMeein zones over four spring tides, while at
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Mntafufu, zones only differed over one spring tidé.Mngazana, spring tide had a significant
effect on the total number of megalopae for 90 &@dof the possible 210 spring tide

comparisons for thé. marinaand R. mucronatazones respectively. For Mntafufu, the values
were 78 and 73 respectively, indicating more freqquene effects at Mngazana. The three main

factors were not significant (Table 3.2).

Perisesarma gquttatum

Settlement oPerisesarma guttatunvas affected by all possible 3 and 2-way intera&tifrable
3.2). As a result, the findings were complex, idahg some effects that were statistically
significant, but not necessarily biologically maagful. For example, sites may have differed in
one zone during some spring tides, but not othBrging night tides, significantly more
megalopae settled in thAvicennia marinazone at Mngazana, while in thehizophora
mucronatazone, significantly more settled at Mntafufu witb difference during the day. At
Mngazana, thé. marinazone received significantly more settlers during tight, while in the
R. mucronataone, significantly more settled during the dayMkitafufu there was no effect of

day/night tides on settlement between the zones.

Over spring tides 9 and 20, there was significagtiyater settlement in thvicennia marina
zone at Mngazana than Mntafufu. In contrast, satlg in theRhizophora mucronataone at
Mntafufu was significantly greater than Mngazanat, nly over spring tide 5 (Figure 3.3). At
Mngazana, settlement was significantly greater iea A. marina zone over spring tide 9
compared with th&®. mucronatazone. At Mngazana, significant effects of sprirgtivas noted
for 33 and 0 of the 210 possible comparisons far Ah marina and R. mucronatazones

respectively, while at Mntafufu, the values weran@ 15 respectively.
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Mngazana received significantly more settlers thtafufu during the night over spring tides 9
and 20, but there was no difference in settlememvéen sites during the day. At Mntafufu
significantly more megalopae arrived over diurtert nocturnal high tides during spring tide 5.
At Mngazana, significant effects of spring tide wefound for 16 and 30 of 210 possible
comparisons for the diurnaind the nocturnal high tides respectively. At Mafaf the values

were 0 and 16 respectively.

Parasesarma catenata

There was a significant interaction among Sprinig,tiSite and Zone (Table 3.2). Settlement
differed significantly between Mngazana and Mntafolver six spring tides in th&vicennia
marina zone and one spring tide in thhizophora mucronatazone. TheA. marina zone
received significantly more settlers than tRe mucronatazone over three spring tides at
Mngazana and one tide at Mntafufu. At Mngazanayiggnt effects of spring tide was noted
for 95 and 26 of 210 possible comparisons for Ahemarinaand theR. mucronatazones
respectively (P < 0.05), while at Mntafufu, theued were 48 and 38 respectively. Individually
the factors Site, Zone and Day/Night did not hang affect on the settlement patterns of

Parasesarma catenataegalopae (Table 3.2).
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Table 3.2: South Africa, Mngazana and Mntafufu gseé for Spring Tide. PERMANOVA
tables comparing the settlement of (a) the totabalmpae (all species)b) Perisesarma
guttatum megalopae and (clParasesarma catenataegalopae at Mngazana and Mntafufu

estuaries, South Africa. Levels of significance iadicated as: P < 0.05; ** P < 0.01; *** P<

0.001.

(a) Total Megalopae (b) Perisesarma (c) Parasesarma

guttatum catenata

Source d.f. M.S. Pseudd- M.S. Pseudd- M.S. Pseudd-
Spring Tide=ST 20  1.29 3.98* 6.99E2 1.97 0.90 4.06***
Site =S 1 257E° 5.33 1.188 0.11 5.79E 0.61
Zone=Z 1 1.41 1.20 2.98E 0.32 0.60 0.58
Day/Night = D/N 1 6.59E* 1.28F? 1.69E* 5.94 B 6.65E° 2.65E°
STxS 20 0.32 6.71% 3.55E7 3.23** 0.22 4.98***
SxZ 1 1.17 24.29% 9.26E° 8.41** 1.19 26.93%
STxSxZ 20 0.26 5.32% 2.19E% 1.99* 0.24 5.60%**
ST xS xDIN 20 7.07E* 1.46 2.20E 2.00* 5.56E> 1.26
ST x Zx DIN 20 5.61E* 1.14 3.66E 2.13* 2.59F 0.79
SxZxDIN 1 2.00E*> 0.41 4.56E 4.14* 1.00F* 0.23
Residual 504 4.83 F 1.10E? 4.41F°
Total 671
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South Africa, analysis of Moon Phase:

There were significant 3-way and 2-way interactiaffecting settlement of pooled megalopal
taxa, while Perisesarma guttatunand Parasesarma catenataettlement was affected by a

significant 2-way interaction (Table 3.3).

Total meqgalopae:

At Mngazana, significantly more megalopae settledindg the new moon in thévicennia
marina zone, while significantly more megalopae settledhia Rhizophora mucronataone
during the full moon (Figure 3.3). During new matates significantly more megalopae settled
in the A. marinazone at Mngazana compared to Mntafufu whileRhenucronataone received

significantly more settlers at Mntafufu (Figure 3.3

Perisesarma guttatumndParasesarma catenata

Significantly morePerisesarma guttatumrmegalopae settled during the new moon compared
with the full moon.Parasesarma catenataettlement was unaffected by moon phase. As
discussed, there was a significant effect of th8itd x Zone interaction on the settlemenPof
guttatumandP. catenatabut individually, the main factors Site, Zone dddy/Night were not

significant (Tables 3.2, 3.3).
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Table 3.3: South Africa, Mngazana and Mntafufu gseé for Moon Phase. PERMANOVA
tables comparing the settlement of (a) the totabalmpae (all species)b) Perisesarma
guttatum megalopae and (clParasesarma catenataegalopae at Mngazana and Mntafufu

estuaries, South Africa. Levels of significance iadicated as: P < 0.05; ** P < 0.01; *** P<

0.001.

(a) Total Megalopae (b) Perisesarma (c) Parasesarma

guttatum catenata

Source d.f. M.S. Pseudd- M.S. Pseudd M.S. Pseudd-
Moon = M 1 0.16 2.57 3.99F 295.43* 0.16 6.10
Site=S 1 1.49E° 1.40F? 1.17E° 7.62F° 2.96E° 0.34
Zone=Z 1 1.43 1.14 2.78E% 0.29 0.71 0.56
Day/Night = D/N 1 7.68E' 1.93F? 1.96E°> 6.57F° 2.83E° 4.21FE*
SxZ 1 1.25 11.63*** 9.49E? 6.17* 1.26 14.76***
MxSxZ 1 0.50 4.71* 7.52E° 0.49 0.52 6.03
Residual 656 0.11 1.54E2 8.55F7
Total 671

Kenya, analyses for settlement amongq spring tides:

Pooled megalopae were affected by a significantag-imteraction between Spring Tide and

Zone, whilePerisesarma guttatumwas affected by a significant 3-way interactioalgle 3.4).
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Total meqgalopae:

Significantly more megalopae settled in tR@izophora mucronataone than theAvicennia
marina zone over spring tide 4. Spring Tide had a sigaificeffect on the total number of
megalopae settling in 48 and 14 of the 66 spritg tiomparison combinations for tAemarina
andR. mucronatazones respectively. The main factors Site, ZoneRayg/Night had no effect

on total settlement in Kenya (Table 3.4).

Perisesarma guttatum

Perisesarma guttaturmegalopae were affected by an interaction of tleéofa Site, Zone and
Day/Night (Table 3.4). At Gazi bay during night hidides, there were significantly more
megalopae settling in tHehizophora mucronataone than thévicennia marinaone, while at
Shirazi Creek, significantly more megalopae setittethe R. mucronataone than thé. marina
zone during day high tides. Spring Tide had a §icamt effect on the total number of megalopae
settling in 44 of the 66 possible spring tide congmns. The main factors Site and Day/Night

had no effect on the number®f guttatunmegalopae settling in Kenya (Table 3.4).
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Table 3.4: Kenya, Gazi Bay and Shirazi Creek aralyer Spring Tide. PERMANOVA tables
comparing the settlement of (a) the total megalqpdlespecies) an¢b) Perisesarmaguttatum
megalopae at Gazi Bay and Shirazi Creek, Kenyaelsed significance are indicated asP*

0.05; ** P < 0.01; *** P< 0.001.

(a) Total Megalopae (a)Perisesarma guttatum

Source d.f. M.S. Pseude- M.S. Pseudd-
Spring Tide = ST 11 0.46 32.92*** 0.21 19.31*
Site =S 1 3.80E° 9.16 F* 2418 7.21F°
Zone=Z 1 0.0 4051 0.37 412.04**
Day/Night =D/N 1 1.84E° 2.88F° 6.20E° 7.57
STxZ 11 5.99E° 15.34* 3.14E 2.73
SxZxDIN 1 8.93E* 2.15 0.13 3.99*
Residual 192 4.15E? 3.35F

Total 255

Kenya, Gazi Bay and Shirazi Creek analyses for M@ase:

There was a significant 2-way interaction and @nfdctor affecting settlement of pooled
megalopal taxa, whil®erisesarma guttaturwas affected by a 2-way significant interaction.

Neosarmatium africanushowed no significant effects (Table 3.5).

Total meqgalopae:

There was a significant Moon x Site interaction timal megalopae (Table 3.5). During the full
moon, significantly more megalopae settled in G&ey than Shirazi Creek (Figure 3.2), but no

significant differences between the two sites wagerved during new moon tides. In Gazi Bay,
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significantly more megalopae settled during full anatides (Figure 3.2), while settlement in
Shirazi Creek was unaffected. Overall, significamtiore megalopae settled in tR@izophora

mucronatazone than thédvicennia marinaone (Table 3.5) (Figure 3.2).

Perisesarma guttatum

Settlement ofPerisesarma guttaturmegalopae was affected by an interaction of Moot an
Zone (Table 3.5). Pairwise tests could not deteenmire nature of this interaction. The main

factors Site and Day/Night had no effect on setflietypatterns dP. guttatum(Table 3.5).
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Table 3.5: Kenya, Gazi Bay and Shirazi Creek amalyer Moon Phase. PERMANOVA tables

comparing the settlement of (a) the total megalofadlespecies),(b) Perisesarmaguttatum

megalopae and (d&Jeosarmatium africanurmegalopae at Gazi Bay and Shirazi Creek, Kenya.

Levels of significance are indicated ad? ¥ 0.05; ** P < 0.01; *** P< 0.001.

(a) Total Megalopae

(b) Perisesarma

(c) Neosarmatium

guttatum africanum
Source d.f. M.S. Pseudd- M.S. Pseudd- M.S. Pseudd-
Moon = M 1 0.82 3.60 0.51 9.79 4.66E 1
Site =S 1 0.13 2.50 1.24E* 0.34 6.16E 3.72
Zone=Z 1 0.33 5.55* 0.62 929 4.66E 1
Day/Night =D/N 1 259E* 0.64 6.18E° 0.20 9.12F 1
MxS 1 0.22 4.37* 5.17E° 1.43 4.66E 2.82
MxZ 1 9.02E° 5.60 0.21 217.66* 3.37E 1
Residual 240 5.18E2 3.62E° 1.66E
Total 255

3.4 Discussion:

Settlement patterns of mangrove brachyuran megealditered between the centre and edge of

their distribution. Analyses indicate that regionaliability in settlement is likely to be driven

by moon phase and/or zone, as separately, intengctf Region and Zone, and Region and

Moon influenced megalopal settlement. Specificalifferences between regions were noted for
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the Rhizophora mucronataone, but not thévicennia marinaone. Although Kenya and South
Africa both host mangrove species common to thé Efigan region, the mangals themselves
are quite different in coastal location, appearannd species composition. South African
mangals include fewer species and are limited toaeies (Quisthoudet al. 2013). Kenyan
mangals, such as those found at Gazi bay and $firagk, are more extensive, species rich and
are generally more exposed to open coastal dynathmsgh they are still influenced by
estuarine factors (Kitheka and Mwashote 1997, Spaldt al. 1997, Dahdouh-Guebast al.
2000, Canniccet al. 2009). These differences may affect settlemenepeatof megalopae, as
South African megalopae are restricted to narrowdbaof habitable space located within

estuaries while Kenyan species can exploit larg@eses of mangal in which to settle.

My data mostly supports the stratified patternsnedgalopal settlement described by other
authors for mangals along the east coast of AffiR@ulaet al. 2003, Ragionieret al. 2015).
Vertical zonation within intertidal ecosystems is@mmon occurrence and extends from rocky
shores (e.g. Moorjani 1982, Bustamante and Brd®96) to estuaries. For example, grapsoid
crabs exhibit vertical zonation within estuarinstsyns (Hartnoll 1975, Willason 1981, Frusher
et al. 1994, Floreset al. 2002) and several authors have described brachyzwaation in
mangals (Emmerson 1994, Ruwa 1997, Dahdouh-Guethals2002). Zonation of brachyurans
in mangals is thought to be linked to the zonatibmangal vegetation (Dahdouh-Gueleasl.
2002). Chemical cues play an important role in ingiicrabs locate suitable habitat; these cues
often come in the form of chemical odours emittexif conspecifics or habitat forming species
(Paulaet al. 2001, Kingsfordet al. 2002, Forwardet al. 2003, Anger 2006, Diele and Simith
2007). Floral zonation within the mangal is theute®f complex interactions of biotic and
abiotic factors (Naidoo 1985, Smith 1992, Clarkd dyerscough 1993, Dahdouh- Guelkeasl

1998, Dahdouh-Guebast al. 2002). Given that settling megalopae rely on censjg and
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habitat chemical cues for locating suitable nurdeapitats (Forwaraet al. 2001, Pauleet al.
2001, Kingsfordet al. 2002, Anger 2006, Diele and Simith 2007), it is swprise that zone

generally had a significant effect on settlemerttgpas.

Species specific zone preferences emerged in bamithSAfrica and Kenya. Although species
were not considered, Ragionieazi al. (2015) also describe stratified settlement patténna
Kenyan mangrove. In Kenya, the settlement of batmidant crab species collected during the
study was influenced by zone, while a similar patemerged foParasesarma catenatnd the
pooled taxa settlingh South Africa.Perisesarma guttaturandNeosarmatium africanurshow
distinct zonation in Kenya (Skov 2001, Olafssenal. 2002, Gillikin and Schubart 2004), as
does P. catenatain South Africa (Emmerson 1994). Previous studies have shown that
conspecifics provide chemical cues for settlemenmhany decapod species (e.g. Forweiral.
2001, Pauleet al. 2001, Kingsfordet al. 2002, Forwardet al. 2003, Anger 2006, Diele and
Simith 2007). Conspecifics thus attract new setttersuitable habitat, this is the likely case for
N. africanumandP. guttatumin Kenya andP. catenatan South Africa. In the case of pooled
megalopal settlement in Kenya, the lack of zonaimlicates that pulses of megalopae reaching
the mangals are species diverse and possibly éxghlei two selected zones for settlement

uniformly.

Settling megalopae may utilise alternate habitgceht to adult habitats as settlement/nursery
areas before relocating to the preferred habitgivé® et al. 1994, Flores and Negreiros-
Fransozo 1999, Diele 2000, Paslaal. 2001). In these cases, cues other than conspedibiars
may induce settlement (Forwaed al. 2003, Anger 2006, Diele and Simith 2007), although

sediments adjacent to adult habitats may retairspesific chemical cues due to their soluble
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nature inducing megalopal settlement away from ngatehabitat (O’Connor 1991, O’Conner
and Van 2006). Mobile decapods have the optionigpate at a later stage following settlement,
making the initial selection of settlement habiéss critical than for sessile species (Moksgtes
al. 2003, Moksnes 2004, Anger 2006). Studies in Mozgmbisuggest that megalopae settle in
nursery areas and then migrate to suitable adhlitdtafter the first moult (Paukt al. 2001).P.
guttatum megalopae in South Africa lacked a preference éetwzones when settling. This
could be due to the compressed nature of the manialubiquitous distribution of conspecific
odours may cause extensive settlement with migratcuitable nursery areas at a later stage or
the ability of the megalopae to use both zonesuaseny areas, with adults migrating to the

lower R. mucronataone for the completion of their life cycle (e.@uRaet al. 2001).

Lunar phase (new moon/full moon) played an impdriahe in the timing of settlement of
megalopae in both regions, although its effectsewst consistent in space or among species as
also recently found by Ragioniegt al. (2015). Settlement of several brachyuran speciss ha
been shown to be influenced by the state of the(8@ring vs neap) or an interaction of tide and
other factors in both temperate and tropical ldiesi(e.g. Temperate: Menseal. 1995, Pereira

et al. 2000, Tropical: Moser and Macintosh 2001, Pailal. 2001, Ragionieret al. 2015). In
most cases, recruitment is greater during tidesceted with either new or full moon phases,
but differences between new versus full moon sptiohes is usually overlooked (e.g. Paataal.
2001, 2003, 2004, Florest al. 2002). Although, in some previous studies decapaitlesnent
was greater during new moon than full moon spridgst (e.g. Acosta and Butler 1999, Pereira
al. 2000, Papadopoulcst al. 2002), this comparison has rarely been made (®kal. 2005).
Settlement patterns associated with new/full mooerew however, recently described by
Ragioneiriet al. (2015), indicating that specific sites in the mdmngaeive settlers during either

new or full moon spring tides, but causal factars these preferences were not addressed in
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detail. Synchrony of settlement with new moon flaates allows megalopae to avoid visual
predators that rely on moonlight to locate food rees (e.g. Acosta and Butler 1999,
Papadopoulost al.2002). These ideas apply to mangals in both Sotriba®dand Kenya as they
both experience high amplitude nocturnal flood didkiring the new and full moon phases.
Furthermore, the effect of lunar phase acts inwwtjon with environmental factors such as
wind, temperature, hydrodynamics and tidal ampétwdich would all be unique to a specified
study area, thus influencing settlement patterrts sarggesting complex relationships between
biological and physical processes over differemigeral and spatial scales (e.g. Merseal.
1995, Paulaet al. 2003). Due to the scarcity of peaks in settlemergah effect of moon was
hard to detect, as the outcome of the tests woeldriven by when those peaks occurred in

which region and site.

Spring tide significantly affected the settlemehihwegalopae in both regions. The significance
of spring tide simply reflects temporal variability settlement rates. Variability in time is, of
course, expected with each spring tide being stdgeto a unique set of conditions including
weather conditions, hydrodynamics, wind stresspenatures and salinities. Such variability has
been documented in numerous studies in both tert@paral tropical areas (e.g. Mensteal.
1995, Pereirat al.2000, Moser and Macintosh 2001, Paetlal. 2001, 2003, 2004, Floret al.
2002, Ragionieriet al. 2015). Only the megalopae dfleosarmatium africanumwere
significantly affected by an interaction involvirsgring tide and zone in KenyB. africanum
exhibits clear zonation in mangals (Emmerson 18khv 2001, Olafssort al. 2002) and
settlement has been noted to occur in the ugp@ennia marinazone where adults burrow
(Paulaet al. 2003). Additionally, breeding periods are specifar this species and vary

temporally between each region (Emmerson 1994, 3af1). These aspects of population
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biology are likely to affect settlement patternssuch a way that both zone and spring tide are

highly important.

Settlement in South Africa appears to be much mrar&ble. Significant interactions between
spring tide and site, and spring tide and zone veeramon for megalopae dferisesarma
guttatum Parasesarma catenatand the pooled taxa. Furthermore, additional icteyas were
observed involving all factors in various combina8. During the migration from the pelagic
environment back to the estuarine mangals, postadarare likely to encounter many
“complicating” and interacting factors. In Mozamdéicmangals, wind stress in conjunction with
spring tides was found to have an important infageion settlement patterns of brachyuran
megalopae (Paulet al.2001, 2003) and the importance of wind stress®©own has previously
been highlighted (e.g. Clancy and Cobb 1997, Etmtest al. 1998, Xie and Eggleston 1999).
Behaviour is also important in settlement as orgiasirespond to external stimuli (Kingsfad
al. 2002) such as light (Moser and Macintosh 2001) lzadaitat/conspecific odours (Forwaetl

al. 2001, Pauleet al. 2001, Forwardet al. 2003, Anger 2006, Diele and Simith 2007). The
variability in delivery of post larvae/megalopaedstuaries is therefore likely to be high and
dependent on the prevailing conditions and assetistimuli at the time. Heterogeneityof data
may be due to poor capture rates (low numbers: mpatehiness), short sampling duration in
Kenya or an insufficient number of collectors pie,sdriving non-significance and significance

(through possible type 1 error).

As a contrast to South Africa, the homogeneousreattithe Kenyan coastline with moderate,
continuous mangal cover in this area (Spaldihgl. 1997, Dahdouh-Guebas al. 2000) could

possibly make the delivery of megalopae relatiaysically uniform among sites, reducing
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site-specific effects in this region. On the othand, settlement in South Africa seemed to be
spatially highly variable, with many significanttémactions between site and other factors.
Spatial variation in settlement of marine organismith pelagic larvae is a common occurrence
(Navarreteet al. 2008). Transportation to suitable habitat generadlies on wind forcing and
tides as larval swimming is insufficient to couatetrtidal currents (Shanks 2006, Queiregal.
2007), although vertical migration is often usedctmtrol dispersal, particularly in estuarine
systems (e.g. Provenzarbal. 1983). Spatial variation of brachyuran megalopsti#esnent has
been detected in other temperate regions and isrgign attributed to coastal hydrodynamics
associated with wind stress (e.g. Floeeal.2002) and wind stress itself has been noted tataffe
the temporal supply of megalopae to tropical marsgals in Mozambique (Paukt al. 2001,
2003). In South Africa it has been suggested tledively of pelagic larvae is a product of
hydrodynamics interacting with near shore topogyafficQuaid and Lawrie 2005, Pomt al.

2006), which would also influence the spatial sypglmegalopae to the two study estuaries.

Although significant interactions of nocturnal adidirnal flood tide in combination with other
factors affected settlement in both Kenya and Sd\itica, and the importance of nocturnal
versus diurnal tides for the settlement of larvase Ibeen highlighted in the literature (Christy and
Morgan 1998, Christy 2003, Pautd al. 2004), nocturnal/diurnal tides were not shown to be
important for settlement in South Africa or KenjRagioieriet al. (2015) also indicate that there
is a lack of nocturnal/diurnal preference in tretudy in a Kenyan mangal. When each of these
systems was analysed separately, settlement mathere not shaped by differences between
nocturnal and diurnal flood tides. This is surprgsgiven the amount of literature dedicated to
the observation of these trends (e.g. Morgan anist@h1994, 1996, 1997, Hovel and Morgan
1997, Paulat al. 2001, Christy 2003) and the sound theory behind#tevioural avoidance of

transportation to settlement areas during diurloaldf tides due to predator avoidance (Morgan
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and Christy 1994, 1996, 1997, Hovel and Morgan 1@@isty 2003). Mangrove ecosystems
are known to be important nursery areas for jueenaihd young planktivorous fish that feed
during daylight hours (Whitfield 1993) and predatimas been shown to have significant effects
on settlement of lobsters (Acosta and Butler 1998)ne authors have however shown a lack of
relationship between settlement of megalopae awtunwal/diurnal timing of the tiddJca spp.
abundances decrease during diurnal tides (Dittdl Bpifanio 1990) and day light negatively
affect their swimming behaviour, decreasing thelikood of them being present in the water
column (Tankersleyet al. 1995, Moser and Macintosh 2001). Moser and Macmt®)01)
suggest that low light penetration into the watumn can prevent exogenous light cues acting
on ocypodid megalopae, controlling behavioural sming activities and thus abundance in the
water column during nocturnal/diurnal flood tid&hort developmental times and favourable
predation pressure for one species over anotheh@arver also negate the need for settlement
during nocturnal flood tides (van Montfraasal. 1990). Others have found that megalopae are
retained in estuarine environments due to not iegctull settlement competency by the time
they reach suitable habitat (Paelaal. 2004), and consequently they may be deliveredradi
that do not coincide with typical settlement prefeges. A lack of nocturnal patterns may again
be a result of low capture numbers and insufficeatliectors, influencing the significance of the

results through type 1 errors.

This study indicates that regional variability isresult of either zonal preference and/or
behavioural responses to lunar phase by settlirgatopae. Species prevalent in Rieizophora

mucronatazone seemed to drive the zonal variations betwegioms. In relation to lunar phase,
brachyuran species inhabiting temperate mangaliilalisbns show a preference for settlement
during new moon spring tides as opposed to full mepring tide preference exhibited by

species associated with tropical mangals. Temp@réhbility was common within both regions,
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this is not unexpected as this is a general cheniatit of brachyuran larval supply (e.g. Mense
et al. 1995, Pereir&t al.2000, Moser and Macintosh 2001, Paeilal. 2001, 2003, Florest al.
2002). Spatial variability in settlement was morgdent in the temperate mangals than in
tropical Kenya. Spatial variability in larval dedisy has been well documented for the southern
African coastline (e.g. McQuaid and Lawrie 2005rrPet al. 2006), while this same aspect is
relatively unstudied in tropical east Africa andtims study was somewhat unimportant. The
effect of nocturnal vs diurnal settlement was mimothis study and rarely important in South
Africa, while almost completely lacking in Kenyagsarprising finding given previous findings
(e.g. Morgan 1995, Christy and Morgan 1998, ChriXi93, Paulat al. 2004) but falls in line
with findings by Ragionieret al. (2015). Although the mangals stretching acrossl#tisidinal
gradient host cosmopolitan botanical and brachysgeties, variability in settlement patterns
are prolific and likely due to local stochastic eigeassociated with weather, hydrodynamics,
physical, chemical conditions and species spediéhavioural responses to these events.
Overall, within region (South Africa or Kenya), setment seems to be the product of zonal
preference, behavioural response to lunar phaseeamgoral variability in larval supply and in
South Africa only, settlement is further influenog spatial variability in suitable habitat. On a
larger scale, spanning degrees of latitude, luha@s@ and zonal preference within the mangal

seem to be the predominant factors influencindeseaént.
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CHAPTER 4

MODELLING AT THE CENTRE AND EDGE OF DISTRIBUTIONAL
RANGES: INVESTIGATING REPRODUCTIVE OUTPUTS OF

MANGROVE MACROBENTHOS

4.1 Introduction:

Anthropogenic climate forcing has been identifiesl @& major threat to biodiversity and is
predicted to cause mass extinction of vulnerabézigs globally (Thomast al 2004a, Pereira

et al 2010, Dawsoret al 2011, Bellarcet al. 2012, Cahillet al 2012). Biological responses to
warming are mediated/initiated by an organism’sspblpgical sensitivity to temperature change
(Bernardoet al. 2007, Caloset al. 2007, Deutsclet al. 2008). Species responses depend on the
relationships between physical and chemical factnganismal level processes and population
dynamics (Somero 2002, Hofmaset al 2005, Poértner and Langenbuch 2005, Helneithal.
2006). These responses include proximate cascadiffegts, which include changes in
morphology, behaviour and physiology of adults, paigules and larvae, changes in the
population sizes of interacting species, interacstrengths, emergent effects such as micro-
evolutionary changes, distributional shifts andnges in diversity (Harlegt al. 2006, Helmuth

et al.2006).
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Mangrove ecosystems are particularly vulnerablerteironmental change as they inhabit the
narrow transition area between the marine andsiraéenvironments in low to high latitudinal
coastal regions and are thus affected by the compteractions of a multitude of chemical and
physical stressors (Alongi 2008, Nagelkerkeh al. 2008). Not only are these systems
economically valuable in terms of the products.(e:god and fisheries) and services (e.g. storm
protection, flood control) they provide (Wekd al 2006, Gilmaret al. 2008), but are highly
diverse and contribute to the functioning of neaslggtems, especially in their role as nursery
habitats and in the maintenance of coastal watalitg{Mumby et al. 2004, Nagelkerkent al.
2008). To survive in an environment that is affdcby complex physio-chemical factors, the
mangrove fauna has evolved specialised adaptagiotstrategies which have often resulted in
impressive levels of diversity and biomass, forregke, among mangrove crabs (Hartretllal.
2002, Fratiniet al. 2005, Dukeet al. 2007, Mukherjeeet al. 2012, Vermeiren and Sheaves
2012). The role of these macrobenthic species baa becognised as crucial to the ecological
functioning of mangrove forests, as they perforimoat of ecosystem functions, including soil
aeration, bioturbation, the enhancement of mictamtivity and the control of plant recruitment

(Cannicciet al.2008).

A means of predicting and assessing the vulnetabiii species under a changing climate
regime has become critical. There is already anmnddmce of evidence highlighting and
documenting the detrimental effects of climate gfgaan species in a multitude of systems (e.g.
Thomaset al 2004a, Pereirat al 2010, Dawsoret al 2011, Bellardet al. 2012, Cahillet al.
2012, Doneyet al 2012, IPCC 2014a, b, c, d). These effects ardeetifrom local extinctions
and contractions at the edges of species’ randashvare most obvious at low latitudes and low
elevations (Cahilet al. 2012). Proximate causes of these contractionseatidctions are not

well identified within the literature that addressgimate change (Cah#t al. 2012) and, while
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it is thought that physiological intolerance of reasing temperatures is the most obvious
causation of local extinctions or loss of biodivigrge.g. Deutsclet al. 2008, Somero 2010),
especially for sessile organisms or organisms imtited thermoregulatory ability, there seems
to be multiple contributing or alternate factorsteat physiological tolerances cannot be solely
held accountable (Cah#lt al. 2012). Nevertheless, one of the most importartbfaccontrolling
invertebrate growth, reproduction, development, aadruitment dynamics is undoubtedly

temperature (O’Connaet al. 2007).

The standard metabolic rate (SMR) has been sughestea good indicator of fithess for
ectothermic and endothermic organisms respondingetaperature, with the magnitude of
change in metabolic rate over a temperature raegegghimportant (Crnokrak and Roff 2002,
Nespoloet al. 2005, Nespolo and Franco 2007, Lardésal. 2008). From SMR, the thermal
sensitivity (Qg) of a species or population can be determined gblest al. 2003). Thermal
sensitivity (Qg) is an individual trait that reflects the abilipf an organism to change its
metabolic rate over a range of temperatures andide® information on an organism’s
performance with implications for maintenance regmients and overall energy budgets (Ashby
1998, Nespolet al. 2003, Lardieset al. 2008). Traditionally, @ values are calculated over a
10°C temperature change (Schmidt-Nielsen 1995)ehewy studies in the literature support the
calculation of Qo values over narrower ranges and several authitiseu®,o values for different
sections of the temperature range in their stu@es Thoma®t al. 1999, Nespolet al. 2003,
MacMillan et al. 2013, Sinclairet al. 2013). Typical biological ¢ values are between 2.0 — 3.0
and values outside this are considered to be agedcwith some form of metabolic stress as
either insufficient or excess oxygen is consumedstandard respiratory enzymatic reactions to
occur (Withers 1992, Lloyd and Taylor 1994, Kirsabin 2000, Atkin and Tjoelker 2003,

Sinclairet al.2013). The assessment of an organism’s performaveea range of temperatures
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can provide significant insights into its vulneddlior resilience in the face of climate change,
particularly when the performance of individualelistages can be assessed to identify the

weakest physiological bottlenecks in the life cycle

Individual Based Models (IBMs) are simulation maddhat consider unique individuals
interacting with each other and responding or adgpto their environment (Grimm and
Railsback 2005). IBMs have thus proliferated assaful tool for understanding ecological
systems and forecasting the consequences of emwmtal change (see, e.g. DeAngelis and
Gross 1992, Shugamt al. 1992, Grimm 1999, DeAngelis and Mooij 2005, Grinand
Railsback 2005), an objective which has been ybidid as being imperative by several authors
(e.g. Harleyet al. 2006, Cabhillet al. 2012). The organisms described by the models res/@)
nature, discrete characteristics such as age, weiglocial rank that may vary during the course
of an individual’'s lifetime (Hustort al. 1988). More recently, an exact definition of IBMas
been harder to settle on (DeAngelis and Mooij 2@BBmm and Railsback 2005). In ecology,
IBMs are used to simulate populations composeddividual organisms or groups of similar
organisms with independent traits (DeAngelis andol@005). The processes described by
IBMs account for individual variability and allowndividual interactions or behaviours to
influence responses to external inputs such aspiegon, flooding or temperature increase.
IBMs operate differently to classical differenteduation and difference equation mathematical
models by allowing local interactions as opposedusing differential equations averaged,
according to the mean field theories (DeAngelis &mabij 2005, Grimmet al. 2006). This
allows researchers to study how the adaptive behawf individuals affects properties along
the hierarchical steps within a system, or how éhgoperties may affect individuals at each
level, and use this information to address the thgmes of the model (Railsback 2001, Straind

al. 2002, Grimmet al. 2006).
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Many authors have recognised that, with rapid megji@nd global climate change, ecological
forecasting is imperative (e.g. Clari&eal. 2001, Jeltsclet al. 2008, IPCC 2014a, b, c, d). As the
use of IBMs is expanding and incorporating moreefa®f ecology, it will become integral in
the forecasting of changes in ecosystems in regptm&nthropogenic climate change. IBMs
dealing with plant dynamics, for example, conséitatlarge proportion of the existing literature
and have been reviewed extensively (Ford and Sserenl992, Shugaret al. 1992,
Wyszomirskiet al. 1999, Jeltsclet al. 2008). Plant population modelling dealing direailith
climate change has expanded rapidly since the 1@@lischet al. 2008), but models concerning
fauna seem to be less abundant, with a large gropdocusing on fish shoaling and population
dynamics which again have been comprehensivelgwad (DeAngeli®t al. 1990, van Winkle

et al. 1993, Tyler and Rose 1994). As things stand, atanbial proportion of IBMs incorporate
climate change (e.g. Chet al. 2004, Willis et al. 2006, Bergeret al. 2008), but a limited
number deal with mangrove ecosystems and these@s#y restricted to botanical aspects (e.qg.
Berger and Hildenbrandt 2000, Doyeal. 2003, Bergeet al. 2008). Few concern brachyurans
(e.g. Bunnell and Miller 2005, Picet al. 2007) and to my knowledge no IBMs deal with the
population dynamics associated with the fauna foumndhangrove ecosystems in relation to
climate change. This is a serious lacuna givenntiprtance of the mangrove ecosystem and the
critical ecological role of crabs in these systei@snsequently, in the absence of a model
dealing with these aspects in the face of climdtange, | designed a model for assessing
Changing Reproductive Dynamics (CReDy) of mangrokabs in relation to climate change.
The CReDy model seeks to use physiological thesmasitivity (Qg) to temperature change to
predict the reproductive output of mangrove craksng the CReDy model | aim to project the
different reproductive output of populations frommetcentre and edge of their distributions

exposed to different scenarios of increased tenynera
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4.2 Methods:

The thermal tolerance dPerisesarma guttatumvas investigated across several ontogenetic
stages at the centre (Kenya) and edge (South Affdés distribution. Metabolic rates of female
adult crabs, gravid female adult crabs, early éaf) late (e4) stage eggs were measured along a
thermal gradient (19°C to 35°C) in both air andew#tull details in Chapter 3). Their thermal
sensitivities (@ values) were then determined by using the equ&iere (V2/V1)1%(™ "™in
which V2 and V1 are the specific oxygen consumptiates at the respective temperatures T2
and T1 (Schmidt-Nielsen 1983, Hochachka and Sorh@8d, Schmidet al.2009). This method
was used for different thermal brackets (see thharpaterisation section of the CReDy model
documentation below) and used as proxies for fgnek the individual females and eggs
respectively. @ values between 2 and 3 (not thermally stressed \assumed to have no
negative effects on brooding or egg developmentemmalues < 2 or > 3 (thermally stressed)

(Kirschbaum 2000, Atkin and Tjoelker 2003, Sincleiral. 2013) were assumed to adversely

affect brooding and egg development (see desigoeqis section below).

The following section describes the CReDy modeldtation to temperature change for the
mangrove cralP. guttatum.l follow the standard protocol for describing Inidival Based
Models as proposed by Grimet al. (2006, 2010), all programming (hence text belowtfe

description of the model) was done using NetLogmmmming language (Wilensky 1999)
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4.2.1 Overview, Design concepts and Details (ODD):

1. Purpose:

The purpose of the model is to assess the effedh@fmal sensitivity (@) on specific
ontogenetic life stages of the cl@hrasesarma guttatumt localities at the centre and edge of its
geographical distribution. Each ontogenetic stads b unique set of ;@ values governing
decisions with respect to progression to the ntagesaccording to a temperature and milieu

profile measured fdP. guttatumhabitat in Kenya and South Africa respectively.

This model specifically focuses on the effect afreasing temperature and associated thermal

sensitivity on:

I.  The production of eggs (by female crabs).
Il.  Females carrying eggs to hatching.

lll.  The survival of eggs independently of the females.

The output of the model is the reproductive outpatched larvae) perof mangrove forest

for the species studied at each locality.

2. Entities, state variables, and scales:

The model considers 2 Breeds:

- Adult females

- Eggs
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State variables:

Adult females are characterised by two state vhasaljf-state] and [size]. [f-state] characterises
two possible states, “f” meaning adult females wautheggs or “fo” meaning adult females
carrying eggs. [size] specifies the carapace widtmmally distributed (mean — 20.5, standard

deviation (sd) + 1.83).

Eggs are characterised by a single state variabt¢ate]. Two states are possible: “e2” indicates
eggs in the first part of the developmental stagk“@4” indicates eggs in the last part of the
developmental stage. The early developmental staigbe egg (e2) covers the first 10 days of a
spawning cycle, while the late developmental stéghe egg (e4) covers the last 9 days of a

spawning cycle, up until hatching (Skov 2001).

Environmental variables:

The environmental variables used within the modailenemperature [°C] (applies to
temperature in air or water, mean hourly valuesaf@® day period) and milieu [Air or Water]

(empirical measurements over a 19 day period).

Spatio-Temporal Scales:

Temperature changes in the landscape on an haaslg.b
The landscape goes through roughly two tidal cyalesy (two high and two low tides, with
tidal heights inputted at hourly intervals for ad&y period).

One time step is 1 hour, time interval at whichitiedel updates itself.
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One simulation is 19 days, equivalent to a spaweiyaje forP. guttatum(Floreset al. 2002,
Skovet al.2005).

A simulation run stops after 1 spawning cycle (tludata availability).

The models thus uses two counters:

Hour (1...24) to define a day.

Days (1...19) to define a spawning cycle.

The model is spatially explicit.

Assumptions/limitations:

All females are sexually mature and have the gitititay eggs. They do not grow during a
simulation. The model scales up from a single agetite density ascribed to each specific
region according to region-specific density datar@set al. 2002, Hartnolkt al. 2002). Density
can be freely chosen in the parameterization secligpical values for the study sites are: 3.1
(SE + 0.41) individuals*ni of Rhizophora mucronati Kenya and 1.73 (SE + 0.51)

individuals*m? of R. mucronatan South Africa.

The landscape is inundated with water approximategry six hours, according to tidal cycles.

3. Process overview and scheduling:

Figure 4.1 shows the sub-models and their scheglilifogical order.
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Initialise:

Produces females (f), according to the densitig¢keir respective regions.

Females laying eqgs (f):

Females without eggs assess the temperature am o an hourly basis throughout a 19 day
spawning cycle. If they encounter a temperatureisheelated to a favourable §§>2 but <3) the
probability of laying eggs remains at 100%. If trerycounter a temperature that is related to an
unfavourable @ (<2 or 3<) the probability of her laying eggs igecteased (probability
principle). Qo values vary depending on region (Table 2 & 3)th#d end of the 19 day cycle
they lay eggs with a certain probability (Generaggs sub-model). Females (f) then either
become gravid females (fo) or fail to produce egigd revert back to f under the Revert to f sub-

model.

Females carrying eqggs (fo):

Females carry eggs according to the same probapiiibciple previously mentioned, and are
represented by Carry eggs sub-modegb V@lues vary depending on region (Table 4 & 5jhé

probability of the females carrying eggs reachestféy abort the attempt and return to being
non-gravid females (Revert to f sub-model) this bappen at any time during the 19 day cycle.
The number of gravid females carrying the eggsaticting is then counted and forms the first

output of the model.
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Early developmental stage eggs (e2):

Early developmental stage eggs assess the temigesatd milieu on an hourly basis throughout
the first 10 days of the 19 day spawning cycle (§R001), and using the probability principle
adjust probabilities accordingly, represented bg tBrow e2 sub-model. 1@ values vary
depending on region (Table 6). If the probabilifytlee progression to e4 reaches 0% the eggs

die (Die sub-model), this can happen at any tim@érfirst 10 days.

Late developmental stage eqggs (e4):

Late developmental stage eggs assess the temgeoatian hourly basis throughout the last 9
days of the 19 day spawning cycle (Skov 2001) aljdsa probabilities accordingly, represented
by the Grow e4 sub-model.;&values vary depending on region (Table 7). If phabability of

the progression to hatching reaches 0% the egg®diesub-model), this can happen at any time
in the last 9 days. At the end of the last 9 déate, stage developmental eggs with a probability
greater than 0% then hatch under the Hatch subImbdke number of e4 eggs hatching is then
counted and forms the second output of the modwed.tdtal reproductive output of the model is
therefore the cumulative result of Output 1 * OutpZr All sub-models and related

parameterizations are outlined in detail in the-8wdalels section of the ODD.
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Females Initialise Female (f) |«
f Qo values determine
Generate eggs probability of females tof
laying eggs
Temperature
| Milieu

| Gravid Female (fo)

fo Qi values determine

Carry probability of gravid
€ggs X
fermales carrying eggs to
release
|
Release hltched eggs —
Count number of females
releasing hatched eggs > Qutput 1
Number of females
Eggs —| Eggs present only on fo SR bUtm_g =
reproduction
Early development stage
eggs (e2)
'/“/e\z Qo values determine
No probability of eggs
progressing to e4 v

Total Reproductive
Output

Late development stage
eggs (ed)

— ~

Output 1 * Output 2

. Temperature
Die Milieu

B | ed Qg values determine
| | probability of eggs hatching
Output 2
> Number of eggs
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Figure 41: Simplified schematic overview of the processesoiporated in the Changii
Reproductive Dynamics (CReDy) model in relationeimperature, white rectangles indicate
cycle stages considered in the model, yellow diamonrusvsparameterised values tl
determine the probability of progression from oife ktycle stage to the next, light gre
rectangles indicate the processes -models) undertaken by each life stage, red white
rectangles represent the external environmentaitsniinat affect the probabilities of progress
from one life stage to another, purple rectanghesasthe general information and outcome:
progression probabilities pertaining to the mo@&lue rectangles show the output of the mc
for both the females and eggs and the lime grestangle indicates the total output of the mc

after a simulation.
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4. Design concepts:

As a proxy for using metabolic rates to determhreegcope for aerobic performance, the thermal
sensitivity (Qo values) of females, females carrying eggs and aggsfferent developmental
stages were calculated for different temperatunges in different milieus (water/air). ThegQQ
values (thermal sensitivity of the animals) are gemature driven physiological responses that
vary depending on milieu. @values are calculated from empirical data andspesific to air or
water and female condition and egg developmensgles(see Sub-models section of the ODD,
Table 2 - Table 7). Each female state has a ursgtief Qg values determined for different
temperatures and milieus (Table 3 - 6; Sub-modsatia® governing decisions with respect to
laying or carrying eggs to release, as does eaodl@mmental stage of the embryos (Table 6 &
7; Sub-model section) for progressing to the nestetbpmental stage. The model translates
each of these Q values into a theoretical probability of layinggsg carrying eggs until they
hatch (for female) and progression of eggs from stage to the next stage (for egg), according
to an external file containing in-situ temperatared milieu profiles measured f&. guttatum

habitat in Kenya and South Africa respectively.

The model inputs temperature and milieu (extenmalii files) and selects the corresponding Q
values (see Sub-models section of the ODD, Table Table 7). @ values invoked by
temperature and milieu are then used to calculseptoportion of females that lay eggs or
females with eggs that carry them to release (at @nen time). This information, in
combination with the data from eggs progressingiftbe early to late developmental stage and

to hatching, will provide the total reproductivetput of the system for the species.
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Sensing

Females and eggs sense temperature within a giliEu mnd respond according to rules set out

by Qiovalues.

Stochasticity

The following functions are modelled assuming they partly random, based on some
stochasticity applied to empirical data from therent study and published literature (Table

4.1):

Agent density

Initial size distribution

Number of eggs produced

Proportion of females aborting / releasing eggs

Proportion of eggs progressing to e4 / hatching

Collectives

There are no collectives in this model.
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Observation

The data collected from the model comprises of:

I.  The number of females laying eggs.

II.  The number of females carrying eggs to release.

[ll.  The number of eggs progressing from early developahstages to hatching.

The data is collected at the end of a spawningecgltbwing the calculation and comparison of

the overall reproductive output between regions.

5. Initialization:

To start the simulations, set locality to KenyaSmuth Africa. Agents within the landscape are
randomly distributed at their respective densitis.21 females*ni (SE + 0.16) for Kenya and
0.68 females*nf (SE + 0.20) for South Africa (MEAM 2001, PUMPSEA®). The size of the
females is normally distributed (mean = 20.5, st E83; assumption). At initialisation females

do not have eggs.

The model starts on the low tide of the first ddyacspawning cycle during the reproductive

season in either Kenya or South Africa.
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to setup
set locality
[
Kenya
South Africa
]
end

ask agents |
distribute randomly
if locality = Kenya [set agent density 1.21 (SE.16) individuals*n¥]
if locality = South Africa [set agent density 0.@8E + 0.20) individuals*M]
set size [set size according to a normal distrdrubetween 15 and 26 mm |

set agents = f [all females start without eggs ]

end
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Table 4.1: Details of input data and referencesgHerestablished sub-model.

Kenya

South Africa

Comments

Density

Mean = 1.21 (SE
0.16) individuals*nf

of R. mucronata

-Mean =

0.20) individuals*n?

of R. mucronata

0.68 (SE =

Densities obtained from MEAM
(2001) and PUMPSEA (2007)

projects

Sex

ratio

Male:Female 1.56:1

Male:Female 1.56:1

Estimatenh flata presented by

Floreset al.(2002), this sex ratig
was then verified by comparing
the M:F sex ratios for two close
related Sesarmids from South
Africa; S. catenat2.34:1 andC.
eulimene?.13:1 respectively

y

Size

class

normal distribution
mean = 20.5
sd=+1.83

normal distribution
mean = 20.5
sd=+1.83

Females are sexually mature at|
approximately 15 mm carapace
width and largest specimens
found have a carapace width of
26mm (Floreset al.2002). The

size class distribution is assumed

to be normal between these
carapace widths with a mean of

20.5 mm and a standard

deviation of 1.83mm as no datali

available in this respect fé.

guttatum.However, the size class

distribution of a closely related
Sesarmid from South Africy.
africanum was found to be
normal (Emmerson 1992).
Effects of size class distribution
were tested using uncertainty
analysis (Railsback and Grimm
2012).
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6. Input data:

Temperature data (recorded empirical mean in-rlia values (°C), over a 19 day period in

theR. mucronataone of the mangrove) for Kenya or South Africa.

Milieu data (water or air) over a 19 day periodthie R. mucronatazone of the mangrove for

Kenya or South Africa.

7. Sub-models:

to generate eggs

* Female (f) checks temperature and milieu every hbrosughout a 19 day spawning
cycle.

» If external input file indicates “air” use;@values for air (Table 4.2 & 4.3).

» If external input file indicates “water” use;§values for water (Table 4.2 & 4.3).

» If the temperature is unfavourable (hifraused by temperature falls outside 2-3) the
probability of laying eggs is decreased by a thiexak0.001 in the next time step.

* If the temperature is favourable (fiQQcaused by temperature falls inside 2-3) the
probability of laying eggs remains the same asag w the previous time step.

» Atthe end of the 19 day spawning cycle the fersalas the probability of laying eggs.

» If the probability is O she does not lay eggs ardains f.

» If the probability is >0 she lays eggs and becofoes

» If generate eggs = true (create agents (e2) acuptdi regression for either Kenya or

South Africa)
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* Female generates eggs according to size, usin@30=8x + 2505.7 for South Africa

and y = 765.45x — 7972.2 for Kenya, where y isrthmber of eggs produced and x is the

carapace width in millimetres (mm).

e end

The equations used for generating eggs accordirignb@ale size is derived from a regression

analysis whereby specimens were collected anduhdar of eggs was plotted against carapace

width. Linear Regresion analyses are included eadix 6.4. All Qo values were calculated

from experimental data (Chapter 3) using the eqoafio = (V2/V1)**(™> “™and are as follows.

Table 4.2: South African Qvalues for non-gravid females (f) in air and water

Temperature Temperature Temperature
19 — 23°C 23 -29°C 29 — 35°C
South Africa f QgAir 6.73 0.91 2.35
South Africa f QoWater 9.86 4.53 2.45

Table 4.3: Kenyan @ values for non-gravid females (f) in air and water

Temperature 27 — 31°C

Temperature 31 — 37°C

Kenya f QoAir

0.65

0.94

Kenya f QoWater

11.11

1.91
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to carry eggs

* Gravid female (fo) checks temperature and milieergvhour throughout a 19 day

spawning cycle. If external input file indicatesr*aise Qo values for air (Table 4.4 and

Table 4.5).

» If external input file indicates “water” use §values for water (Table 4.4 and Table 4.5).

» If the temperature is unfavourable (fap@aused by temperature falls outside 2-3) the

probability of carrying eggs is decreased by atéigzal 0.001 in the next time step.

» If the temperature is favourable (fo;QQcaused by temperature falls inside 2-3) the

probability of carrying eggs remains the same ag&# in the previous time step.

» Atthe end of the 19 day spawning cycle the fersatas the probability of carrying eggs.

» If the probability is O she aborts carrying the £ggd reverts back to f.

» If the probability is > 0 she releases hatched egugbkreverts back to f.

« end

Table 4.4: South African Qvalues for gravid females (fo) in air and water.

Temperature Temperature Temperature
19 — 23°C 23 —29°C 29 — 35°C
South Africa fo QpAir 11.50 2.20 3.67
South Africa fo Qo Water 4.86 4.15 2.12

Table 4.5: Kenyan @ values for gravid females (fo) in air and water.

Temperature 27 — 31°C

Temperature 31 — 37°C

Kenya fo QoAir

2.55

0.85

Kenya fo QoWater

0.91

1.12
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to release eggs

count number of fo at the end of the spawning c{felmales carrying e4 eggs at day 19)
record the number of fo at the end of the spawoyude (Output 1)
all fo at end of spawning cycle now become f

end

to grow e2

e2 eggs check temperature and milieu every hoougfout the first 10 days of the 19
day spawning cycle.

If external input file indicates “air” use;@values for air (Table 4.6).

If external input file indicates “water” use §values for water (Table 4.6).

If temperature is unfavourable (e aused by temperature falls outside 2-3) the
probability of progressing to the late developmkeigg stage (e4) is decreased by a
theoretical 0.001 in the next time step.

If the temperature is favourable (e2Q@aused by temperature falls inside 2-3) the
probability of progressing to the late developmketsy stage (e4) remains the same as it
was in the previous time step.

At the end of the first 10 days of the spawningleyihie e2 sums the probability of
progressing to the late developmental egg stage (e4

If the probability is O the e2 eggs dies.

If the probability is > 0 the e2 eggs progress4@ggs.

If the fo associated with e2 eggs becomes f, thegeg@ die (abort)

end
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Table 4.6: @ values for eggs during the first stage of thewred@oment (e2) in air and water for

both Kenya and South Africa.

Temperature Temperature Temperature
19 — 23°C 23 -29°C 29 — 35°C
e2 QoSouth Africa Air 6.39 1.26 1.74
e2 QoSouth Africa Water 3.50 4.11 2.00
e2 QoKenya Air 6.21 3.48 2.12
e2 QoKenya Water 4.84 3.67 2.73

togrow e4

e4 eggs check temperature and milieu every hoaugnout the last 9 days of the 19 day
spawning cycle.

If external input file indicates “air” use;@values for air (Table 4.7).

If external input file indicates “water” use §values for water (Table 4.7).

If the temperature is unfavourable (e4o@aused by temperature falls outside 2-3) the
probability of progressing to hatching is decreasg@ theoretical 0.001 in the next time
step.

If the temperature is favourable (e4oQ@aused by temperature falls inside 2-3) the
probability of progressing to hatching remains saene as it was in the previous time
step.

At the end of the last 9 days of the spawning cyblke e4 sums the probability of
progressing to the late developmental egg stage (e4

If the probability is O the e4 eggs dies.

If the probability is > 0 the e4 eggs progressdtching (hatch).
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» If the fo associated with e4 eggs becomes f, theges die (abort)

e end

Table 4.7: @ values for eggs during the second stage of theieldpment (e4) in air and water

for both Kenya and South Africa.

Temperature Temperature Temperature
19 — 23°C 23 -29°C 29 — 35°C
e4 QoKenya Air 10.45 2.71 4.20
e4 QoSouth Africa 0.84 1.02 2.96
e4 QoKenya Water 6.59 1.08 2.20
e4 QoSouth Africa Water 2.78 0.67 4.74

to hatch

e count number of e4 eggs that hatch at the end efsgawning cycle (day 19 of the
spawning cycle)

« end

For full CReDy model code as implemented in Netlégn3 (Wilensky 1999) see Appendix 6.6

Model Procedure:

The simulations conducted in this chapter are moteua temperature increase of 6°C for Africa
as forecasted by RCP 8.5 (Mosst al. 2010, Riahiet al. 2011). This increase also covers

scenarios outlined by RCP 2.6, RCP 4.5 and RCPiéhwhrecast increases of <2°C, 3-4°C and
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4-5°C respectively (Wayne 2013, IPCC 2014a, c). BE&Pis characterised by assumptions of
high population growth with modest rates of tecbgaial change affecting emissions and
energy intensity improvements in the absence ofatie change policies (Mossal.2010, Riahi

et al. 2011, IPCC 2014a, c). This RCP projects the higgesenhouse emissions and greatest
temperature increase by 2100 (Mes$sl. 2010, Riahiet al. 2011, IPCC 2014a, c). Experiments
based on changes of 1°C per hour have been ex¢gnsised to make inferences concerning
long term effects of climate change on species (&agniget al. 2004, Portner and Farrel 2008,
Portner 2009, Fuset al. 2014, Rummeret al. 2014). Simulations were run on empirical
environmental data for South Africa and Kenya ahdnt for the increasing temperature
scenarios, at 1°C intervals, from their in-situ pemature measurements to a 6°C increase under

RCP 8.5.

Simulations were conducted for over a 38 day pertating the first 19 days the model
simulated females generating eggs, while over dworsd 19 day period the model simulated
females carrying eggs, and eggs progressing froemstage to the next. This procedure was
performed using specific temperature (in-situ) aice profiles for each respective region in
South Africa and Kenya and replicated 100 times=(100). To assess the potential for each
variable parameter within the model to alter thealfisimulated output a local Sensitivity
Analysis was then conducted on the CReDy modell§Batk and Grimm 2012). Parameters
that affected the output of the model were idesdifand the model was firstly run with the
reference parameterB)(as identified in the ODD protocol producing theaf output of number
of hatched egg<]). Thereafter, the parameter was variedlfy/-5%) givingdP and the model
was run for positively and negatively varied parterseof(P + dP) and @ — dP giving C" and

C respectively. Sensitivity (S) was calculated agpproximation of the partial derivative of the
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number of hatched eggs with respect to the pararf@tsensitivity above and below (+/- 5%)

(Railsback and Grimm 2012) the parameters referealte which in this case was:
S = (C" - O/(dP/P) andS = (C — C)/(dP/P)
Results are presented in Table 4.8.

Subsequently, the temperature profile was changeatiing 1°C to each temperature data point
(in-situ + 1) and the simulations were repeatedtas/e. The simulations were conducted over
the following temperature profiles: in-situ, intsit 1, up to in-situ + 6°C with am = 100 for
each respective region and at each respective tatope (Temperature profiles used in the
model are included in appendix 6.5). This proceduas initially conducted on females with a
normal size class distribution and subsequentlyribdelling procedure was repeated on females
that had a uniform size class distribution for ba#gions at all projected temperatures.
Comparisons between final model outputs (hatcheg)egf uniformly vs normally distributed
females were analysed using an uncertainty analydtisnately, a full analysis of all outputs of
the model was conducted on the data produced bsntdael run on females with a normal size

class distribution.

4.3 Statistical analysis:

4.3.1. Uncertainty Analysis:

In cases where a variable may have an effect onut@me of the model, but the variable has
not been quantified, | adjusted the variable witie model over a realistic range and analysed
the subsequent results to check if model outcomeaféected (Uncertainty analysis; Railsback
and Grimm 2012). Size class distributions in ndtpogulations are variable and could therefore

affect outcomes of the model. Two types of sizeglaere chosen to check for effects on model
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outcomes; uniform size class and normal size ctissibution. The effects of size class
distribution were tested using uncertainty analysiseach region, Kenya and South Africa
respectively. Numbers of early developmental steggs (e2), late developmental stage eggs
(e4) and hatched eggs are expected to vary witerdift size class distributions, while numbers
of initial gravid females, final gravid females sk not be affected. The effects of the factors
“Normal Distribution” and “Uniform Distribution” onthe outputs initial gravid females, final
gravid females, early developmental stage eggs (e® developmental stage eggs (e4) and
hatched eggs were analysed separately with the URational Analysis of Variance
(PERMANOVA) add-on in PRIMER 6 for each region, 8oifrica and Kenya. Distance-based
test for homogeneity of multivariate dispersionsERMDISP) was used to check for
homogeneity within each factor (Temperature, Chsttion) in each region. Analyses were
conducted on untransformed Euclidean dissimilanitgtrices. The factors “Temperature” (7
levels) “Distribution” (2 levels) were fixed andtbogonal,n = 100. Unless otherwise stated,
factors were fixed and orthogonal and variancesvirterogeneous as there were no suitable
transformations (PERMDISFR < 0.05, untransformed data). Post hoc pairwises testre

performed when appropriate and all data are expdess mean + standard error.

4.3.2 Model Simulation Analysis:

Under natural conditions, size class distributitarsd to be normal as demonstratedUmna sp.
(Litulo 2004, 2005a) andll. africanum(Emmerson 1992), as such, analyses were condaoted
model outputs produced using normally distributexhdles. The possible effects of the factors
“Temperature” (7 levels) and “Region” (2 levels) tre outputs initial gravid females, final
gravid females, early developmental stage eggs (e® developmental stage eggs (e4) and
hatched larvae were analysed with the PERMANOVA-addn PRIMER 6. The Distance-

based test for homogeneity of multivariate dismersi(PERMDISP) was used to check for
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homogeneity within each factor (Temperature andidtgg Analyses were conducted on
untransformed Euclidean dissimilarity matrices. Tpeducts of model simulations were
compared between regions (Kenya and South Africal) @ong the forecasted 6°C increase
under RCP 8.5. The factors “Temperature” (7 levals) “Region” (2 levels) were fixed and

orthogonaln = 100.

4.4 Results:

In the following section, probability levels refer the result of Pairwise tests at an alpha lefel o
0.05 unless otherwise stated. The number of simulkatis a fixed ah = 100. Thisn-value
influences the p-values of the statistical tesid iantherefore only indicative of general trends

emphasising the importance of not over interpretimggresults.

4.4.1 Sensitivity Analysis:

Varying parameters by -5% generally had more eféecthe sensitivity of the CReDy model
than increasing parameters by 5%, with greater itbatys indices being noted for all 'S
parameters except the probability of generatingeégd<enya, and the progression of e2 to e4 in
both South Africa and Kenya (Table 4.8). Varyinhéde attributes contributed much less to the
sensitivity of the model with the exception of thige of females (Sand S) in Kenya than
varying the probability parameters. Within the mbiity parameters there were exceptions
which had relatively low sensitivity, such as thiertion of the probabilities of generating eggs
and progression of e4 embryos to hatching in Séfriica (S” and S), generating eggs in Kenya

(S) and e2 progressing to e4 in South Africg ($able 4.8).
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Table 4.8: Local sensitivity analysis of the CRabgdel

Process and Parameter Reference Quality of  Sensitivity ~ Sensitivity

ParameterR) Knowledge* S S

Female Attributes

South Africa female density 0.68 S 131.22 -174.40
Kenya female density 1.21 S -262.76 -1240.38
South Africa body size 20.5 3-4 -736.78 1804.30
Kenya body size 20.5 3-4 1934.08 4059.38

Female probabilities

South Africa, generating eggs 0.001 1 361.54 392.66
South Africa, carrying eggs 0.001 1 -2370.36 -2524.18
Kenya, generating eggs 0.001 1 -2956.30 -124.94
Kenya, carrying eggs 0.001 1 -4957.88 -5388.82
Embryo development
praobabilities
South Africa, e2 to e4 0.001 1 -1112.88 -446.04
South Africa, e4 hatching 0.001 1 -281.80 -695.80
Kenya, e2 to e4 0.001 1 2039.24 1642.30
Kenya, e4 hatching 0.001 1 -1380.30 10095.58

Note: Parameter values were increased/decreasdl bl/5%; Sensitivities (S+ and S-) were calculated
as an approximation of the partial derivative & thumber of hatched eggs with respect to the paeame
(Railsback and Grimm 2012).

*Estimated quality of the empirical knowledge ugedset the parameter value: 5 means highly certain

knowledge, 1 means low certainty.
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4.4.2 Uncertainty Analysis of effects of size cllisgibution:

The uncertainty analysis revealed that the factmpgerature produced significantly different
numbers of females among all temperature combimgiio South Africa (Table 4.9, Figure 4.2
A, B). In Kenya, there was no effect of either Temgture or Distribution on the number of
initial gravid females produced. The number ofiahieggs produced (e2) was significantly
affected independently by the factors Temperaturd Bistribution in South Africa and
Distribution in Kenya (Table 4.9; Figure 4.2 C, Dn. South Africa, there were significantly
different amounts of e2 embryos produced among 182D temperature comparison
combinations and uniform distributions generallpguced more e2 embryos. The number of
final eggs (e4) was significantly affected indepemity by the factors Temperature and
Distribution in both South Africa and Kenya (Talle). Uniform distributions generally had
more e4 embryos in both South Africa and Kenyayfgl.2 E, F); in South Africa there were
significantly different amounts of e4 embryos proeld at all experimental temperatures, while
in Kenya there were significantly different amourgsoduced for 19 of 21 temperature
comparison combinations. The factors Temperatuck Ristribution significantly affected the
number of hatched eggs in South Africa while ohlg factor Temperature affected the number
of hatched eggs in Kenya (Table 4.9). In Southa&fruniform distributions of females generally
produced more hatched embryos than normal distoibuiemales and differences in hatched
embryos among temperatures was evident at all efteimperature comparison combinations
(Figure 4.2 G, H). In Kenya, numbers of hatched b differed significantly for 19 of the 21

temperature comparison combinations.
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Table 4.9: PERMANOVA tables comparing numbers dfidh gravid females, Initial e2, e4

embryos and hatched eggs produced by normal arfdremnimodel simulations run over an
increasing temperature range at one degree ingenvdfenya and South Africa using different
size frequency distributions (Normal and Uniforddr this and following tables d.f. = degrees

of freedom, M.S. = mean of squares &nd F-ratio.P-value =* P < 0.05; ** P < 0.01; *** P<

0.001.
Number of Initial Gravid Females
South Africa Kenya

Source d.f. M.S. Pseudd- M.S. Pseudd-
Temperature = T 6 4579.20 152.16%** 40.91 1.33
Distribution = Di 1 4154 1.38 6.97 0.23
DixT 6 15.93 0.53 14.20 0.46
Residual 1386 30.10 30.82
Total 1399

Number of Initial Eggs (e2)
Temperature = T 6 3.02E7 48.13** 2.33F 0.27
Distribution = Di 1 1.65E" 26.29*** 2.59E" 29.62%*
DixT 6 4.01F 0.64 1.128 0.13
Residual 1386 6.27F° 8.73E
Total 1399

Number of Final Eggs (e4)
Temperature = T 6 1.11E° 486.06*** 4.39E7 262.11%*
Distribution = Di 1 7.62EC 33.45%+ 2.88E'C 17.18%*
DixT 6 3.75F 1.65 1.458 0.86
Residual 1386 2.28F 1.68E
Total 1399

Number of Hatched Eggs
Temperature = T 6 1.34E7 1207.10** 1.16E° 202.30***
Distribution = Di 1 1.08F 9.69** 7.55€ 1.31
DixT 6 2.38¢ 2.14 7.37E 1.28
Residual 1386 1.11F 5.75E
Total 1399
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Figure 4.2: Model outpstfor uniform and normally distributed females numbers of Initial
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4.4.3 Effects of increasing temperature on simdlagproductive output of

normally distributed females:

The PERMANOVA revealed a significant effect of thmeteraction between Region and
Temperature on the initial number of gravid femd@savid Females at day 1 of simulation)
(Table 4.10). Significant differences between SoAfhica and Kenya were noted for all
temperature simulations run except in-situ + 4°@ amsitu + 5°C. Simulations for Kenya
produced more gravid females up to in-situ + 49a@,thereafter the numbers of gravid females
were greater for South Africa than Kenya (Figurg)40QOverall, the initial number of gravid
females per M increased from 5.94 (SE0.06) to 7.22 (SE: 0.05) with increasing temperature
for P. guttatunpopulations in South Africa (Figure 4.3) and thi##edlences between the number
of gravid females was significantly different fo® »f the 21 comparisons among simulated
temperatures. In Kenya, the initial number of gilatémales per i remained constant at
approximately 6.8 for the entire forecasted temieearange (Figure 4.3), with only 2 of the 21
comparisons among numbers of females producedffaradit simulated temperatures being

significantly different.
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Table 4.10: PERMANOVA tables comparing number diahgravid females (gravid females at
day 1 of simulation) produced by model simulatioms over an increasing temperature range at
one degree intervals between Kenya and South Affca this and following tables d.f. =

degrees of freedom, M.S. = mean of squaresFandr-ratio.P-value =* P < 0.05; ** P < 0.01;

*** P< (0.001.
Number of Initial Gravid Females
Source d.f. M.S. Pseudd~
Region =R 1 2788.30 92.44***
Temperature =T 6 1219.5 40.43***
RxT 6 946.44 31.38***
Residual 1386 30.16
Total 1399
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Figure 4.3 Average number of gravifemales per i (gravid £males at day 1 of simulatio
over increasing temperature range P. guttatumin South Africa and Kenya. Levels

significance between regions are indicated abovs hdile levels of significance betwe
temperatures within segion are indicated between barsP < 0.05; ** P < 0.01; *** P< 0.001

and N.S. = not significant. All error bars reprasstandard errors (n = 10

There was a significant effect of the interactiaiveen Region and Temperature on the f
number é gravid females (Gravid Females at day 19 of satioh Table 4.11). The final
number of gravid females differed significantly ween South Africa and Kenya for ec
temperature step simulation from th-situ temperature data to the forecast°C increase. This
number showed a positive increase from tl-situ temperature to the forecast€C simulations
in South Africa, while for Kenyan simulations a demse was observed (FigL4.4). Within
South Africa, all comparisons of simulations atfetiért temperatures yielded significan

different numbers of final gravid females excepttfee comparisons betweer-situ and in-situ
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+ 1°C. Within Kenya, all comparisons of simulatioas different temperatures vyielded
significantly different numbers of initial gravidermales except for the comparisons of

simulations between in-situ + 4°C and the in-si&P&, and in-situ + 5°C and in-situ + 6°C.

Table 4.11: PERMANOVA tables comparing number o&figravid females (Gravid Females at
day 19 of simulation) produced by model simulatioms over an increasing temperature range

at one degree intervals between Kenya and SoutbhaAR-value =* P < 0.05; ** P < 0.01; ***

P< 0.001.
Number of Final Gravid Females
Source d.f. M.S. Pseudd~
Region =R 1 13219 2666.70***
Temperature =T 6 1263.60 254.92***
RxT 6 2990.30 603.26***
Residual 1386 4.96
Total 1399
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Figure 4.4: Averagdinal number of gravid females per® (Gravid Females at day 19

simulation) over the simulated temperature rangeP. guttatumin South Africa and Kenyz

Levels of significance between regions are indotabove bars, while levels of significar

betveen temperatures within a region are indicated/éen bars, *P < 0.05; ** P < 0.01; ***

P< 0.001 and N.S. = not significant. All error baepresent standard errors (n =1

The initial number of eggs (e2) produced duringusations was significaly affected by an
interaction between Temperature and Region (T4.12). Comparisons between Kenya i
South Africa yielded significantly different numiseof eggs between -situ and in-situ +3°C
and at the last simulated temperaturesitu +6°C, but not at isitu +2C or in-situ +5°C.
Generally, the initial number of eggs (e2) produged&outh Africa increased from the-situ

temperature data to the forecasteC increase (Figure 4.5wvith only 5 of 21 comparisor
among numbers of e2 eggs prodt at different simulated temperatures yielding -significant

differences. In Kenya, however, the numbers of gggsluced remained relatively const
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(Figure 4.5) with no differences noted between nemslof eggs produced at different simulated

temperatures.

Table 4.12: PERMANOVA tables comparing number d@tfiaheggs (e2) produced by females in
model simulations run over an increasing tempeeatange at one degree intervals between

Kenya and South Africd-value =* P < 0.05; ** P < 0.01; *** P< 0.001.

Number of Initial Eggs

Source d.f. M.S. Pseudd-
Region =R 1 1.06E 15.04**
Temperature = T 6 7.44E 10.52%+
RxT 6 7.04E 9.95%+
Residual 1386 7.07E

Total 1399
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Figure 4.5 Average initial (day 1 of simulation) number ajgs produced by females at i
beginning simulations (e2) over the simulated iasheg temperature range fP. guttatumin
South Africa and Kenya. Levels of significance bedw regions are indicated ive bars while
levels of significance between temperatures withiregion are indicated between barP <

0.05; * P < 0.01; *** P< 0.001 and N.S. = not significant. All error baepresent standa

errors (n = 100).

The PERMANOVA revealed a significt effect of the interaction between the factors iBe
and Temperature on the average number of last a@weintal stage eggs (e4) produced at
11 (Table 413). For all temperature simulations, there wegaificant differences in the numb
of last deelopmental stage eggs produced between Southaldind Kenya. Initially, up to -

situ +1°C simulations in Kenya yielded more eggs, but thitéee simulations in South Afric
yielded more eggs (Figuré6). The average number of last developmental eggs (e4)
increased steadily for simulations run in Southigsfrfrom the i-situ temperatures up to t

forecasted 6°CGncrease (Figure4.6) with comparisons among all these simulations dp
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significantly different, while over the same foreted temperature increase, the average number
of last developmental stage eggs (e4) in Kenyaedsed (Figure 4.6). In Kenya, all the
comparisons between different simulated temperstwere significantly different except for in-

situ +4°C and in-situ +5°C, in-situ +4°C and in+si6°C, and in-situ +5°C and in-situ +6°C.

Table 4.13: PERMANOVA tables comparing the numbielate developmental stage (e4) eggs
in model simulations run over an increasing tempeearange at one degree intervals between

Kenya and South Africd-value =* P < 0.05; ** P < 0.01; *** P< 0.001.

Number of Late Eggs

Source d.f. M.S. Pseudd-
Region =R 1 2.41E 1307.30%**
Temperature = T 6 5.48E 29.66*+*
RxT 6 6.67E' 362.21%+
Residual 1386 1.84E

Total 1399
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Figure 4.6 Average number of last developmental stage egdjsdt day 11 of simulation, ov
the simulated increasing temperature rang®P. guttatumn South Africa and Kenya. Levels

significance between regions are indicated abovs bdiile levels of sigificance between
temperatures within a region are indicated betwsas,* P < 0.05; ** P < 0.01; *** P< 0.001 and

N.S. = not significantAll error bars represent standard errors (n =

There was a significant effect of the interacti@veen Tempature and Region on the numl
of hatching eggs at the end of the model simulati@able4.14). Initially, using the i-situ and
in-situ +1°Ctemperature data simulations, Kenya produced avetthe number of hatche
eggs compared to South Africa (ure 4.7),but thereafter South Africa produced more hatc
eggs than Kenya, with these differences among meglmeing significantly different at ¢
simulated temperatures (Figud.7). Overall, for South Africa, the number of hatcheggs
increased acss all simulated temperatures (Fig4.7) and all comparisons among number:
hatched eggs at different simulated temperatures gignificant (with the exception of in s

and in situ +1°¢ Simulations of increasing temperatures in Kepy@duced a decrease in 1
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number of hatched eggs (Figure 4.7), differencesrgrtemperatures were significant in the
case of lower temperatures and most high tempesagxcept in-situ +3°C and in-situ +4°C, in-

situ +4°C and in-situ +5°C, and in-situ +5°C andgitn +6 °C.

Table 4.14: PERMANOVA tables comparing the numbiehatched eggs in model simulations
run over an increasing temperature range at oneeedgtervals between Kenya and South

Africa. P-value =* P< 0.05; * P < 0.01; *** P< 0.001.

Number of Hatched Eggs

Source d.f. M.S. Pseudd-
Region =R 1 1.23B! 1535.80***
Temperature = T 6 2.09 E° 261.93**
RxT 6  4.69 E® 586.42%*+
Residual 1386  7.99 E

Total 1399
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Figure 4.7 Average number of hatched eggs at the end oflatrons (day 19 of simulatior

over the increasing temperature range P. guttatumin South Africa and Kenya. Levels

significance between regions are indicated above bdiile levels of significance betwe

temperatures within a region are indicated betwses, *P < 0.05; ** P < 0.01; *** P< 0.001

and N.S. = not significant. Aerror bars represent standard errors (n =

4.5 Discussion:

The CReDy model facilitates the translation of rhete thermal responses of specific |

stages into reproductive success as each stagkelg to be affected by temperature tc

different extent. Furthermore, it takes into account ¢henplex changes in environmen

conditions common to an intertidal ecosystem andu$ing recent climate change forec:

(IPCC 2014a, xin conjunction with experimental data, has théitglto simulaie reproductive
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output over different climate change scenarios. ialtblly, parametrisation of vital model
inputs (e.g. egg production according to femaleylside, Qo values and environmental profile
data) was done based on recent empirical datactedlehrough the course of this study (Chapter

2). This strongly links the CReDy model to the makgystems that it simulates.

The existing literature indicates that terrestimlertebrates living at low latitudes are close to
their thermal optima (Krockenberget al. 2004, Somero 2005, Deutseh al. 2008, Huey and
Tewksbury 2009, Dilloret al. 2010) and similar results have been found for sonagine
species (Nguyert al. 2011, Faulkneet al. 2014, Rummelet al. 2014). On the other hand,
species living at higher latitudes are exposecdetoperatures below their thermal optima and
consequently are performing below their thermalrmogl levels (Deutsclet al. 2008, Dillion et

al. 2010). Comparisons of CReDy model simulations faut8 Africa and Kenya using
empirical in-situ environmental data (although owerl9 day period only) support these
hypotheses. In all reproductive aspects considesadulations on initial and final gravid
females, early (e2) and late (e4) embryos and sstuey hatched eggs, using in-situ
environmental data, produced greater absolute ntambeKenya compared with South Africa,
based on metabolic responses to temperature. Tiessdts validate that indeed Kenyan
populations are at or close to their thermal optiamal are therefore out-performing South

African populations, which are operating below thogitimal levels.

Simulations on several scenarios of temperatureease in the CReDy model yielded
contrasting intra-specific outputs fét. guttatumpopulations depending on their latitudinal
location. In Kenya, reproductive processes eithtagreated (e.g. initial numbers of gravid

females and initial numbers of e2 embryos) or desad (e.g. final numbers of gravid females,
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initial numbers of e4 embryos and hatched embrywkjle all reproductive processes in South
Africa increased. Although at in-situ +1°C, Kenyppopulations still out performed South
African populations in terms of absolute numberdimdl gravid females, e4 eggs and hatched
eggs and up to in-situ +3°C for initial gravid fdesaand e2 eggs, an overall decreasing trend in
absolute numbers was observed in Kenya with furthereasing temperatures. This implies
detrimental consequences for this species at lotmd@s under increasing temperature scenarios
as has been forecasted for terrestrial invertebré€eockenbergeet al. 2004, Somero 2005,
Deutschet al. 2008, Huey and Tewksbury 2009, Dillehal.2010), while populations at higher
latitudes are expected to increase their fithesls iwcreasing temperatures (Deutsthal. 2008,
Dillion et al.2010) as seen fd?. guttatumn South Africa. The decreased reproductive ouitput
the CReDy model for Kenyan populations is likelylde due to reduced thermal flexibility
evolved by species living in thermally stable, gevere environments (Stevens 1989, Gaston
al. 2009, Rummeet al. 2014). Although these environments are thermakylst they are in
fact relatively extreme, and organisms within Istese to their thermal limits. This tendency is
known for Antarctic ectotherms which are expectedsuiffer reduced fitness with relatively
small increases in seawater temperatures (Dewsah 2008, Pecket al. 2009). Importantly,
this implies that it is not ‘species’ in stable nalites that have reduced flexibility, but

‘populations’.

Historically, increasing temperatures have beermgyasigd to induce pole-wards shifts in marine
fauna (e.g. Fieldet al 1993) while recent studies have indicated theteiasing temperatures
will again induce distribution shifts pole-wards@ganisms attempt to track optimal climates in
line with their physiological thresholds (Parmesard Yohe 2003, Rosenzwegj al. 2008,
Hoegh-Guldberg and Bruno 2010). This process has lbecumented for marine vertebrates

(Perryet al. 2005) as well as invertebrates (Zacletral. 2003, Precht and Aronson 2004) and is
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due to an interaction of a multitude of factorsp#ations accordingly disappear from their
tropical distributions narrowing their range andftgig their distribution southwards where
temperatures under climate change scenarios woeifléct current tropical temperatures
(Deutschet al. 2008, IPCC 2014a, b, c, d). The CReDy model suggést one of the driving
factors behind these distribution shifts would ékted to temperature affected metabolic stress
associated with reproductive efforts, where theaepctive output of populations would not be

sufficient enough to maintain populations at tleeirent low latitudes.

Population growth has been highlighted as an agpatis often negatively affected in the event
of warming and indicates an overall decrease igispditness (Deutsaét al. 2008, Dillonet al.
2010). The CReDy modehdicates that, due to its physiological sensiiviP. guttatum
experiences in Kenya a decrease in fitness witteasing temperature with a resultant decrease
in reproductive output and likely resultant deceeds recruitment and population size.
Conversely, in South Africa the simulated increasell reproductive aspects indicates that
increasing temperatures are likely to invoke amaase in fitness at high latitudes resulting in
population growth. In Mozambican mangrove systemg) recruitment of the mangrove crabs
Uca urvillei, Uca inversaand Uca annulipesin winter has been linked to high reproductive
output from the previous summer months which amegaly warmer (Litulo 2005a, b, ¢) and
main reproductive events during the hot monthsyearkhe year resulted in major recruitment
events a few months later in twibiogeneshermit crabs (Teoh and Chong 2013). This
temperature linked reproductive output-recruitmgmrbcesses implies a degree of self-
recruitment, highlighting the importance of reprotive output in population dynamics and
further focus the importance of understanding c¢buating processes under climate change
scenarios. Brachyuran species can exhibit varidivkeding periods depending on their

latitudinal distribution (Emmerson 1994, Gove andrivbonhe 2000, Florest al. 2002, Ituarte
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et al. 2004, Litulo 2005a, b, c) suggesting that this ldaweed to be taken into account during

longer simulations.

Different life stages are likely to show varyinggdees of sensitivity to physical stressors
(Hamdoun and Epel 2007, Byrret al. 2009, 2010a, b). Ericsoet al (2010) show that
fertilization and early cell development of the Amtic nemertean wormParborlasia
corrugatusand the sea urchirgterechinus neumayeare relatively robust to pH changes, but
later embryogenesis seems more sensitive to tlaese shanges. Similar ontogenetic mediation
of sensitivity to stressors has been found for oth@n—Antarctic marine invertebrates (e.g.
Byrne et al. 2009, 2010a, b). Hamdoun and Epel (2007) indicttatd eggs and early embryos
are robust against physical stressors, includingp&gature, due to maternally invested cellular
defences (e.g. heat shock proteins) that are afsmwik as innate defences, while later
developmental stages are more likely to respondtalileduced defences or adaptive responses
(Hamdoun and Epel 2007, Ericsenal.2010). Adults are generally thought to be more sblbai
physical stressors than embryos (e.g. Dugdrt. 2010). In Kenya, the initial number of gravid
females and the initial number of e2 eggs did riws much variability over the simulated
temperature range, suggesting that these reprodustages are fairly robust in terms of
response to temperature change, while e4 embrydshatthed eggs showed more marked
variations over the simulated increasing tempeeatunighlighting their sensitivity as a possible
weak link in the chain of overall reproductive sess. In South Africa, increases were observed
for all reproductive stages, although rates ofease for e4 embryos, hatched eggs and final
number of gravid females showed a more marked aserdoetween temperature steps than
numbers of e2 embryos and initial numbers of grdeidales, again indicating that early stage

embryos (e2) seem to be more robust than lateestagssibly due to innate defences to
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physiological change passed from the mother to/esasige embryos (Hamdoun and Epel 2007,

Ericsonet al.2010).

It must be noted however, that these simulation®wen for a single spring tide (19 day period)
during peak reproductive seasons in their respecetgions and are not representative of year-
round breeding patterns. In South Africa, breedoygles of P. guttatumare not fully
understood, but the species is assumed to breedh @emi-lunar basis seasonally for
approximately six to eight months during summergpebs.) as is shown by the closely related
species Chiromantes eulimene, Neosarmatium meindgriow Neosarmatium africanum
Ragionieriet al, 2012)andParasesarma catenaf@&mmerson 1994, Florex al. 2002). During

the breeding period, all sexually mature femalesassumed to have specific reproductive peaks
(Emmerson 1994, Florest al. 2002). Specific breeding peaks are not uncommaenperate
regions, as females’ ustilise resources that aasosally limited (Ituartet al. 2004, Torre<t al.
2009). On the other hand, species in tropical aigpical regions can breed year round due to
favourable environmental conditions and the comtirsuavailability of resources (Skov 2001,
ltuarteet al. 2004, Torre®t al.2009). AgainP. guttatumn Kenya, shows variation in breeding
throughout the year (Skov 2001), but has less sadisp compared to populations in South
Africa (pers. obs.)P. guttatumin South Africa (high latitudes) has a high reprcitite output
during peak breeding events, under increased tetyperscenarios. While due to the constant
breeding at lower latitudes?. guttatumwill possibly still have a higher overall annual
reproductive output at low latitudes. Alternativehe increased temperatures at high latitudes
may extend the breeding season, allowing comparapi@ductive outputs between the centre

and edge populations.

176



Modelling at the centre and edge of distribution

The uncertainty analysis, which looks at the effeat size class distribution of reproductive
females, indicates that small changes in the paeaation of the model may significantly
affect outputs, but may not necessarily changeabvieends. Ultimately, a normal size class
distribution was chosen for gravid females as oklnachyuran species exhibit this characteristic,
e.g.Ucasp. (Litulo 2005a). The initial number Bf guttatumfemales was kept fixed, based on
density data for South Africa and Kenya (MEAM 20(MPSEA 2007). The number of
females was further split according to sex ratitagaesented by Flores al. (2002). No new
recruitment or die off of female crabs was assurmagdhere is limited information on these
processes (Florest al. 2002). Evidence also suggests that latitude affdudsstructure of
mangrove brachyuran populations, and that, withfierént localities, such structure is likely to
vary depending on the zone within the mangrove tfiddlret al. 2002, Chapman and Tolhurst
2004). Furthermore, temporal differences are alsmleat due to seasonality present at
mangroves at increased latitudes (Cannatcal. 2009). Sex ratios of sesarmids, specifically
Parasesarma catenatand Chiromantes eulimeneavhich are related t®. guttatum have been
shown to vary at times of the year and this migfiuence longer simulations (Emmerson 1994).
Additionally, little is known about development eatonce the new juveniles recruit into a
system and age of sexual maturity with the onlyllakbke data on this coming from Mozambique
(Floreset al.2002). This development is likely to be controlledmany different factors such as
food availability, salinity and temperature (Floresal. 2002) which will vary according to

location and will affect females available for loleey.

While the CReDy model works and provides informatim the reproductive output of crabs in
mangrove ecosystems based on physiological data,ntbdel still needs to be refined. The
temperature parameters only go up to 37°C for ad88°C for eggs and down to 19°C for both.

Physiological data needs to be assessed for tetupesehigher and lower than these ranges to
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further simulate changing temperature scenarios. Silmulations run are based on information
of temperature increases included in the IPCC (20t¥ report. However, the model does not
take into account any extreme temperature evemiisntfay occur. The IPCC (2014b) report
outlines that the frequency of extreme temperatbhessincreased (Senevirateteal. 2012), with

an increase in warm spells and heat waves. Thesgskave not been factored into the model
as of yet, but would be useful for extended simaoiet The reaction of the crabs to these
extreme events would firstly need to be observatiqarantified before inclusion into the model
as crabs may employ avoidance strategies suchrastmeg into cooler burrows to mitigate the
effects of harsher temperatures (Emmerson 2001).t Agands, this model has not been
compared to experimental or observational dateherattual reproductive output Bf guttatum

in either South Africa or Kenya. It is importantathmodels represent and simulate natural
dynamics as closely as possible before predictivdeals can be implemented and trusted. This
model needs further and rigorous testing againsemed trends. Additionally, the sensitivity
analysis identified parameters that cause conditletagh variation in the final output of the
model and that have little known information toirestte their values. Scaling metabolic stress
experienced over the short term experiments (hauwssjl to parameterise the model may not
equate to the true stress animals experience owegr term time periods as simulated by the
model (days, months, years). As Railsback and Gri(@612) outline, these values require
further attention to obtain an accurate calibrabbthe model and thus require further empirical
research to reduce their uncertainty. This mainBrtgned to probabilities governing
progressions from one stage to the next in the chsenbryos or affecting female capacities to
generate or carry eggs. However, this can only dmtified by time intensive experimental
procedures to ascertain realistic values to adsidginese parameters, which at this stage were not
feasible in the time frame of this thesis. Ovenmasults from this chapter condradict the

interpretations from Chapter 2. These simualatiares based on very specific and limited
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temperature data inputs into the model for thigla® period and at no point is the model said to
be representative of a year-long simulation. The@hsimply produced these results from a very
specific and limited data set (temperature) andeuriiese conditions these are the results
produce by the simulations. By increasing the tmar@e in which the model runs with annual

temperature data very different patterns may emerge

The CReDy model may have further application iredatning the effect of other anthropogenic
stresses exerted on brachyurans in mangrove eeasysOne example would be assessing the
effect of urban waste water on brachyuran reprodeicbutput in mangrove ecosystems in
conjunction with climate change. Waste water hasnbghown to increase the abundance of
sesarmid and ocypodid crabs (Cannietcal. 2009) and enhance reproductive outputs in some
species. For example, studiesldea annulipesndicate that waste water extends its reproductive

season, increases fecundity, and improves embrgiityj(Penha-Lopest al.2009).

While further improvements to the parameterizatodrthe model have been outlined in this
discussion, not all will prove to be significantaftering simulation outputs and any changes to
the current parameters may have little effect. itagority of the defined parameters are robust
within the context of the model as they have béenaughly researched, implying that this is a
reliable method of predicting reproductive outpNbtably, the CReDy model produced two
contrasting outputs for Kenya and South Africa, dolasolely on thermal sensitivity d®.
guttatumfemales and eggs. The results support theoriemedtin the literature, which suggest
that populations living at low latitudes are cldsetheir thermal optima, and with increasing
temperatures decreasing fitness is expected, &hitegh latitudes populations are living below

their thermal optima and therefore with increadiegpperatures fitness is expected to increase
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(e.g. Deutsclet al. 2008, Dillonet al.2010 Nguyeret al.2011, Faulkneet al.2014, Rummeet

al. 2014). These findings highlight interesting patseafi reproductive responses to temperature
increase and provide insights into possible ressions for population persistence or latitudinal
shifts. The outputs of this model suggest a pateuiistribution shift, with population sizes in
the tropics decreasing and possibly disappearingowang the distributional range. Edge
populations will potentially increase in size anperatures in this region will likely reflect those
of the present tropical localities, enhancing repidive outputs both over a temporal scale and
within each breeding event, although populationdase is likely to be constrained by limited
habitat availability (Adamet al. 2004, Quisthoudet al. 2013). With further development and
testing, this novel model could further be impleteenin many different scenarios involving
reproductive outputs of not only invertebrates iangrove ecosystems, but a wide variety of

ecosystems worldwide.
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CHAPTER 5

GENERAL DISCUSSION

With the acceleration of climate change, the dissecof patterns and mechanisms that
influence species distributions and survival hagendeen more imperative. Climate change
significantly alters the physical and chemical a$peof global ecosystems, affecting their
functioning and structure with exacerbated predidifor the next 100 years (Walthet al.
2002, Deutsclet al. 2008, Hoegh-Guldberg and Bruno 2010, Doeewl. 2012, IPCC 2014a, b,

c, d). Consequently, the interpretation of physiadal strategies across latitudes has become

increasingly important as a predictor of specissrithutions.

This study provides the opportunity of studying gibjogical aspects of cosmopolitan species
inhabiting mangal habitats along the east coashfota, spanning many degrees of latitude.
Regional inter- and intra-specific physiologicalngmarisons of mangrove macrofauna were
explored with the aim of assessing the effect ofeasing temperatures in line with predictions
for the next 100 years (IPCC 2014a, c) at centtenya) and edge- (South Africa) latitudinal
distributions. Furthermore, a process key to thenteaance of populations, such as settlement
was considered over the same scales, allowingdimparisons of dynamics affecting this facet
on a latitudinal scale. Local variations of botlygiblogical and settlement aspects were further
assessed at each of these localities. An integratedpretation of these results illuminates
physiological strategies and constraints influegciympatric species along a latitudinal cline
and allows the synthesis of physiological and setéint factors influencing species at centre and

edge localities at the present time and in the teekeclimate change.
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5.1 Physiological patterns contributing to latitndi patterns:

In Chapter 2 it was demonstrated that, acrossatitedinal distribution considereBerisesarma
guttatumandUca urvillei are able to utilize higher concentrations of oxygeair compared to
water to extend their thermal tolerances over athdaal breathing life stages, as did
Neosarmatium africanunm South Africa. Sensitivity to thermal stress guatic and terrestrial
ectotherms can be explained by the theory of Oxygeth Capacity Limitation of Thermal
Tolerance (OCLTT), which predicts that the abilitiyan organism to extract oxygen from its
environment and deliver it efficiently to its tigsuis one of the key determinants of its thermal
tolerance (Frederich and Pdortner 2000, Pértner 2@002, 2010). Data on this concept are
generally restricted to localised scenarios (ergdérich and Portner 2000, Magk al. 2002,
Melzner et al. 2006, Wittmannet al. 2008), with limited studies dealing with OCLTT over
latitudinal gradients and global scales (e.g. Smkakand Portner 2003, Fuetial. 2014, Deutsch
et al.2015) and until recently neglects bimodal breatlirganisms (e.g. Fust al.2014, Giomi

et al. 2014, in press). The benefit of a bimodal breathing tifks lies in the alleviation of
oxidative stress during warming events by switchimga milieu where oxygen is more freely
available (Fuset al.2014, Giomiet al.2014,in press) and could provide oxidative stress releas
and enhance the survival of bimodal breathing aspas in the predicted climate change
scenarios over the next 100 years (Waltdteal. 2002, Deutsclet al. 2008, Hoegh-Guldberg and

Bruno 2010, Donewgt al. 2012).

Chapter 2 specifically highlights the benefit ofnoidal breathing in conspecifics and species that
are sympatric across a wide range of latitudess Tias so far only recently been studied over
one ontogenetic stage in localised scenarios @ami et al. 2014, Giomiet al.in press) and

over latitudinal gradients (e.g. Fusi al. 2014). The findings from this chapter suggest that
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bimodal breathing can extend thermal tolerancenobrganism and it is therefore an important
physiological adaptation available to bimodal bineaj species across a wide range of latitudes
that could possibly be applied to other ecosystdmsting bimodal breathing species.
Furthermore, this builds on the idea that oxidasitress can be alleviated by utilising a medium
with higher content and diffusibility of oxygen ¢e.Mark et al. 2002, Steven®t al. 2010,
Portner and Giomi 2013), giving further insightanbehavioural responses of species. For
example,Uca species are known to plug their burrows during Hige preventing inundation
(de la Iglesia 1994, Cannicet al unpublished data), while Sesarmids climb mangsdst to
prevent submersion (Cannicgt al. 1999, Fratiniet al. 2005). The drivers of these behavioural
aspects could be two fold; reducing predation (Gamret al. 1999, Fratiniet al. 2005) and
alleviating physiological stress associated withraoting oxygen from water. Furthermore

burrowing crabs may shelter in burrows to mitigadesh temperatures (Emmerson 2001).

Although Perisesarma guttaturand Uca urvillei were able to employ similar mechanisms to
alleviate oxidative stress, the ability to extragtygen from the two different milieus was not
identical across latitudes; regional differencesenaommonplace across all ontogenetic stages
considered, but to varying degrees. This indicadéferent physiological adaptations or
strategies are employed by conspecifics and difteoatogenetic stages at the centre (Kenya)
and edge (South Africa) of their latitudinal dibtrtion. Typically in this study, populations Bf
guttatumandU. urvillei at the centre of their distribution were able tér&st oxygen from both
milieus more efficiently than their South Africamrspecifics and differences were further
enhanced at stressful temperatures, indicating yasiglbgical advantage and greater thermal
tolerance of species present at the centre of thistribution. South African individuals did,
however, show adaptation to present temperatugsriexiced in this region, especially in water,

suggesting that in this region they have specidltbeir oxygen extraction abilities for existing
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conditions. Kenyan conspecifics are more geneyallgiwing them to cope with a wider range
of temperatures. Applying the OCLTT to these thepecies facilitated the description of
thermal sensitivity across latitudes and amongispeand identified life stages that may be more
vulnerable to warming events. Additionally, intgresific differences in oxygen consumption
within regions were further exploreB. guttatum, U. urvilleand Neosarmatium africanurare
considered to be sympatric in South Africa and Ker{iMacnae 1968, Tomlinson 1986,
Emmerson 1994, 1999) and yet display differencebaeir efficiencies in extracting oxygen in
air and water across ontogenetic stages. This stgygbat species and life stage specific
adaptations play an important role in survival aedeals physiological adjustments to diverse

lifestyles within the same habitat.

The OCLTT allowed the visualisation of thermal sgrecross a spectrum of temperatures and
the effect of bimodal breathing across ontogersttiges revealed insights into how these species
can alleviate oxidative stress under increasingogature scenarios. The most critical sign that
these species may be under threat from climategehaas the physiological response of their
maternal costs to increasing temperatures. In tiadysis of these data, it became evident that,
with increasing temperatures, maternal care is@traad especially in aquatic conditions, while
the advantage of extraction of oxygen from theaemvironment was highlighted as this mode
of breathing allowed continued maternal care evesirassful temperatures. Again, ontogenetic
species-specific physiological responses to tenperahad differences across milieus and
regions, highlighting possible life history straggyat the centre and edge of their distributions.
Ultimately, however, maternal care seems to beweak link in the life history of these
organisms as increasing temperatures may causdefemeaabandon maternal care, preventing
existing populations from contributing to the ldrpaol from which new recruits repopulate the

mangrove habitat.
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These findings imply that there could be importaohsequences of global warming for the
distributional ranges of these species. While pafuhs at the centre of their range are
seemingly robust to climate change, populationthatsouthern distribution are more at risk.
Increased thermal stress in southern populatioqdiesi a loss of fitness, especially through
effects on brooding females, and a decrease inlgmu sizes with a worst case scenario of
localised extinctions. This would cause a distitmal shrink to lower latitudes contrary to
many studies that project a poleward shift of spe¢e.g. Parmesan and Yohe 2003, Chaing
al. 2009, Batest al. 2014). Generally the southern distribution limifsspecies is set by low
temperatures (e.g. Sundetyal.2011, Bategt al.2014) whereas in this case higher temperatures
appear to influence the distribution patterns ofngrave brachyurans. The extent of this
shrinking of range could, however, be determinegbsysible differences among haplotypes of
these specie®erisesarma guttatuns known to have two divergephylogeographic clades; a
southern Mozambique clade and a northern cladedimay northern Mozambique, Tanzania and
Kenya (Silvaet al. 2010a). This suggests that a shift of this specoesd affect mangals as far
north as Mozambique. This does not, however, ajgpllye other two study species as Ragionieri
et al. (2010, 2012) suggest that there is only one clad&l&éosarmatium africanuralong the
east coast of Africa and there is no informationtlois aspect fotdca urvillei. Thus, without
genetic clarification across the latitudinal distion, predicting the extent of generalised

distributional shifts across species would be cliiti.

Ultimately, the decrease in population size or lised extinction of brachyuran species at the
southern latitudinal limits of African mangals cduhave detrimental effects on the whole

mangal ecosystem. Brachyurans have been impligatedosystem functioning as food sources
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(Wilson 1989, Fry and Ewel 2003, Lugenebal. 2006), ecosystem engineers altering physical
and chemical sediment aspects (Smeittal. 1991, Mouton and Felder 1996, Botto and Iribarne
2000, Kristensen and Alongi 2006, Kristensen 20688yuestering carbon in a number of ways
(Micheli 1993, 1998, Skov and Hartnoll 2002, Hattret al. 2002), facilitating oxygen supply to
mangal roots (Gribshokt al. 2003, Kristensen 2008, Canniagipublished dataand shaping
mangal growth and regeneration due to propaguldatisn (Dahdouh-Guebast al. 1998,
Bosireet al. 2005). Thus, a loss of brachyurans may in fact e€audistributional reduction of

the entire ecosystem.

5.2 Latitudinal variability in settlement

In the assessment of settlement variability actasgides (Chapter 3) lunar phase and zonal
preference appeared to be the main drivers, whialised variability resulted from complex
interactions of multiple factors in both Kenya aSiduth Africa. Settlement and recruitment
studies along the east coast of Africa are liméed primarily focused in Mozambique (e.qg.
Paulaet al. 2001, 2003, 2004, Flore= al. 2002, Litulo 2005a, b, c), with a recent study on a
Kenyan mangal (Ragionieet al. 2015). Based on this literature, the influx andleetent of
crab larvae within the mangrove seem mostly tortfieienced by tidal state (neap vs spring)
(Paulaet al. 2001, 2003, 2004, Ragioniegt al. 2015), nocturnal vs diurnal flood tides (Paata
al. 2004), wind stress (Paudd al. 2001, 2003), lunar phase (Flomtsal. 2002, Ragionieret al.
2015) and season (Litulo 2005a, b, c). In Keny#|eseent patterns in neighbouring mangrove
ecosystems suggest that there is high spatial emgdral variability, with seasonal effects
(Nzali et al. 1998, Mangubhaet al. 2007, Kaunda-Ararat al. 2009) and moon phase (Kaunda-
Arara et al. 2009) and effects of lunar phase and high tempaahbility have recently been

confirmed for mangrove macrofauna by Ragionedral. (2015). In South Africa, again larval
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settlement studies in mangals are largely lacking,influxes of larvae have been noted during
nocturnal flood tides (Papadopoules al. 2002). It must be noted that due to the significant
variation in the data for settlement rates, propest may have low levels of confidence

associated with them.

Overall, dispersal from parental habitat to finalkdlities in both terrestrial and marine
environments greatly influences population distiigns. Patterns of distribution are affected by
complex interactions between multiple factors oweultiple scales (Coweret al. 2000,
Micheneret al. 2001, Natharet al. 2005, Pinedat al. 2010). Marine invertebrates commonly
produce larvae that spend a significant amouninoé removed from the parental habitat in the
pelagic environment (Morgan and Christy 1995, Calegl. 1996, Beckeket al. 2007, Siegeét

al. 2008, Cowen and Sponaugle 2009). After pelagic ldpweent, larvae rely on behavioural
tactics to guide them towards suitable habitat tizice initiated by a multitude of factors once
this phase of development is complete (WheelerEgpithnio 1978, Cronin and Forward 1979,
Lambert and Epifanio 1982, McConaugha 1988, Acasid Butler 1999, Papadopoulet al.

2002, Gebauest al. 1998, 2003, 2005).

In highlighting zonal preference as an importardtda affecting settlement (Chapter 3), the
importance of conspecifics and chemical odours ettlsnent dynamics was illustrated in
mangals spanning the east coast of Africa. Chenaigat have proved significant in affecting
settlement dynamics in marine systems (e.g. Foretadl 2001, Paulat al. 2001, Kingsfordet

al. 2002, Forwarcet al. 2003, Anger 2006, Diele and Simith 2007) and trseilte of Chapter 3
suggest that these are also applicable to mangabha-urthermore, zonal differences between

regions indicate that suitable available habitatrigsmportant determinant of settlement patterns
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across large scales and is primarily driven bypitesence of conspecifics. Temporal and spatial
variability were shown to be important factors urghcing settlement for centre populations and
other authors further indicate that settlementapital east African marine systems is a spatially
and temporally variable process (Nzeatial. 1998, Mangubhagt al. 2007, Kaunda-Ararat al.
2009, Ragionieret al.2015). At the edge of the distributional rangetlsetent was shown to be
highly spatially and temporally variable, time a@ftacting in conjunction with several other
factors. Overall, this indicates that settlemeid imangal systems may be driven by synergistic
interactions of physical and biological factors g@hiresults in variable settlement in time and

space.

Perisesarma guttatunpopulations along the east coast of Africa are adtarised by high
haplotypic diversity (Lewontin 1974, Lavest al. 1996, Silvaet al. 2010a) with two distinct
clades, the first being associated with populatians Kenya, Tanzania and northern
Mozambique, while the second clade is present uth®wn Mozambique, (Inhaca Island and
Maputo Bay) (Silveet al.2010a). The clades are postulated to be a resalfalf in sea level in
the Pleistocene which removed suitable shelf hiabig&uch results are typical of other marine
invertebrates spanning this distributional rangey.(@iant tiger prawnPenaeus monodon
Benzieet al. 2002, Forbeset al. 1999; giant clamTridacna croceaKochzius and Nuryanto
2008). Following the latest major sea level risgpydations are thought to have reinvaded from
the north (Forbest al. 1999). Overall, this indicates that for these smecthere is little
connectivity among these populations along the eaast of Africa, and with little gene flow
among populations, advantageous physiological chexiatics of centre populations are unlikely
to be transferred to their edge of distribution rteugparts. This, in conjunction with the high
temporal and spatial variability and distinct sewdity in settlement at edge populations further

isolates edge populations. Contrastingly, recemetie analysis ofNeosarmatium africanum
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(formerly Neosarmatium meinertiDe Man 1887) andUca annulipeshad no genetic
differentiation along the latitudinal cline (Sile al. 2010a, Ragionieret al. 2010, 2012). This
suggests that these are open populations drivetatdgye scale dispersal, where larvae are
probably adapted to take advantage of the Agulhase@t, which is a prominent oceanographic
feature in this region, to facilitate large scalespdrsal (Lutjeharms 2006). Thus, edge
populations olN. africanum(and maybdJca spp.), although susceptible to physiological stres
and sporadic recruitment events, may have a fdirgh probability of persisting at edge
localities, due to new recruits arriving from remnedvpopulations and, with them, the possibly
added adaptations to physiological stress. As Hal{2©04) describes, oceanographic currents
can have varying effects of marine populationdhegitacting as gene-exchange corridors or
constricting gene flow by acting as extrinsic amdsible physical barriers to dispersal. By using
the genetic information presented in previous &side.g. Silvat al. 2010a, b. Ragioniest al.
2010, 2012), possibly vulnerable species can betifted, while it has become apparent that
species specific traits of dispersal may mitigaie ¢ffects of climate change by facilitating the

expansion of advantageous physiological charatitxialong the latitudinal distribution.

5.3 Predicting population persistence under climgtange scenarios:

As it is imperative to forecast ecological chandes to rapid regional and global climate change
(Clarkeet al. 2001, Jeltsclet al. 2008), Individual based modelling (IBM), as usedChapter 4,
provides a useful tool for the prediction of popigia dynamics under scenarios of change. This
form of modelling, using physiological data, hag been applied to brachyuran populations
living in mangrove ecosystems. The outcomes of @tenging Reproductive Dynamics
(CReDy) individual based model, basedtbaphysiological reactions dPerisesarma guttatum

to an empirical temperature and medium profile i Rhizophora mucronatanangal zone,
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suggest that, as temperature rises, this spectegeas its reproductive output at the centre

(Kenya) of its distribution compared to conspesifat the edge (South Africa) of its distribution.

In contrast, Chapter 2 suggests that, due to tlygevx capacity limitation of thermal tolerance
(OCLLT) of Perisesarma guttaturm both milieus, the centre populations are morepadt
dealing with the temperature rises likely to ocouer the next 100 years (Walthetr al. 2002,
Deutschet al. 2008, Hoegh-Guldberg and Bruno 2010, Doeewl. 2012, IPCC 2014a, b, c¢). It
must be noted that outcomes from the modellingystéwd based on one spring tide (19 days) out
of an entire year and until it can be applied togerature and tide data for an entire year, the
model is only able to give a very limited temposalapshot of the reproductive dynamics of
populations in each region. Furthermore, behavioaspects have yet to be considered in the
model, while specific strategies may be key toegitbnsure the survival of the mother at the
expense of the embryos wice versa.The degradation of mangal ecosystems such asingduc
tree cover (Semesi 1998, Ashtem al. 2003) would likely exacerbate any climate related
stressors and should be considered in forecastengripacts of climate change on these species.
The contrasting views illustrated by these appreadhighlight the importance of considering
different temporal and spatial scales in assestfingeffects of climate change (e.g. Ricklefs
1987, Brown and Maurer 1989, Cornell and Lawton21®icklefs and Schluter 1993, Gaston
and Blackburn 2000, Gaste al. 2009). Behavioural aspects and a greater tempanaiow are

still to be included in the model. Once the reldvdata become available, and with these
modifications, reliable long term predictions willllow for comparisons to empirical
physiological data, producing further insights itke drivers of population persistence at the

centre and edge of distributions under climate ghaegimes.
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5.4 Concluding Remarks:

Within this thesis, the principal of oxygen and aeipy limitation of thermal tolerance (OCLTT),
as applied to ectotherms across different localiesedsystems (Frederich and Pértner 2000,
Portner 2001, 2002, 2010, Magk al. 2002, Melzneket al. 2006, Wittmanret al. 2008) has been
successfully applied across latitudinal scales amibgenetic stages, providing novel insights
into ontogenetic and latitudinal inter- and intgeesific variability. This represents the first time
that OCLTT has been applied across ontogenetiestagd follows on the work of Solokova
and Portner (2003) and Fusti al. (2014) in the application of this concept acrosgdaspatial
scales. Within the context of OCLTT, | have showattoxidative stress can be alleviated by
switching milieus in bimodal breathing species,lime with work presented by Gionat al.
(2014, in press) and Fust al. (2014), and presented novel information on how hiaho
breathing acts across ontogenetic stages and t@e inter- and intra-specific variability,
bringing up the role of reproduction in the vulr@hi#y of populations to temperature. Empirical
data from the physiological studies and environmlerdggers were applied to the CReDy
individual based model in the first attempt to f@st reproductive output of mangrove crabs
across latitudes, based on their physiologicalaeses to milieu and temperature at the centre
(Kenya) and edge (South Africa) of their distrilouti The physiological and modelling studies
highlight the importance of maternal input in theguction and care of viable embryos from a
physiological point of view and suggest that tilsisan important facet in controlling population
persistence at the centre and edge of distribuSettlement dynamics at the centre and edge of
mangal distribution along the east coast of Afffisdher provided insights into vulnerability of
population over regional and local scales espgudialtonjunction with genetic information from
previous studies (Ragionieet al. 2010, Silvaet al. 2010a, b). Overall, this thesis provides
valuable perceptions of physiological aspects &figcpopulation dynamics over large scales

and lays the foundations for predicting populatignamics based on physiological sensitivity to
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climate change in bimodal breathing species. Furthee, the importance of large scale spatial
and temporal studies is highlighted for determirpagterns and processes, while the importance
of localised studies in determining finer scaleiafaitity is maintained. In this study populations
at the edge of their distribution appear to bentiost vulnerable to climate change with maternal
care being highlighted as a critical process irengining the persistence of populations. As a
result, at the edge of distribution, with increasitemperatures, the contribution of gravid
females to offshore larval pools from which newruéts are drawn is likely to decrease in size.
In conjunction with settlement dynamics associaté this region, this decreasing contribution
will ultimately affect population sizes and persiste and consequently have knock on effects

within the mangrove ecosystem possibly causingnraction of the entire ecosystem.
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APPENDIX

6.1 PERMANOVA tables comparing gravid and non gfrapecies

Table 7: PERMANOVA tables comparing the oxygen congtion rates of gravid and non-

gravid Perisesarma guttatumandUca urvillei between Kenya and South Africa.

Oxygen consumption Rate

Source d.f. M.S. F
Species = Sp 1 2.27E 7.94*
Region = Re 1 0.43  153.7%
Air/Water 1 1.108 0.39
Condition (Gravid/Non-gravid) = Co 1 9.58E 33.94**
Temperature = Temp 8 5.43E 19.39%*
Sp x Co 1 1.44E8 5.15*

Sp x Air/Water 1 0.10 37.09%
Sp x Temp 8 1.75E 6.27*
Re x Co 1 0.48 169.84***
Re x Air/Water 1 5.19E 18.562**
Co x Air/Water 1 1.33E 4.74*

Co x Temp 8 3.52E 12.57%
Sp x Co x Air/Water 1 6.23E 22.25%
Re x Co x Air/Water 1 4.19E 1497
Re x Co x Temp 4 1.05€ 3.77*

Co x Air/Water x Temp 8 1.18E 4.21%
Sp x Re x Co x Air/Water 1 6.40E 22.89%+
Re x Co x Air/Water x Temp 4 8.60E 3.07*
Residual 785 2.80E
Total 899
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Appendix

6.2 PERMANOVA tables comparing maternal costs amspegies

Table 8: PERMANOVA tables comparing the matern&afof gravidPerisesarma guttatum

andUca urvilleibetween Kenya and South Africa.

Oxygen consumption Rate

Source d.f. M.S. F

Species = Sp 1 2.69F° 8.11**
Region = Re 1 0.94 282.72***
Air/Water 1 2.40F° 7.25*

Temperature = Temp

Sp x Air/Water

Sp x Temp

Re x Air/Water

Re x Temp

Air/Water x Temp

Sp x Re x Air/Water

Re x Air/Water x Temp

Residual

Total

8 7.23E 21.78***

1 1.21E 36.52%*

8 8.89E° 2.68*

1 8.37E 25.24%*

4 2.08E% 6.29%*

8 2.43E 7.33%

1 1.25E 37.59%**
4 1.73E 5.22%
388 3.32F

450
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Appendix

6.3Bold Taxon ID Tree

rDec apoda|Kenya Recruit Gen Sample 34

LDec apoda/SA _Recruit Gen Sample 28|Transkei

;pode/SA _Adult Gen_Sample 43|Transkei|Ocypodidae

Decapoda/SA _Recruit_Gen_Sample_17|Transkei
DecapodalSA _Recruit_Gen_Sample 10|Transkei
DecapodalSA _Recruit_Gen_Sample 6|Transkei
DecapodaSA _Recruit Gen Sample 23|Transkei
Decapoda/SA _Recruit_Gen_Sample_1|Transkei
DecapodaSA _Recruit_Gen_Sample 4/Transkei
Decapoda/SA _Recruit Gen Sample 16|Transkei
[ParasesarmalSA _Adult Gen_Sample_37|Transkei|Sesammidae
Decapoda/SA _Recruit Gen Sample 19|Transkei
Decapoda/SA _Recruit_Gen_Sample 7|Transkei

Decapoda/SA _Fecruit Gen Sample_11[Transkei

Decapoda/SA _Recruit Gen_Sample_8|Transkei

Decapoda/SA _Fecruit_Gen_Sample_14|Transkei

Decapoda/SA _Recruit_Gen_Sample 3|Transkei

Decapoda/SA _FRecmit_Gen_Sample_2|Transkei

risesarmalSA_Adult_Pensesanma_ FEF|Transkei|Sesarmidae

Decapoda/SA _Recruit Gen Sample 12|Transkei

.

atium|SA _Adult Gen Sample
Neosarmatium|SA _Adult Gen Sample 36[Transkei|Sesarmidae
Decapoda/SA _Recruit_Gen Sample_13|Transkei

IDecapoanSA _PRecmuit_Gen_Sample_9(Transkei

u IDecapoanSA _PRecruit_Gen_Sample_5(Transkei

Uca|SA_Adult Uca REF Transkei|Ocypodidae

UcalSA _Adult_Gen_Sample_38/Transkei/Ocypodidae

UcalSA _Adult Gen Sample_42|Transkei/Ocypodidae

DecapodalKenya Recruit Gen Sample 31

|| DecapodalSA _Recruit_Gen_Sample_22(Transkei

DecapodalSA _Recruit Gen Sample 30|Transkei

!Dec apodalSA _FRecruit Gen Sample 29|Transkei
DecapodalSA _Recruit Gen Sample 18|Transkei

r Scylla|SA _Adult_Gen_Sample 40(Transkei|Portunidae

LDecapodn\Kenya _Recruit Gen Sample 33

DecapodaEKenya _Recruit_Gen_Sample 32

Appendix 6.3 Bold taxon ID tree showing groupings of megalagalruits in relation to know
specimen DNA.
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Appendix

6.4 Linear regressionof Carapace with to number of €

25000

20000 4 ¢ ¥ =620.78%x+ 2505.7
Er R?=0.2026
% W’y

15000
E +* o ¢ Number of Eggs
Q
'E 10000
3 Linear {(Number of

5000 Fgas )
0
12 15 17 19 21 22 25 27
Carapace width {mm)
25000
y=76545%x-7972.2
w 20000 RZ=0,9005
[=1]
[-1:]
E 15000
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@
£ 10000 ¢
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Appendix 6.4, Figure:lLinear regressions of carapace width of graviddkePerisesarma

guttatumto the number of eggs preswon gravid females (A) South Africa and (B) Kenya
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Appendix 6.5, Figurel: Temperature fi@used in CReDy simulatiorindicationg the increasing temperatures from antttemperatures in

South Africa (recorded in situ) to 6 @bove ambien
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6.6 CReDy Model Code:

[As implemented in Netlogo 5.0.3 (Wilensky 1999)]

breed [adults adult]

adults-own
[

state
bodySize
E2

E4

]

globals
[
milieu
hour
tide
day
month
temperature
tempWater
tempAir
probGenEggs
probCarryEggs
probE4
probHatch
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hatchedEggs
]

to setup

file-close
ca
reset-ticks
set hour O
set day 1

set month 1

if location = "SA" [set file "SA.txt"]

if location = "Kenya" [set file "Kenya.txt"]

random-seed seed

ask patches|
if location = "Kenya" [sprout-adults roun@@dom-normal 1.21 0.16)]

if location = "SA" [sprout-adults roundafrdom-normal 0.68 0.20)]

ask adults[
set bodySize random-normal 20.5 1.83
set size 1 + (Bodysize - 20.5) * 0.1
set state "genEggs"

set color white
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resetProbGenEggs

file-open file

repeat 19 * 24[
set temperature file-read
set milieu file-read

decreaseProbs

resetProbs

file-close

file-open file

end

to resetProbs
set probCarryEggs 1
set probE4 1
set probHatch 1

end
to resetProbGenEggs
set probGenEggs 1

end

to go
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tick

set hour hour + 1

if hour = 25[
carryEggs
set hour 1
setday day + 1
if day = 11|
growEk?2

]

if day = 20[
growE4
releaseEggs
setday 1

set month month + 1

if file-at-end? = TRUE [stop]
set temperature file-read

set milieu file-read

decreaseProbs

if day = 1 and hour = 1 [resetProbs

generateEggs

resetProbGenEggs

262



Appendix

end

to decreaseProbs

if location = "SA" [

if milieu = "water” [

if temperature < 31 |
set probGenEggs probGenEggs - redGenEggs
set probCarryEggs probCarryEggs - redCayggE
]
if temperature < 29 |
set probE4 probE4 - redE4

set probHatch probHatch - redHatch

]
]

if milieu = "air" [

if temperature < 31 |

set probGenEggs probGenEggs - redGenEggs
]
if temperature < 25 |

set probCarryEggs probCarryEggs - redCayggE
]
set probE4 probE4 - redE4

set probHatch probHatch - redHatch
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if location = "Kenya" [
if milieu = "water" [
set probGenEggs probGenEggs - redGenEggs
set probCarryEggs probCarryEggs - redCarrgEgg
if temperature < 29 |
set probE4 probE4 - redE4
set probHatch probHatch - redHatch
]
]

if milieu = "air" [

set probGenEggs probGenEggs - redGenEggs
if temperature > 31 |
set probCarryEggs probCarryEggs - redCayggE
]
if temperature < 29 |
set probE4 probE4 - redE4
set probHatch probHatch - redHatch
]
]
]

if probGenEggs < 0 [set probGenEggs 0]

if probCarryEggs < 0 [set probCarryEggs 0]
if probE4 < 0 [set probE4 0]

if probHatch < O [set probHatch 0]
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end

to generateEggs

ask adults with [state = "genEggs"][
if random-float 1 <= probGenEggs |
set state "carryEggs”
set color red

set E2 round (765.45 * bodySize - 7972.2)

end
to carryEggs
ask adults with [state = "carryEggs"][
if random-float 1 >= probCarryEggs|
setE20setE40

set state "genEggs"

set color white

end

to releaseEggs
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print "number of fo at the end of spawning cy€lerint count adults with [state = "carryEggs"]

ask adults with [state = "carryEggs"][

set state ['genEggs"]

end

to growE2

ask adults with [state = "carryEggs"][

set E4 rbinom E2 probE4

setE2 0

end

to growE4

ask adults with [state = "carryEggs"][

set hatchedEggs hatchedEggs + rbinom E4 prehHat

setE4 0

end

to-report rbinom [n p]

report sum n-values n [ifelse-value (p > raneitnat 1) [1] [0]]

end
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