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ABSTRACT

Non-trophic interactions are significant structuring agents of ecological communities.
Knowledge of how this process drives ecosystem functioning and community structure either
individually, or interactively with other processes, is however, limited, particularly in shallow
soft- littoral ecosystems. At a local level, such systems are dominated by allogenic engineers
such as the burrowing axiid sandprawn Callichirus kraussi Stebbing, which has important
effects on macro- and meiobenthic assemblages. C. kraussi is distributed across the South
African coastline, from the subtropical Mozambican border to the temperate west coast
borders with Namibia. Bioturbation — the principal mechanism by which C. kraussi engineers
influence associated biota in sedimentary systems, also has significant effects on sediment
properties, biofilms, microalgal and microbial composition. However, theory suggests that
ecosystem engineering effects are contextually dependent and contingent upon processes
that are temporally and spatially variable.

In South Africa, variations in background nutrient levels across the coastline is
significant, with the West coast being dominated strong upwelling, which increases biological
productivity. Within the west coast, upwelling is also seasonally variable, being strongest in
summer. In view of this natural variability in nutrient levels across the coast, seasonal
variability within the west coast and the fact that the sandprawn C. kraussi dominates across
these conditions, the central focus of this PhD thesis was to investigate how ecosystem
engineering by sandprawns C. kraussi and nutrient levels individually or interactively
influence assemblages and ecological processes in coastal soft-sediment ecosystems. The

study was carried out in Langebaan Lagoon, which is a marine lagoonal system on the west



coast of South Africa that is dominated by sandprawns and subjected to seasonal upwelling
that is a feature of the west coast.

This thesis was based on the two principal approaches, viz. a field comparative study
and in situ experiments. The field observational study investigated the responses of macro-
and meiofaunal communities to sandprawn bioturbation impacts between upwelling and
non-upwelling seasons, with the aim of understanding how upwelling nutrient pulses modify
these benthic assemblages. Benthic and water column chlorophyll-a (chl-a) levels were also
measured, while meiofaunal communities were investigated within sandprawn burrows
(burrow-walls) and at the sediment surface. It was hypothesized that chl-a levels, and
community metrics would be lower in winter (non-upwelling) but increase in summer
upwelling season due to nutrient pulses. It was also hypothesized that community metrics
would be negatively correlated with sandprawn density due to bioturbatory effects (sediment
turnover) in winter (non-upwelling) but this relationship would become neutral or positive
increased in summer, due to increased productivity offsetting negative bioturbative effects.

Clear, non-intuitive and ecologically interesting outcomes emerged from the field
study. Firstly, benthic chl-a concentrations appeared to be lower in summer relative to winter
in 2015, although, this pattern disappeared in 2016. In contrast, water column chl-a
concentrations within the lagoon channel conformed to the posed hypothesis, being
consistently greater in summer relative to winter. Even though both macro- and meiofaunal
assemblages differed significantly between seasons, the hypothesis that community metrics
would be greater in summer relative to winter season was not overwhelmingly supported by
these findings. Pearson correlation analyses revealed that sandprawn effects were generally
weaker within seasons but stronger when winter and summer data were combined and

investigated per year. In terms of the latter, most community metrics and benthic chl-a levels



were generally negatively correlated with sandprawn abundances, but this varied seasonally
and spatially. Overall, results of the comparative study suggest that increases in water column
chl-a levels do not necessarily translate into increases in benthic chl-a and community metric
levels. One possible reason for this is that increasing bioturbation by C. kraussi overrides
nutrient enrichment effects. This conclusion though is spatially dependent, given that results
of correlation analyses were site-specific.

The factorial field experiment employed in this dissertation manipulated nutrients
(fertilizer capsules, Plantacote N: P: K) and sandprawns (C. kraussi densities) to investigate
their individual and interactive effects on benthic assemblages. | hypothesized within the
context of the grazer-reversal hypothesis of Proulx and Mazumder ( ) that, responses of
diversity metrics should alter from a linear decrease at the ambient nutrient level to a
unimodal hump-shaped response at the intermediate nutrient level and then to a linear
increase at highest nutrients. Generally, emerging patterns for meiofaunal diversity metrics
and individual morphotypes were inconsistent with the prediction of the grazer-reversal
model. Instead, responses were of an increasing and decreasing nature. The outcomes of this
investigation, however, revealed that meiofaunal community structure at the sediment
surface was significantly affected by the main effect of sites and sandprawn densities, while
within burrow-walls, the interaction between sites and nutrients, but also sandprawn
densities alone, significantly affected meiofaunal community structure. Overall, meiofaunal
results of this investigation showed limited support for the grazer-reversal hypothesis.

Although the findings of this investigation also indicated limited support for the
grazer-reversal hypothesis on the macrofauna community, interactive effects of nutrient
enrichment and sandprawn densities emerged to influence the macrofaunal community

structure and abundances of certain individual species/taxa. Generally, macrofaunal



community metrics exhibited both increasing and decreasing patterns in response to
experimental treatments, however, in some instances unimodal hump-shaped patterns
emerged. There was evidence of macrofaunal functional groups (i.e. suspension feeders)
conforming to the hypothesis posed, but this was site-specific. Overall, | conclude that an
interplay between nutrients and sandprawns does not exert strong influences on the benthic
communities of Langebaan Lagoon. However, sandprawn ecosystem engineering, mainly in
the form of bioturbation overrides nutrient enrichment effects in regulating benthic

assemblages.



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 The ecosystem engineering concept

Understanding biodiversity and community structure and factors that influence them
over space and time has been a central subject in ecological research. In this regard,
organismal interactions have received major interest (Sueiro et al. 2013, Bouma et al. 2009,
Connell and Orias 1964, Jones et al. 1994, Tilman et al. 1997, Hastings et al. 2007). Research
has shown the importance of both trophic and non-trophic interactions in driving biodiversity
and community patterns, through intricate direct or indirect networks (Cardinale et al. 2002,
Goudard and Loreua 2012). Trophic interactions typically involve consumptive interactions,
such as predation and grazing, while non-trophic interactions do not involve consumption.

Of the non-trophic interactions, Jones et al. (1994) have highlighted the importance
of species in creating, altering and maintaining habitats. These processes are broadly referred
to as ecosystem engineering. More specifically, this term describes the activities or structures
created by organisms (engineers) that indirectly modulate the availability of resources for
other species. Two broad classes of ecosystem engineers have been identified by Jones et al.
(1994), i.e. allogenic and autogenic engineers. Allogenic engineers alter ecosystems by
changing living and non-living materials from one physical state to another via mechanical
means. A classic example of an allogenically engineered structure is a dam constructed by
beavers (Jones et al. 1994, Wright et al. 2003, Crain and Bertness 2006). In this case, beavers
utilize wood to build dams and in so doing create wetlands and ponds that may remain in the
ecosystem for several years. These wetlands and ponds significantly alter ecological processes
in surrounding environments, resulting in changes to local hydrology, sedimentology and
organic matter cycling, nutrient fluxes and decomposition dynamics. These alterations can
exert considerable impacts on plant and animal communities and hence overall biodiversity

(Jones et al. 1994). Apart from beavers, other examples of allogenic engineers with significant



impacts on environments include prairie dogs (Cynomys spp) and elephants (Loxodonta
africana). Prairie dogs are known to disturb soil surfaces by creating surface sand mounds
through extensive digging of burrows (Van Nimwegen et al. 2008). The presence of the forest
elephant (L. africana) in tropical regions can potentially transform forested areas to grassland
ecosystems by trampling of vegetation (Dublin et al. 1990, Ruggiero and Fay 1994).
Autogenic engineers modify their environments because of the presence of their own
physical structures such as living and dead tissues (Jones et al. 1994). Typical examples of
autogenic engineers are trees, coral reefs and microbial biofilms (Jones et al. 1994, 2010).
Trees modify hydrology, soil stability, nutrient cycle, wind speed and temperature (Jones et
al. 1994), while corals provide important habitats for associated organisms, and also
transform organic and inorganic materials (Wild et al. 2011). Cordgrass is known to facilitate
some benthic species by stabilizing sediment through rooting structures (Altieri et al. 2007).
Most autogenic engineers are generally sedentary, but some are mobile (e.g. the shells of live

crabs which provide epibiont living space).

1.2 Development and controversies regarding the concept of ecosystem

engineering

Impacts of organisms on physical and chemical processes in the environment had long
been recognized before the concept of ecosystem engineering was introduced. For example,
Darwin (1881) published a book focusing on the effects of earthworms on soil formation,
while other studies provided further details and examples of organisms with major impacts
on ecosystem properties (Naiman et al. 1988, Thayer 1979, Dayton 1972). However, an

integrative understanding of how organisms structure biotic assemblages through habitat
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modification only emerged when the refined concept of ecosystem engineering was
introduced by Jones et al. (1994). The concept gained its strength through substantial models,
illustrative examples and postulations. Within its first year of inception, it was cited more than
470 times in the peer-reviewed literature. However, the concept generated significant
controversy as well (Wright and Jones 2006).

One of the major criticisms of the concept of ecosystem engineering was that it would
simply lead to more “buzzwords” in ecology, of which there are many (Jones et al. 1997b,
Power 19973, 1997b). Some authors have also raised concerns about the resemblance of the
ecosystem engineering concept to the “keystone species” concept. Significant effort in the
form of discussions and seminars has been dedicated to clarifying these two ecological
terminologies (Wright and Jones 2006). Keystone species are defined by their effects on
associated biota, which are mainly derived from trophic interactions (Van Nimwegen et al.
2008). Keystone species (e.g. top predators) influence food web structure through top-down
control; their suppression or removal in the ecosystems can therefore result in significant
alterations to food-web structure, species composition and nutrient cycling (Jones et al.
1994). On the other hand, ecosystem engineers regulate communities by modifying
environmental states. A recent definition of keystone species emphasizes that species should
have disproportionate effects relative to their abundance or biomass (Power et al. 1996). This
definition also qualifies many engineering species with large community effects relative to
their biomass to be regarded as keystone species (Wright and Jones 2006). Therefore,
keystone species may exert effects on communities and ecosystems either by consumption

or as a result of ecosystem engineering (Jones et al. 1994, 1997a, Wright and Jones 2006).
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1.3 Ecosystem engineering in intertidal soft-sediment habitats

Soft-sediment, the unconsolidated substrate that ranges in size from silt to pebbles
(0.0039 mm — 64 mm), is one of the largest ecosystems on earth (Snelgrove 1999). It is a key
component of coastal (e.g estuaries, beaches and bays) and offshore habitats (continental
shelf, slope and deep sea). These ecosystems not only provide living space for organisms, but
support organisms through a variety of key ecological functions such as food provision to
higher trophic levels (Hines et al. 1990), maintenance of nutrient and organic matter fluxes
(Raffaelli et al. 2003), and sustaining important connections between benthic and pelagic
processes (Lohrer et al. 2004a, 2004b).

In marine coastal sedimentary ecosystems, ecosystem engineering by allogenic and
autogenic engineers are amongst the most influential of processes influencing ecosystem
functioning. Generally, soft-sediment habitats are three-dimensional spaces, which allows
organisms to partition the habitat both vertically and horizontally (Wilson 1991, Little 2000).
Soft-sediment engineers are therefore classified into two broad divisions depending on where
they live (Bouma et al. 2009). Epibenthic ecosystem engineers inhabit the sediment surface
and typically impact environments through their own physical structures (autogenic
engineers). Commonly reported impacts of epibenthic ecosystem engineers include
alterations of local sediment dynamics, particle trapping, increased accretion of sediment and
attenuation of hydrodynamic energy from current and waves (Fonseca and Fisher 1986,
Gambietal. 1990, Gacia et al. 1999, Bouma et al. 2005). The most widely distributed examples
of epibentic engineers in temperate ecosystems are seagrasses, salt marsh species and
certain taxa of macroalgae (Bouma et al. 2009).

Endobenthic invertebrates are mostly allogenic engineers inhabiting deeper sections

of sediments, with some species being able to burrow to depths greater than 1 m, such as
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burrowing axiid sandprawns and/or ghost shrimps (Branch and Pringle 1987, Pillay and Branch
2011). They modify sediment resources mainly via bioturbation (Biles et al. 2002, Meysman
et al. 2006, Bouma et al. 2009), which is defined as the process by which animals directly or
indirectly affect sediment matrices through both particle reworking and burrow ventilation
(Kristensen et al. 2012). Both of these processes can shape environments and significantly
influence soft-sediment ecosystem functioning. For example, ecosystem engineering by
burrowing lugworms (Arenicola marina) has been reported to reduce sediment chlorophyll
content and concentrations of ammonium, phosphate, silicate, and sulphide relative to
patches without lugworms, due to sub-surface irrigation and burrowing activity (Volkenborn
et al. 2007a). Changes in habitat properties created by lugworms have also been reported to
cause functional shifts in benthic community structure from assemblages dominated by
mixed suspension- and surface-deposit feeding tube worms to subsurface deposit-feeding
motile worms (Volkenborn et al. 2007a).

The role of ecosystem enginnering by shrimp has not only been investigated in marine
but also in freshwater ecosystems. For example, in Peurto Rico, Crowl et al. (2001)
manipulated the presence/absence of shrimp species (Atya lanipes and Xiphocaris elongata)
in six fenced pools of a headwater stream and reported that both shrimp species alter nutrient
composition and influence detrital processing in different ways. Yee et al. (2005) illustrated
through laboratory macrocosms that tadpole shrimp can act as important determinants of
macroinvertebrate communities in Playa Lake through both direct and indirect effects. Direct
effects of tadpole shrimp include the removal of prey species abundance, which in turn may
alter biotic interactions among other taxa, while indirect effects include physical alteration of
the environment during foraging through surface sediments. Ghost shrimps species are

known to exert negative influences on seagrass plants, seeds and/or seedlings through
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sediment disturbance (Suchanek 1983, Duarte et al. 1997, Dumbauld and Wyllie-Echeverria
2003). Indirect adverse effects of ghost shrimp bioturbation might be linked to the
impairment of photosynthetic processes due to increased sedimentation and resuspension of
fine particles reducing available sunlight and smothering of plants (Suchanek 1983).

Other examples of endobenthic engineers with considerable impacts in soft-sediment
communities are mangrove sesarmid (Grapsidae) and fiddler (Ocypodidae) crabs (Smith et al.
1991, Stieglitz et al. 2000, Thongtham and Kristensen 2003, Kristensen 2008). These
mangrove crabs create and maintain their burrows for various purposes (Skov and Hartnoll
2002, Micheli 1993). Burrows provide an important facilitatory role for other species in
providing refuges from predation, increasing availability of trophic resources and protection
from adverse abiotic conditions (Warren 1990, Kristensen 2008, Thongtham and Kristensen
2003). Burrows created by crabs modify biogeochemistry, transport conditions and physical
structures, thereby altering the availability of important resources for communities (Stieglitz
et al. 2000, Kristensen 2008).

Burrowing engineer impacts on soft-sediment ecosystems differ substantially, and are
largely dependent on habitat features and those of the engineering species. In terms of the
latter, burrow morphology, sediment type (Volkenborn et al. 2012) and the behavior of the
burrowing species (Biles et al. 2002) have been shown to be highly influential. Blind-ending
and poorly lined burrows like those created by arenicolid polychaetes are characterized by
ventilation which increases advective flow of water (Volkenborn et al. 2012). Burrow flushing
and ventilation can generate intense pore-water movements depending on (1) burrow
morphology (one or more than one opening) and (2) sediment permeability and

cohesiveness. However, in muddy areas, pore-water advection is low, resulting in high
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resistance to flow within burrows. This is usually observed in a situation where more than two
burrow openings are formed (Kristensen et al. 2012, Mermillod-Blondin and Rosenberg 2006).

Burrow structures also provide important functions for the infauna. Generally,
burrows are enriched by organic matter (Volkenborn and Reise 2006), derived from
phytoplankton, microphytobenthos and detritus (Papaspyrou et al. 2005). In addition, several
microhabitats for microbes and meiofauna may occur in a single burrow, due to niche
diversity. For example, sesarmid crab burrows vary from basic to complex morphologies.
Conspicuous features of these burrows include vertical shafts (5 to 25 cm long) with various
connecting branches that provide living spaces for the associated crustacean fauna. These
branches also have their own surface openings which enable increased exchange rates of
fluxes of organic matter, nutrients and gases between the sediment and overlying water
column. The most prominent factors that determine the quality of services provided by
burrows include age and type of burrow, sediment characteristics and associated faunal
abundance.

Generally, the burrowing activities of axiidean crustaceans can alter important
ecosystem features and functions such as community structure (Dittmann 1996, Berkenbusch
et al. 2000, Berkenbusch and Rowden 2003, Berkenbusch and Rowden 2007, Berkenbusch et
al. 2007, Pillay et al. 2007b, Siebert and Branch 2007, Henninger and Froneman 2013),
biogeochemical cycling, nutrient and gaseous exchange (Branch and Pringle 1987, Rowden
and Jones 1993, Hughes et al. 2000, Webb and Eyre 2004) and physical properties of
sediments (Suchanek and Colin 1986). Axiid prawns can positively influence bacteria and
benthic microalgae, particularly within their burrow walls and exert negative effects on
macro- and meiofaunal communities (Branch and Pringle 1987, Pillay and Branch 2011,

Henninger and Froneman 2013). Bacterial densities have been shown to be enhanced
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between 30 to 100% by axiid prawns along the burrow-walls (Branch and Pringle 1987). In
contrast, some studies have documented a reduction in bacteria and microalgae in the
presence of axiid prawns particularly at the surface sediment (Pillay et al. 2007b, Pillay and
Branch 2011, Henninger and Froneman 2013). Pillay et al. (2007b) illustrated that
carbohydrate exuded by microalgae and bacteria on the sediment surface is lower in areas
where axiid prawns are absent or less dominant. Studies have consistently reported negative
influence of axiid prawns on particular faunal functional groups that are most vulnerable to
environmental changes created by axiids. As illustrated by Pillay et al. (2007b), in Durban Bay
lower abundance of surface feeders were found to be associated with the presence of
sandprawns at high densities. A recent study of axiid prawns as ecosystem engineers
undertaken in a South African temporarily open/closed estuary has also reported high
abundances of surface feeders in the absence of sandprawns (Henninger and Froneman

2013).

1.4 The burrowing sandprawn Callichirus kraussi: the focal organism of this

study

Callichirus kraussi (Fig.1.1) is a conspicuous macrofaunal species and a permanent
member of benthic ecosystems in South Africa (Siebert and Branch 20053, Siebert and Branch
2005b). In general, axiid crustaceans (including the C. kraussi species) are distributed
worldwide from cold temperate climates to tropical environments but excluding polar regions
north of 70°N and south of 55°S (Dworschak 2004). They inhabit intertidal sand flats and
estuaries (either temporarily open/close or permanently open systems) and sheltered marine

environments (Whitfield 1992). In southern Africa, the distribution of C. kraussi ranges from
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Namibia on the west coast, up to Mozambique on the east coast (Day 1981, Branch et al.

2010; Fig 1.2), with densities of up to 602 ind.m™ in certain locations (Table. 1.1).

Female [6.5 cm]

Fig.1.1: Lateral view of male (A) and female (B) burrowing sandprawns (Callichirus kraussi).
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Table.1.1: Abundances of the sandprawn (Callichirus kraussi) reported in selected shallow

water coastal environments and estuaries along the southern African coastline.

Location Sandprawns abundance Source

(ind. m~?)
Langebaan Lagoon, Western Cape 190-330 Nel and Brach 2013
Durban Bay, KwaZulu-Natal 0-264 Pillay et al. 2007
Langebaan Lagoon, Western Cape 2-602 Nel 2006
Swartkops Estuary, Eastern Cape >400 Hanekom 1980
Great Brak Estuary, Western Cape 22-419 DWAF 2001

Unlike estuarine dependent or migratory species, sandprawns in South Africa (C.
kraussi) are able to complete their entire lifecycle within an estuary. Their life cycles consist
of a short larval life cycle that has no planktonic stages (Forbes 1973b). At high salinity (> 20
PSU), larvae are retained within burrows until hatched (Forbes 1978), while adult C. kraussi
are capable of withstanding salinity values as low as 1 PSU.

Generally, C. kraussi has two breeding seasons viz. in winter and summer. A peak of
breeding occurs in winter, between May and August, followed by November and December
in summer, which is regarded as a minor breeding period. The overall life span of sandprawns
is roughly two years. Breeding usually occurs between the age of 16 and 19 months when
adults reach a carapace length of 8mm. However, males have a different growth phase to
females as they attain a carapace length of 8-9 mm in their first year of living and 11-13 mm
by the time they reach 18 months (Forbes 1977hb).

Sandprawns are influential bioturbators in soft-sediment ecosystems in South Africa
(Pillay et al. 2007b). They occur in very high densities (Table 1.1) and occupy beds that can
extend several kilometers in length (Pillay and Branch 2011). Through their burrowing

activities, they produce sand mounds on the sediment surface at very high rates (Siebert and
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Branch 2005a), ranking them amongst the most prominent bioturbating species in aquatic
soft-bottom ecosystems (Pillay et al. 2007b). Both the vertical and horizontal mixing of
sediment are important mechanisms by which sandprawns, like other axiid prawns structure
soft-sediment communities (Van Nes et al. 2007a, Pillay et al. 2007b). These activities can
modify sedimentary environments and thus modulate resource availability for other benthic
species. By the original definition of ecosystem engineering (Jones et al. 1994), such activities
qualify axiid prawns to be regarded as ecosystem engineers (Siebert and Branch 2006, Pillay
and Branch 2011).

Many processes have been suggested to account for the reduction in the abundances
of surface feeders due to the presence of axiid prawns (Pillay et al. 2007b, Henninger and
Froneman 2013). These include low food availability on surface sediment due to burial by
ejected sediment, burial of surface feeders through sediment expulsion and elevated
sediment erodibility (Amaro et al. 2007, Henninger and Froneman 2013).

Worldwide, axiid crustaceans have a high important economic value, mainly due to
their use for baiting by fishermen (Wynberg and Branch 1994, 1997, Abrunhosa et al. 2008,
Nel and Branch 2013). In Langebaan Lagoon where this study was undertaken, collection of
sandprawns is regulated and prohibited in certain areas of the lagoon. Their harvesting,
however, still is a major concern given the integral ecological role sandprawns play in the

ecosystem (Nel and Branch 2013).

1.5 Ecosystem engineering and contextual dependencies

Previous studies have highlighted the need to understand the environmental contexts
which determine community responses to ecosystem engineering (Hastings et al. 2007,

Badano et al. 2010), particularly the role of spatial and temporal processes. Both factors are
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integral determinants of ecosystem dynamics and are likely to be the most influential broad-
scale factors responsible for determining community responses to ecosystem engineers. For
example, it has been indicated that for many ecosystem engineers, their effects on
biodiversity are contingent on spatial scale (Crooks 2001, Crooks and Khim 1999, Bouma et
al. 2009).

In terms of aquatic soft-bottom ecosystems, one of the most influential contextual
dependencies likely to influence responses to ecosystem engineering is spatio-temporal
variability in productivity and nutrient levels (Pillay 2019). This is of particular importance in
the South African context from two perspectives. Firstly, along the South African coastline,
productivity varies between the warm Aghulas and cold Benguela current (Fig.1. 2). The
Algulhas current located along the Indian Ocean side (east and south coasts) is strongly
influenced by warm, fast flowing current (2 ms™t), with temperatures ranging between 16 to
22 °C (Lutjeharms et al. 1996). Generally, this is a well-defined western boundary current
arising from the Mozambique Channel. The Algulhas current flows very close to the shelf edge
of South Africa, and as a result of the Mozambique eddy, a single meander referred to as Natal
pulse occurs in this current (Schouten et al. 2002). Primary productivity is moderately
enhanced on the Algulhas current particularly where the current passes from a narrow to a
wider shelf (Lutjeharms et al. 1996, 2000, Meyer 2002).

On the other hand, the Western Coast is distinctive, being dominated by the cold and
productive Benguela upwelling system with temperatures ranging between 8 to 17 °C (Branch
and Branch 1981). This current is characterized by high primary and secondary production.
The outer shelf of this current is largely influenced by cool and moderately slow north-ward
flowing water (0.25-0.50 m 5). Langebaan Lagoon, which is the focal system in this PhD studly,

is located on the west coast of South Africa, in the Benguela current - one of the four major

20



upwelling systems in the world (Blanchette et al. 2009). Upwelling systems are regions of high
biological productivity fuelled by coastal, wind-driven upwelling of cold, nutrient-rich
subsurface waters (Brown 1992, Blanchette et al. 2009). Along the west coast of South Africa,
dynamic upwelling occurs in summer (Blanchette et al. 2009, Bustamante et al. 1995). During
this period, ecological functioning in coastal ecosystems is influenced by offshore upwelling
(Bustamante et al. 1995).

As previous studies have indicated, increased nutrient levels can modify community
patterns (Kondoh 2001, Posey et al. 1999), increase microalgal biomass (Pitta et al. 1998),
enhance growth rates and abundances of certain macrofaunal species (Posey et al. 1999,
Wolfrath 1992), and enhance trophic resource availability on surface sediments (Posey et al.
1999). However, nutrients can also alter ecological processes by modifying the outcome of

biotic interactions (Posey et al. 1999, 2002, 2006), though little is known on the topic.
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Fig.1. 2: Map of Southern Africa displaying two major currents along the South African coast
line. i.e., the Agulhas Current in the Indian Ocean and the Benguela Current along the Atlantic
Ocean. The latter system is characterized by summer upwelling. The axiid sandprawn
Callichirus kraussi is distributed along the South African coastline, from Mozambique on the

east coast to Namibia on the west coast.

1.6 Objectives and outline of this dissertation

This study broadly aims to determine if ecosystem engineering by burrowing
sandprawns (Callichirus kraussi) interacts with productivity to influence benthic community
structure. Although these ecological processes are well-recognized individually, little

information exists currently on their interactive role in structuring soft-sediment ecosystems
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both at a local or global level. Based on ecological theories and models such as Huston’s
Dynamic Equilibrium Model (DEM; Huston 1979, 1994) and grazer-reversal hypothesis (Proulx
and Mazumder 1998) that make predictions about the relationship between disturbance and
species richness at different productivity levels, it is expected that sandprawns (proxy for
disturbance) and nutrients (proxy for productivity) in this study will interact to structure
benthic communities of Langebaan Lagoon. These models are discussed in detail in chapter 5
of this thesis. Generally, these models predict that disturbance-diversity relationships should
change from a linear decrease at ambient levels of nutrients to unimodal hump-shaped at the
intermediate nutrient levels and then to a linear increase at the highest nutrient level.
Sandflats of Langebaan Lagoon are expose to both the influence of upwelling and sediment
turnover (bioturbation) by burrowing sandprawns. For this reason, community responses to
bioturbation impacts of sandprawns should be influenced by the availability of nutrients,
which is derived from upwelling on the west coast.

Following this introduction and literature review chapter, chapter two describes the
methods and materials on which this thesis is based. Two distinct approaches were
undertaken to meet the objectives of this study. The first approach entailed field surveys
aimed at understanding the effects on summer upwelling on benthic assemblages in
sandprawn-sandflats in Langebaan Lagoon. A secondary objective was to determine whether
the strength of ecosystem engineering by sandprawns on intertidal soft-sediment
communities was altered by upwelling. The results of this component are covered in chapters
three and four. The second approach used in this thesis was a factorial experiment conducted
in situ in Langebaan Lagoon that examined the effects of ecosystem engineering by
sandprawns and nutrient enrichment on benthic assemblages. The experiment was designed

to test for the main and interactive effects of both nutrient enrichment and sandprawn
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densities on communities. Chapters five and six report the results of this investigation.
Chapter seven concludes the thesis by providing a synthesis of major findings emerging from
the thesis. Chapter 8 presents the references used in this thesis, while chapter 9 is an

appendix. The general structure of this thesis is presented in Fig. 1.3.
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Fig. 1.3: General structure of thesis illustrating chapter contents in relation to the central

objectives.
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METHODS AND MATERIALS
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2.1 Study site

This PhD study was based on field work and in situ experiments conducted in
Langebaan Lagoon, which forms part of a National Park on the West Coast of South Africa
(Fig.2.1:33°11’ 27" S; 180 07’ 37"’E). Langebaan Lagoon is approximately 15 km in length and
is divided into three management sections: (Zone A) a multipurpose recreational area, which
permits access and resource exploitation (bait collecting) by the public, (Zone B) a restricted
recreational area with public access but where no harvesting is allowed, and (Zone C) a
sanctuary area in which no access is permitted (Wynberg and Branch 1997). The sanctuary
area is however accessible for activities related to scientific research. These major zones were
demarcated by the park management to reduce anthropogenic impacts on the system. Such
impacts include disturbance and removal of ecologically important species like sandprawns,
which are commonly collected for bait by the local fishermen (Nel and Branch 2013).

Langebaan Lagoon is distinctive from most lagoons that have been created as a result
of river flow into the sea. Langebaan was formed over millions of years through massive
fluctuations in sea level and is thus, permanently connected to the sea (Shaefer and Shaefer
1993). It is influenced strongly by marine tidal regimes that transport waters from the Atlantic
Ocean into the system. Fringing salt marshes and seagrass beds are likely to be an important
source of primary production in the lagoon, however, a large fraction of nutrients in the
system are derived from summer upwelling events prevalent on the west coast (\Wynberg and
Branch 1994). Because of the prominence of seasonal upwelling, Langebaan Langoon was an
ideal location to test the hypotheses of this study. Comparisons between the east and west
coasts would have been unsuitable to test the hypothesis posed in this study mainly because

temperature varies between these coasts and would likely (1) confound nutrient effects and
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(2) significantly influence the burrowing activities of sandprawns, as shown by studies
elsewhere (White et al. 1987, Berkenbusch and Rowden 1999, Rowden et al. 1998, Canal et

al. 2015, Stanzel and Finelli 2004, Pillay 2019).

Saldanha Bay / {\/,\AfriC >

33°06’S
outh Afric

Atlantic Ocean

Fig. 2.1: Map of Langebaan Lagoon showing the positions of study sites for the field survey
(Oesterwal North and South [ON & QS]) and in situ experiment (Bottelary North and South
[BN & BS]). NB: white circles indicate sampling stations (S1to S8) for water column

chlorophyll-a concentrations within the lagoon.

2.2 Field Survey

As indicated in Chapter 1, this thesis is built upon in situ surveys and experiments,
which will be described in detail here. Field surveys, which form the basis of Chapters 3 and

4, were conducted in a mid-shore position in the lagoon, over two winter (down-welling
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periods) and two summer (up-welling) seasons between 2015 and 2016. Biological
community and abiotic data were collected and analysed to quantify the role of upwelling on
meio- and macrofaunal communities in sandprawn dominated sandflats. Two sampling sites,
each with three sub-sites as replicates, were selected for the purposes of the study: Oesterwal
North (ON; sub-sites ON1, ON2 and ON3) and Oesterwal south (OS; sub-sites: 0S1, 0S2, and
0S3) (Fig. 2.1, Fig. 2.2). These sites were roughly 0.5 km apart with sub-sites being separated
by a distance of roughly 50 - 100m. These sampling sites were chosen on the basis that they

were relatively undisturbed by human activity.
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Fig. 2. 2: Overview of study design for field surveys on which chapters 3 and 4 were based.
Data were collected over 2 up-welling (summer) and 2 down-welling (winter) periods in

accordance with this design.

2.3 Sample collection

2.3.1 Water column chlorophyll-a (chl-a)

Water column chl-a biomass was measured (depth = 0.7 m) using a Conductivity-
Temperature-Depth Profiler (CTD; YSI 6600 Multi-parameter probe) at eight stations along
the main channel of the lagoon from the mouth to Oesterwal (Fig 2.1). Chl-a was measured
as LED incident light (Marcelli et al. 2014). Of the stations in Chl-a was measured, stations 6
to 8 were in the vicinity of areas where community and other environmental data were
collected, as indicated in Figs 2.1 - 2.2. In situ surface chl-a biomass was measured once every
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spring tide during a three month period in summer and winter seasons. Water column chl-a
biomass was collected to (a) quantify seasonal differences in upwelling intensity among
seasons and to relate this to benthic community dynamics and (b) identify spatial gradients
in water column chl-a biomass from the mouth of the lagoon to the location of the field survey
study sites.

Dissolved inorganic nutrient concentrations were measured in pore-water samples
(10 cm sediment depth) using a plastic syringes (50ml) fitted with a fine mesh (63um) over
the extraction opening. A single pore-water sample was collected from each sub-site and was
immediately filtered (0.45 um Whatman GF/F) to remove particulates and then stored in a
freezer at —6 °C before the analysis in the lab which took about a month. Using a flow injection
auto-analyzer (QuickChem. FIA+8000 series auto-analyzer) and by following a guide for
brackish and seawater provided by Lachat instruments, silicate (SiO4), phosphate (POa),

nitrate (NOs), nitrite (NO2) and ammonium (NHa4) concentrations were determined.

2.3.2 Macrofaunal community structure

Samples for macrofauna were collected from each subsite using a stainless steel corer
(N =5, internal diameter 10 cm, Depth 20 cm). Sandprawn densities were also determined
from this sampling procedure. Samples were sieved through a mesh of 500 um and stored in
jars containing a 70% ethanol solution blended with the biological stain Rose Bengal. Using a
light microscope (Leica EZ4) and macrofaunal identification guides (Day 1969, Branch et al.
2010), organisms were identified to the lowest possible taxonomic level. Where identification
of polychaetes was unfeasible due to their small sizes, they were classified as juvenile
polychaetes. With the exception of copepods and juvenile polychaetes, all organisms were
further assigned into functional groups based on published and expert knowledge.
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Functional group classification in this study was supplemented by direct observations
of depth distributions and feeding behaviours of species sampled. This was achieved by
following the methods used by Moyo et al. (2017), in which groups of individuals of each
species were placed into a narrow glass tank (50cm (length) X 30cm (height) X 0.7cm (width)
that limited the three dimensional movement of macrofauna to two dimensions. The water
in the tanks were oxygenated using an Elite 802 air pump. The temprature inside the tanks
ranged between 18 and 19 °C. The dominant feeding strategy of numerically dominant
organisms was then observed for two hours at 20 min intervals and thereafter classified as
surface suspension feeders, surface deposit feeders, burrowing deposit feeders, burrowing
deposit feeders and predators, surface deposit feeders and predators. The latter two
functional groups comprised omnivorous taxa but were differentiated on the basis of their
occurance within the sediment (epifaunal vs infaunal). For this component of the study,
benthic sediment samples were randomly collected separately from the main field study,

species identified, and then observed as described above.

2.3.3 Meiofaunal community structure

Two sets of five meiofaunal samples were collected from each subsite. The first set
was collected from the sediment surface (0 to 2 cm depth), while the second set was collected
from sandprawn burrow-walls, roughly 10 cm deep. The method for sampling meiofauna
within sandprawn burrows used by Branch and Pringle (1987) was modified (an Oostenbrink
apparatus was not used) and employed in this study. First, burrows were randomly chosen
and cautiously sectioned using a fine blade. Sediment from one section of the opened burrow

was gently removed to expose only a single section of the burrow-wall, from which sediment
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samples (+ 10 g) were gently scraped from top and buttom sections of the burrow. Sampled
burrows were roughly 10cm apart. Samples were then stored in 30 ml vials containing a 70%
ethanol and Rose Bengal solution. Using a dissecting microscope (Leica EZ4), meiofaunal
morphotypes were identified, counted and classified as into broad taxonomic groups, due to

the lack of local taxonomic expertise on meiofauna (Pillay et al. 2009).

2.3.4 Benthic chl-a concentrations

Samples for benthic chl-a determinations were collected from each sub-site in the
exact manner as described for meiofaunal communities (including surface and burrow
sections). Samples were then stored in 100 ml test tubes filled with 30 ml of a 90% acetone
solution. Samples were refrigerated for 48 h before chl-a concentrations were determined
from homogenised supernatant subsamples using a Turner Designs Trilogy fluorometer

(wavelength = 440nm) and after conversion to biomass using a standard curve.

2.3.5 Sediment particle size

To ascertain sediment particle size distribution, single samples of surface sediments
were collected at each subsite in 30 ml vails from a depth of 5cm. Using a series of sieves with
geometrically decreasing mesh sizes (2000 um, 1000 um, 500 pm, 250 um, 125 um, 63 um
and 38 um), samples were sieved while a shaker was applied to agitate the pot sieves for
about 20 min (Gee and Or 2002). Sediment fractions retained by each sieve were oven-dried
at 70 °C overnight and weighed. For each sediment sample, plots of cumulative particle size
against sediment phi values were produced. Median phi values were calculated as the phi

value corresponding to 50 % of the cumulative mass of sediment.
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2.4 Factorial experiment

2.4.1 Design and set-up

Building on from correlative field surveys, a six month field factorial experiment was
undertaken to further quantify effects of nutrients and ecosystem engineering by sandprawns
(Callichirus kraussi) in driving benthic community structure. Results of this experiment form
the basis of Chapters 5 and 6. The experiment was conducted at mid-shore positions within
two sites (Bottelary North [BN] and Bottelary South [BS], Fig. 2.1), with a 1 km distance
separating the two sites. Time between high and low tide was approximately six hours.
Experimental sites and tidal positions were chosen on the basis of ease of access and because
of relatively stable abiotic conditions.

Three levels of sandprawn densities were used in the experiment: Level 1 had no
sandprawns added to cages, Level 2 had 60 sandprawns added to cages and Level 3 had 120
sandprawns per cage (Table 2.1). Sandprawn densities used in this experiment were based
on density ranges recorded in the field prior to commencing the experiment. For this
component, sandprawn densities were assessed using the hole count method at experimental
study sites (N = 5; quadrat length = 0.74 m, breadth = 0.53 m and height = 0.46; area, 0.3922
m?2). Prior work in Langebaan Lagoon showed a virtual 1 to 1 relationship between sandprawn
holes and their abundance (Wynberg and Branch 1994), suggesting that hole counts are an
effective and accurate means of estimating sandprawn abundance. Adult sandprawns ranging
between 60 and 80 mm in total length were used for the experiment.

Nutrient levels were manipulated in this experiment using controlled slow released
fertilizer capsules (Plantacote-Plus™ 12M Aglukon; N: P: K, 14: 9: 15), with a release duration

of eight months. Three treatment levels were established (Table 2.1). For the background
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nutrient level (no nutrient capsules added), nine centrifuge tubes (50 ml) were filled with inert
gravel and pushed into the sediment until tube caps were at the same level as surface
sediment within each cage. Gravel particle sizes were similar to those of fertilizer pellets used
for nutrient enrichment treatments. The same number and size of centrifuge tubes were half
filled with fertilizer capsules for the intermediate nutrient treatment level, but were filled
completely with fertilizer for the high nutrient level. Roughly 200 holes were drilled into each

tube to facilitate nutrient dispersion.

Table 2.1: lllustration of the factorial field experimental design with three replicates of
increasing sandprawn density levels (OP, 60P and 120P) within each nutrient treatment level
(Background ON, Intermediate 1N, and High 2N). NB: In the field all treatment cages were
randomly interspersed and not blocked as shown below. This design was followed at two sites

viz. Bottelary North and Bottelary South.

BACKGROUND (ON) INTERMEDIATE (1N) HIGH (2N)

ON-OP ON-60P  ON-120P IN-OP  IN-60P  1N-120P 2N-0P 2N-60P  2N-120P

ON-OP ON-60P  ON-120P IN-OP  1IN-60P  1N-120P 2N-0P 2N-60P  2N-120P

ON-OP ON-60P  ON-120P IN-OP  IN-60P  1N-120P 2N-0P 2N-60P  2N-120P

The quantity of nutrient capsules used in the experiment were determined from a
pilot study undertaken two months prior to the main experiment (Table 2.2). Results
emanating from this component are presented in Appendix 1 (Fig 9.1). In this preliminary
study, the same type of fertilizer capsules described above were used to establish four
increasing nutrient levels. The first level (background) had no nutrient capsules added to
sediment plots, four centrifuge tubes (50 ml) were filled with nutrient capsules for the second
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nutrient level, the third level had 8 tubes while the fourth had 16 centrifuge tubes filled with
fertilizer capsules.

Plastic creates (Length = 0.58 m, breadth = 0.45 m and Height = 0.43 m; Area = 0.261
m?) were used to designate independent sediment plots for this pilot study, and were
positioned in the mid-shore position of Oesterwal North, spaced 2m from each other. Each
nutrient level comprised five replicate plots, as illustrated in Table 2.2. After 6 weeks, two
pore-water samples were collected from each replicate plot, so that volume of fertiliser could
be related to pore-water nutrient levels. Thus, the maximum mass of nutrient pellets used in
the final experiment was determined by scaling up maximum masses used in the trial
experiment to the dimensions of the cages used in the experiment, which were larger. Based
on the results of the trial experiment, masses of nutrients used in the final experiment
resulted in a total mean nitrate + nitrite vale of 32.5ug/L, which was 2-3 times greater than
maximum pore-water summer values. This mass was used for the 2N nutrient level in the final

experiment, and was halved for the N treatment.
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Table 2.2: Illustration of the layout of the field trial experimental testing the relationship
between mass of fertilizer capsules and pore-water nutrient concentrations. Four nutrient
treatments were established, which were replicated five times. Duplicate samples were

collected per replicate.

Level 0 Level 1 Level 2 Level 3
(background)
ON ON 4N 4N | 8N 8N 16N 16N
ON ON 4N 4N | 8N 8N 16N 16N
ON ON 4N 4N | 8N 8N 16N 16N
ON ON 4N 4N | 8N 8N 16N 16N
ON ON 4N 4N | 8N 8N 16N 16N

Cages used in the main experiment to test the effects of sandprawns and nutrients on
benthic community structure were constructed from black plastic crates (N = 54; length =0.74
m, breadth = 0.53 m and height = 0.46; area, 0.3922 m?), in which bottoms and sides were cut
out. The frame remaining was covered by mesh (1 mm). Cages were unroofed since the
roofing is known to cause fouling (Pillay et al. 2007b) and would have also obstructed benthic
colonization from the water column. The roofing was also not important since sandprawns
are obligate sediment dwellers and would therefore not have left the sediment or recruited
into exclusion cages through immigration. Sandprawns also lack a planktonic larval stage;
therefore a meshed top was not required to exclude newly settled larvae (Pillay et al. 2007b).

Prior to cage installation, a metal frame exceeding the size of experimental cages
(length = 79 cm, breadth = 69 cm and height = 37 cm) was pressed into the sediment. The
sediment within the frame was removed and experimental cages inserted into the space
created. The frame was then gently removed, resulting in adjacent sediments infilling the

space surrounding cages. Sediment that was initially removed was sieved (Imm mesh) to
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ensure an absence of sandprawns in all cages. All cages were installed 4 m apart to ensure
independence (Fig. 2.3). Treatments were randomly interspersed in cages to avoid small scale
benthic features from confounding treatment effects.

Sandprawns were introduced into the cages according to designated density
treatments after a period of one week following fertilizer addition and activation. Throughout
the duration of the experiment, cages were constantly monitored to ensure that both nutrient
and sandprawn density treatments were stable as desired. For sandprawn treatments, the
holes on the surface sediment were counted in each cage during monitoring periods. Where
the holes did not match the original number, sandprawns were either added or removed from
the treatment cages depending on the situation. A plastic suction pump was gently employed
to remove sandprawns from the cages. No removals in controls were necessary after an initial
two-week period. Over the duration of the experimental, a maximum of four sandprawns per

cage were either removed or added.

Fig. 2.3: Layout of cages in Bottelary South for the experiment testing the effects of
sandprawns (Callichirus kraussi) and nutrient enhancement on benthic communities.

38



2.4.2 Data collection and analyses

The following sets of data were collected at the termination of the six month field
experiment. Apart from sample sizes, procedures used to collect and analyze these samples
were similar to those used in the field survey (see Section 2.2).

For macrofaunal community structure, three sediment cores were collected from each
cage, while three sets of three samples were collected per cage for meiofauna. Each set of
samples comprised samples from the sediment surface, within burrow-walls (10cm below the
sediment surface) and 10cm adjacent to the burrow-wall (hereafter referred to as “reference”
samples). The latter samples were collected to ascertain if any differences exist in
assemblages between burrow-wall environments and non-burrow areas, and how these
compared with assemblages associated with the sediment surface. Three sets of three
sediment samples were also collected for chl-a biomass determinations from sediment
surfaces, burrow-walls and adjacent to burrow-walls.

Sediment turnover was estimated using the sediment trap method (Ellis et al. 2002)
in order to quantify differences in sediment turnover in response to sandprawns and
nutrients. This was achieved by inserting three centrifuge tubes (aperture = 0.78cm?, length
= 10 cm) without caps into the sediment within each cage. Centrifuge tubes were left
protruding 0.5cm above the sediment surface. After 24 h, tubes were removed and the
sediment they contained was measured and expressed per unit area. This was conducted

once off, 1 week prior to the termination of the experiment.
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2.5 Statistical analyses

2.5.1 Multivariate analysis: survey and experimental data

Macro-and meiofaunal assemblages for the experimental and survey components
were analysed at the community level using statistical routines with PRIMER (Plymouth
Routines In Multivariate Ecological Research) 6.1.11 with PERMANOVA + 1.01 (Clarke and
Gorley 2006). (PRIMER) is as statiscal programme with a variety of multivariate, univariate
and graphical routines for analyzing species data for community analysis. Multivariate
routines incorporated in PRIMER include Multidimesional Scallinmg (MDS), Similarity
Percentage (SIMPER), grouping cluster, Principal component and others. For example, MDS
which is one of the functions used in this study is a technique that allows visualization
of similarity within and between groups of data. It is generally used to interpret information
about the pairwise 'distances' among a set of species or objects into points displayed in a map
format. SIMPER is a type of data analysis that quantifies the contribution of each species or
variable to dissimilarity using similarity indices. Permutation Multivariate Analysis of Variance
(PERMANOVA), is used to statistically determine differences in multivariate datasets in
accordance with an ANOVA design, with p-values achieved using an appropriate, distribution-
free permutation technique (Anderson 2017).

Meiofaunal data were analysed separately based on sandprawn burrow positions, i.e.
sediment surface (surface-burrow), burrow-wall and reference (no burrow areas). The
reference position was only included for the experimental study. The DIVERSE function was
applied to determine various community descriptors for macro- and meiofaunal communities

(total species richness [S], species evenness [J’], abundance [N] and Shannon-Wiener diversity
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[H’']). These community descriptors were calculated based on untransformed and
unstandardized abundance data.

The data were then square root transformed for further multivariate community
analysis. This was done in order to down-weight extreme values and outliers. Using
PERMANOVA with sites as a fixed factor and nutrients and sandprawns as random factors,
interactive and main effects of nutrient and sandprawn treatments on macro- and meiofaunal
communities were examined. As for the field survey data, community responses to main and
interactive effects of seasons, sites and subsites were examined. Where necessary, ordination
plots were produced using a multidimensional scaling (MDS). This analysis was undertaken to
visually discern spatial variation in communities due to factors of interest. PERMANOVA and
ordination analyses were based on the resemblance matrices generated from Bray Curtis
similarities. The SIMPER routine was employed to identify the dominant macrofaunal species
that cumulatively accounted for 90 % of community structure. SIMPER analysis was not
applied for meiofaunal communities due to the small number of meiofaunal taxa recorded.

Each taxon was analysed independently using univariate techniques.

2.5.2 Univariate analysis

2.5.2.1 Survey data

Using R statistics, Pearson correlation analysis was used to examine the relationship
between sandprawn abundances and macro-and meiofaunal community metrics and the
abundance of species/taxa and functional groups. This approach was used to test the
relationship between sandprawn abundance and various community measures and if this was

altered between upwelling and non-upwelling seasons. Sandprawn abundance data that were
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collected from macrofaunal samples (Section 2.3.2) were used in correlation analyses for both

macro- and meiofauna. Water column chl-a data was analysed using ANOVA in R statistics.

2.5.2.2 Experimental data

Generalised Linear Models (GLMs) were employed to test for the effects of nutrients
and sandprawn densities on macro- and meiofaunal diversity indices, individual species/taxa,
macrofaunal functional groups, chlorophyll-a and sediment turnover. GLMs are a
mathematical extension of linear models that permit the modelling of non—normal response
distribution through transformation to a linear form (Venables and Ripley 2002). More
information on the background to GLMs are provided in Appendix 9.2. They are based on the
presumed relationship between the mean of a response variable and a group of linear
predictors (Guisan et al. 2002).

Generalised linear models were performed on the data analysis platform R (version
3.4.2) and fitted using the MASS package (Venables and Ripley 2002). The GLMs allowed
univariate descriptors of macro- and meiofaunal communities to be tested as response
variables against assigned predictor variables. For example, in the case of the experiment,
sites, nutrients and sandprawn densities were the main predictor variables examined for their
main and interactive effects. Meiofaunal data were analysed separately based on the habitat
position (i.e. surface-burrow, burrow-wall and reference).

Three general linear models were generated against each response variable; (1) a
model that examined interactive effects of sites, nutrients and sandprawns, (2) interaction
between nutrients and sandprawns but not sites and (3) main effects of sites, nutrients and
sandprawns. Before the models were run, data normality assumption tests were conducted
graphically following the approach of Zuur et al. (2010) and numerically by employing the
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Shapiro-Wilk Tests (p < 0.05). Where possible, outliers in the data were retained for the model
fit, however they were also checked for transcription and calculation errors. Where the
possibility of rectifying outliers resulting from calculation and transcription errors was not
feasible, those outliers were excluded from the dataset. All link function fits applied in the
models were visually assessed by plotting a linear predictor variable against the estimated
link function before there were selected for the model fit. The homogeneity of variance
assumption was also tested by plotting the residuals against the fitted values. The likelihood
ratio test and Chi-square test were both employed to examine the model fit. Each model
summery was generated along with lower and upper limits coefficient intervals.

As for the graphical representation, trellis plots from the lattice packages in R (Sarkar
2008) were applied for visualizing data. The advantage of using trellis plots is that they are an
appropriate statistical tool to demonstrate effects of factorial and continuous covariates on a
response variable. They also enable illustration of a replicate plot for sub-sets of data that
correspond to the chosen intervals of a numerical variable or to different levels of a

categorical variable (Becker and Cleveland 1996).

2.6 Methodological considerations

2.6.1 Cage experiment

In marine ecology, cages are frequently utilized in experiments as exclosure or
enclosure tools to manipulate densities of organisms such as grazer and predators. Cage
experiments have often been conducted in inter-tidal rocky and soft-sediment shores,
generally with the goal of examining biological interactions (Hindell et al. 2001, Menge et al.

2004). However, the use of cage experiments has the disadvantage of introducing artifacts
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into the study, which can influence the results of the experiment (Miller and Gaylord 2007).
In particular, it has been argued that cages may provide refuge from wave actions, alter
densities of consumers (Kennelly 1983, Berlow 1997) and alter sedimentation rates, all of
which alters community structure within the cages over and above the factor/s being tested
(Virnstein 1977, Menge et al. 1986).

Nevertheless, problems associated with cage artefacts can often be overcome by
various alterations to the basic exclusion/inclusion design. One commonly used approach is
to use a cage control that mimics physical effects of the cage without obstructing the
movement of mobile organisms (Miller and Gaylord 2007). Although this approach can
effectively reduce artifacts, an inevitable challenge is that a cage control can never be
perfectly designed to capture the full spectrum of physical attributes of experimental cages
and yet not be a cage (Miller and Gaylord 2007). In some instances, artifacts are minimized
by increasing the mesh size and plot, or by lowering cage profile (Miller and Gaylord 2007).

Another approach is to use multiple densities in experiments such that binary
exclusions and inclusions are not the outcome of the experiment (Pillay et al. 2009, 2010).
Here, the rationale is that whatever artefact is present in the experiment, it is held constant
over a range of densities of the factor/s being manipulated so that ecological responses can
be gauged across a density range. This is particularly advantageous when cage attributes
cause minimal alterations to abiotic conditions. In this study testing the interactive effects of
ecosystem engineering by sandprawns and nutrient enrichment on benthic communities, the
latter approach was adopted. Cage artefacts in this study were reduced by frequently
monitoring and cleaning the algal growth around cages. In addition, since cages were buried

almost flush with the sediment surface, physical alterations of flow patterns were minimal. In
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addition, when collecting samples from cages, cores were collected 10cm away from cage

margins to avoid edge effects interfering with results.

2.6.2 Modelling approach

This study adopted a generalised linear modelling approach in order to understand
effects of nutrients and ecosystem engineering by sandprawns on benthic communities. The
most important statistical constraint that needs consideration in modelling techniques is
sample size. The sample size should be neither too large nor small but adequate to cover data
variability. If the sample size is too large, assumptions of independence of observations may
be easily violated due to spatial autocorrelation (Heckman et al. 2014). On the other hand,
smaller sample sizes reduce confidence for population parameters by producing large
standard errors and wide confidence intervals. For regression parameters, a small sample size
can lead to an incoherent estimation, and if the respective confidence interval comprises zero
values, coefficients are likely to be insignificant (Heckman et al. 2014). On the other hand,
large sample sizes reduce confidence intervals and standard errors in the estimation of
parameters.

Restrictions relating to sample size are to be carefully considered as they can result in
overfitting of the model and over-parameterisation (Venables and Ripley 2002, Hjort and
Marmion 2008). The risk of over-parameterisation can be noticed in a stepwise model
selection that is based on the level of significance, and where large samples in a model
facilitate the inclusion of a number of variables. Overfitting - the inclusion of many variables
in a model does not necessary imply a better model performance, instead it may result in a
poor model performance. A model that precisely fits to a specific set of data may not always
perform well in a new set of data (Stockwell and Townsend Peterson 2002). When a statistical
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model starts to describe the random error in the data rather than actual relationships
between variables/factors, it is usually due to model overfitting, which results in a complex
model. The problem with overfitting is that it can produce innacurate outputs. An overfitted
regression model consists of many terms for the number of observations (sample size) and as
a result, regression coefficients represent noise and not relationships within the data cloud.

In the context of sample size, some of the data in this study were strongly affected by
sample size limitations during the modelling process. Very little variability was also observed
in some of the response data (e.g. meio-and macro-faunal abundances between cages in the
experiment). Given the limited available data, an arbitrary rules was applied to restrict the
fitting of the models. In case where very little variability or a large number of zeros (80 %
counts are zeros) was observed in the data, no models were fitted for such variables, e.g.
experiment data; polychaetes Ceratonereis erythraeensis, Marphysa elitueni and bivalve
Carditella rugosa. The decision to exclude these species from the modelling process was made
followed by an extensive stepwise data exploration, i.e. first, each response variable against
a combination of predictor variables and also against individual predictors. However, some
variables showed normal distribution pattern with minimal variability, thus creating a
challenge in determining an adequate sample size. Overall, more samples could have been
collected to minimize the variability of data, and also for the simplification of model
performance. This maybe be necessary in future studies to ensure that clear ecological
patterns are revealed. Another important consideration in this study was the exclusion of
predictor independent variables that had little impact or did not directly influence the
response variable in the model, i.e. pore-water nutrients, sediment trap, sediment particle

size.

46


https://statisticsbyjim.com/glossary/regression-coefficient/
https://statisticsbyjim.com/glossary/population/

CHAPTER 3

EFFECTS OF COASTAL UPWELLING ON MEIOFAUNAL
COMMUNITIES IN SANDPRAWN-DOMINATED SANDFLATS
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3. Introduction

3.1 Environmental contexts

Understanding the contextual dependencies that influence ecosystem functioning is a
central goal in ecology (Boyer et al. 2009, Stachowicz et al. 2008b, Reich et al. 2012, O’Connor
and Donoheu 2013, Ford et al. 2016). Generally, environmental contexts refer to local
processes and characteristics of the habitat in question, be they abiotic or biotic in nature
(Menge 2003b). Examples of abiotic contextual features include environmental stress,
disturbance, and productivity, whereas biotic features include aspects such as species traits,
diversity and community composition within habitats under investigation (Menge 2003b).
Importantly, these contextual dependencies are well-known in ecology for determining the
strength and direction of outcome of species interactions (Chamberlain et al. 2014) and hence
drive spatio-temporal variability in community patterns (McCreadie and Adler 2012, Heneash
et al. 2015, Gerwing et al. 2016). For instance, studies have shown that contextual processes
can alter the relationship between species diversity and disturbance (Johnson et al. 1996,
Cardinale et al. 2000, Badano et al. 2010, Reich et al. 2012).

A major challenge underlying studies on environmental contexts is that it is dependent
on spatial scale (Levin 1992). Processes that occur over large scales are logistically challenging
to investigate, resulting in limitations to understanding of these processes (Levin 1992,
Roughgarden et al. 1994, Link et al. 2010). Nevertheless, ecologists have prioritized the need
to understand how ecological processes are influenced by environmental contexts that are
erratic and often hard to determine (Levin 1992, Gough et al. 1994, Cardinale et al. 2000,

Hastings et al. 2007).
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3.2 Primary productivity: an important contextual dependence in marine

ecosystems

Primary production, the amount of organic material produced per unit area over a
temporal cycle (Wetzel 1975, Cloern et al. 2014), plays a fundamental role in determining
ecological processes of aquatic ecosystems (Vargas et al. 2006, Ask et al. 2016). Primary
production is driven predominantly by a variety of autotrophs, which are commonly
photosynthetic plants (Oliveira et al. 2005, Duarte et al. 2005). In marine coastal ecosystems
such as lagoons and estuaries, phytoplankton and benthic micro- and macroalgae are the
most dominant primary producers (Nozais et al. 2001, Cloern et al. 2014, Tania et al. 2015).
Phytoplankton are microscopic, photosynthetic organisms that drift in the water column
within the pelagic zone (Francisco et al. 2011). They constitute a central component of food
webs (Vargas et al. 2006, Tania et al. 2015), contributing in excess of 90 % to total marine
primary production (Duarte and Cebrain 1996). As a result, phytoplankton fulfils a
fundamental ecological role in marine ecosystems by supporting bottom-up processes (Irwin
et al. 2012, Tania et al. 2015, Brun et al. 2015). Given optimal growth conditions (e.g. light
availability and nutrients), autotrophic primary production may proliferate (Underwood and
Kromkamp 1999, Ask et al. 2016), and influence food webs and community structure
significantly. For example, aquatic ecosystems that are characterised by high autotrophic
primary production typically display higher secondary production with increased food web
efficiency (Berglund et al. 2007).

Benthic primary producers are also important contributors to productivity in littoral
ecosystems, which they dominate due to high nutrient and light levels associated with shallow
conditions (Cahoon 1999, Gazeau et al. 2004). Most of this benthic primary production is

generated by sediment microalgae, also known as microphytobenthos (Cahoon 1999), which
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are benthic unicellular, eukaryotic algae, mainly diatoms and certain cyanobacteria and
dinoflagellates (Macintyre et al. 1996). They proliferate in the upper millimetres of sediment
in sub-tidal coastal ecosystems (Maclntyre et al. 1996), but also as epiphytes on aquatic plants
such as seagrasses and macroalgae (Duarte et al. 2005). Microphytobenthos are considered
important ecosystem modifiers that also fuel estuarine food webs due to their consumption
by groups such as snails, annelids, copepods and amphipods. When suspended,
microphytobenthos increase microalgal biomass in the water column, thereby increasing
availability of trophic resources for consumers (Maclntyre et al. 1996). Microphytobenthos
do not only contribute towards primary production, but also perform several other key
ecological functions, including stabilizing of sediment by producing extracellular
carbohydrates (Maclntyre et al. 1996, Underwood and Paterson 1993, de Brouwer et al.
2003), prevention of nutrient release to the overlying water column and oxygenation of
underlying waters (Sundback 1986, Sundback and Snoeijs 1991, Wiltshire 1992, Ni Longphuirt
et al. 2009). Microphytobenthos also facilitate nutrient recycling by assimilation of surface

nutrients (Kromkamp et al. 1995, Kristensen et al. 1997, Underwood 2001).

3.3 Coastal upwelling

Upwelling generally describes the vertical movement of cold, nutrient-rich bottom
waters to the surface in coastal ecosystems (Schumann et al. 1982, Merino and Moreal-
Gomez 2009, Rossi et al. 2013, Hu and Wang 2016). By mobilising nutrients, upwelling plays
a critical role in driving ecological processes in marine ecosystems, (Blanchette et al. 2009,
Barth et al. 2007, Gonzalez et al. 2012) essentially by increasing biological productivity
(Blanchette et al. 2009, Capone and Hutchins 2013). Generally, upwelling systems are

classified as either permanent or sporadic (Merino and Moreal-Gomez 2009, Rossi et al.
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2013). Permanent upwelling systems are often defined as systems where upwelling events
always occur, but have seasonality (Alvarez et al. 2008a, Herrera et al. 2008). The four major
permanent upwelling current systems are, (i) Benguela, (ii) Canary, (iii) California and (iv)
Humboldt currents (Merino and Moreal-Gomez 2009, Aristegui et al. 2009, Fuchs et al. 2013,
Benazzouz et al. 2014). These current systems are all situated on eastern boundaries and are
maintained by prevailing winds (Menna et al. 2016). Sporadic upwelling systems (e.g. Western
Australian coast) are littoral and limited in spatial and temporal scales (Nykjaer and Van Camp
1994, Alvarez et al. 2008, Rossi 2013). As a result, productivity is relatively lower in sporadic
upwelling systems than in permanent upwelling cells.

Although upwelling systems are generally characterized by analogous geographical
features and mechanisms driving upwelling, they also display significant variability (Fuchs et
al. 2013). Both spatial and temporal variance in relation to wind and topographic features
(e.g. canyons and headlands) create variability within and among upwelling systems (Graham
and Largier 1997, Chavez and Messie 2009). These factors also determine the efficiency and
scale of upwelling events (Schumann et al. 1982, Carr and Kearns 2003, Rossi et al. 2013). In
terms of temporal scales, variation in wind intensity and velocity with change of seasons can
significantly influence upwelling strength and its occurrence (Merino and Moreal-Gomez
2009). For example, in the north-west of Africa (north of Cape Blanc), upwelling occurs
throughout the year, whereas, south of this region, it occurs predominantly in winter and
spring (Merino and Moreal-Gomez 2009). The summer Azores high pressure cell is known to
drive equatorward winds northwards, which improves upwelling conditions in the north-west
compared to the southern region (Mittelstaedt 1991, Mason et al. 2011). The Benguela

upwelling also occurs throughout the year, with the highest peak in summer from the
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southern regions, i.e., Cape Town and Lideritz. Prevailing south easterly winds drive the
Benguela upwelling system (Andrews and Hutchings 1980, Field and Shillington 2006).
Biological and physical characteristics within and between upwelling systems
determine nutrient levels, primary production and community structure and variability in
these variables (Merino and Moreal-Gomez 2009). For instance, both the Peru and California
upwelling systems display elevated nutrient concentrations (e.g. nitrate) compared to the
Benguela upwelling system (Table 3.1). The location of these upwelling systems is one of the
reasons that causes differences in nutrient levels (Merino and Moreal-Gomez 2009). The Peru
and California upwelling systems are situated in the Pacific Ocean, where the thermocline
circulation enables a greater movement of deep, nutrient-rich waters whereas, in the
Benguela, upwelling is limited by circulation (Merino and Moreal-Gomez 2009). In terms of
total productivity among permanent upwelling systems, estimates indicate highest
productivity in the Benguela system followed by the Canary and Humboldt, while the
California current displays the lowest value of productivity (Carr 2002). Species richness in
inter-tidal rocky shores within these upwelling systems does not appear to correlate with
productivity estimates, with richness being higher in the California and New Zealand systems,
and surprisingly very low in the Benguela system, despite it having highest productivity levels
(Blanchette et al. 2009). This paradox can be explained by (1) differences in spatial scales over
which richness was measured relative to the area of upwelling and (2) differences in
sensitivity of technigques used to measure productivity. Regarding the latter, satellite data,
which are used by many studies to quantify productivity, do not provide realistic
representations of intertidal productivity because of chlorophyll patchiness in the nearshore

(Blanchette et al. 2009).
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Elevated nutrient levels in upwelled regions may not necessarily lead to increases in
productivity in shallow water coastal ecosystems. Prevailing winds for example, may deflect
nutrient-transporting currents away from shores and effectively limit productivity within
coastal environments. Upwelling current deflection has been reported to influence planktonic
larvae by redirecting them offshore, resulting in larval mortality and lower recruitment
(Morgan 2014). Major changes in ecological functioning, spanning individual species to whole
communities can materialize as a result of limitations on productivity in space and time in
upwelling regions. For example, Ware (1992) noted that variability in winds reduced the
productivity of the California current, resulting in lower hake stocks compared to Peru and
Benguela systems (Ware 1992). Barth et al. (2007) also showed how a delay in upwelling
influenced inter-tidal rocky shore communities. They documented a significant temporal
decrease in chlorophyll-a and nutrient levels of up to 50% and 30%, respectively, which was
associated with reductions in mussel recruits and barnacles. These upwelling anomalies were
associated with a month delay in spring transition to upwelling-favourable winds (Barth et al.

2007).

Table 3.1: Mean values of nutrients and primary productivity of global permanent upwelling

systems (Merino and Moreal-Gomez 2009).

Upwelling systems Nitrate chlorophyll-a  Total primary New primary
concentration concentration productivity productivity
(um. L) (mg. m?) (gCm2d? (gCm?d?

Peru current 25 118 2.8 0.6

California current 23 154 2.6 1.8

Benguela current 20 106 3.5 2.5

Equatorial Atlantic 10 33 Undefined Undefined

Equatorial Pacific >12 Undefined 8.0 0.2

Somalia Coast 20 58 2.1 1.9
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The mean productivity within upwelling ecosystems has been previously estimated to
reach 300 g C. m2.year ', which is six times greater than the predicted average for the open
ocean (Merino and Moreal-Gomez 2009). This high level of productivity thus reinforces the
importance of upwelling for supporting marine biodiversity and driving ecological processes.
Although upwelling represents only 1% of the global ocean’s surface and 5% of global marine
productivity (Carr 2002), its impacts on the functioning of marine ecosystems from individual
species to whole communities is disproportionately large.

Major differences exist between upwelling and non-upwelling ecosystems in terms of
community organization (De Leo and Pires-Vanin 2006). Studies have shown that upwelling
ecosystems are characterized by having simpler and shorter trophic chains, comprising
herbivores, primary producers and secondary consumers (Duarte and Garcia 2004). Increased
primary production in upwelling regions is also associated with lower species diversity but an
increase in organism abundance (Field and Griffiths 1991). Greater trophic resource
availability in upwelled regions generate positive effects on important commercial fish
species (Schumann et al. 1982), with approximately 17% of commercial fish species supported
by upwelling across the globe (Pauly and Christensen 1995). On the other hand, non-
upwelling ecosystems have relatively low biomass but higher species diversity (Bolton and
Levitt 1987, Field and Griffiths 1991).

In the South African context, distinct spatial patterns in marine diversity and
community attributes exist along the coastline, with the west coast being influenced by higher
productivity as a result of the Benguela upwelling current, whereas both east and south coasts
are characterized by lower productivity (Bustamante et al. 1995, Griffiths et al. 2010).
Previous studies have summarized knowledge of South Africa’s marine littoral diversity and

identified a conspicuous pattern of low species richness along the west coast and relatively
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higher species richness on the east and south coasts (Field and Griffiths 1991, Awad et al.
2002, Griffiths et al. 2010). Also, noticeable is the dominance of commercial fisheries on the
west and south coasts compared to east coast (Griffiths et al. 2010).

This chapter focuses on meiofaunal community composition in an inter-tidal soft-
sediment ecosystem. Meiofauna are defined as small metazoan organisms that range
between 100 to 1000 um in size (Heip et al. 1988). Specifically, meiofauna pass through a 0.5
or 1 mm mesh sieve, but retained by a 63 um (Heip et al. 1988). This study seeks to provide
insights into whether meiofaunal communities in sandprawn-dominated sandflats are
influenced by seasonal upwelling in Langebaan Lagoon. Specifically, this chapter determines
spatial variability in water column productivity from the mouth of the system to inter-tidal
sandflats in the middle- to upper reaches of the system. Secondly, it quantifies whether
meiofaunal community structure in sandprawn dominated sandflats is altered by upwelling.
Thirdly, the study makes use of corelative techniques to determine the relationship between
sandprawn abundance and meiofaunal community metrics to determine whether the
strength of sandprawn engineering effects are altered by upwelling. In terms of the latter,
upwelling can influence benthic meiofaunal composition by altering quantities and quality of
food resource within sediments (Quintana et al. 2015). On the other hand, sandprawn
densities can influence benthic faunal composition by inducing negative effects on epifaunal
organisms through rapid sediment turnover (Pillay et al. 2007a). While other studies
documented negative sandprawn impacts on meiofauna and several other benthic
communities (Colin et al. 1986, Branch and Pringle 1987, Pillay et al. 2011, Pillay and Branch
2011, Henninger and Froneman 2013), others have reported positive relationship between

sandprawns and bacterial community within burrow walls (Branch and Pringle 1987). Thus, it
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is possible that with increased availability of trophic resources associated with upwelling,

negative effects of sediment turnover by sandprawns may be dampened.

3.4 Aims and hypotheses

The general aim of this chapter was to investigate the effects of upwelling, as an
important environmental context, on the meiofaunal community structure in sandprawn-
dominated inter-tidal sandflats in Langebaan Lagoon. Based on this aim, it was hypothesized
that:

H1: Meiofaunal community metrics, water column and sediment chlorophyll-a (chl-a)

levels within Langebaan Lagoon should be lower in winter (non-upwelling

season) but increase during summer.

H2: Values for meiofaunal community metrics would be negatively related to

sandprawn abundance in winter (non-upwelling) but this relationship may weaken or

become positive in summer upwelling seasons due to higher trophic resource levels

offsetting negative effects of sediment turnover.

METHODS AND MATERIALS

Please refer to chapter 2 for the methods used in this chapter.
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3.5 RESULTS

3.5.1 Water column chlorophyll-a concentrations

Water column chl-a concentrations (Fig 3.1) within Langebaan Lagoon differed
significantly between the winter (non-upwelling) and summer upwelling seasons (ANOVA, F3,
21 = 12.888; p < 0.0001), and also between stations (ANOVA, F7, 21 = 8.204; p < 0.0001).
Generally, chl-a concentrations were higher in summer relative to winter during both
sampling periods (2015 and 2016). The stations closer to the mouth of the lagoon (S1, S2 and
S3) displayed higher chl-a values during both seasons, however, levels decrease towards the
upper reaches of the lagoon (S4—S8). Also evident was that the latter stations showed minor
differences in summer and winter chl-a levels relative to stations S1-S3, where summer chl-a

values were much greater that winter values.
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Fig. 3.1: Spatio-temporal variability in chlorophyll-a concentrations (mean + 1SE) in

Langebaan Lagoon from the mouth (S1) to the upper reaches of the lagoon (S8).
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3.5.2 Sediment chlorophyll-a concentrations

The likelihood ratio test (LRT) approved both seasons and sites as predictor variables
for sediment surface chl-a concentrations (p = 0.0188, Table 3.2A), while at the burrow-wall,
these variables were disapproved by the LRT (p = 0.0825). The Akaike’s information criterion
(AIC) confirmed that the model of an interaction between sites and seasons was the most
parsimonious model for sediment surface chl-a (Table 3.2B).

The correlation test performed on sediment chl-a per site during each season (Table
3.3) generally indicated weak sandprawn effects, with one case of a negative sandprawn
effect on burrow-wall chl-a in Oesterwal South during winter of 2015 (r =-0.58, p = 0.02). In
Oesterwal North there were no sandprawn effects on sediment chl-a concentrations (p >0.05,
in all cases). However, when summer and winter data per year were explored, sandprawn
effects appeared to be much stronger on chl-a concentrations, generally, negatively affecting
surface sediment chl-a in both sites (p = 0.05, in all cases, Table: 3.4), but not in 2016 in
Oesterwal North (r = 0.0005, p = 0.99). On the other hand, sandprawn effects on burrow-wall
chl-a were minimal, with a negative correlation observed once for Oesterwal South in 2015 (r
=-0.58, p <0.0001).

At the site and subsite level, sediment chl-a concentrations were greater in 2015
winter compared to summer in both Oesterwal North and South (Fig 3.2A and B). However,
this pattern disappeared during the 2016 sampling periods, with both sites showing relatively

similar chl-a levels within subsites.
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Table 3.2A: Likelihood ratio test (LRT) results examining if seasons and sites were important

predictors in models for chlorophyll-a concentrations at the sediment surface and burrow-

wall. Statistical descriptions: LRT = test statistic, df = degrees of freedom, p — value

significance level. Values in bold indicate statistical significance.

Sediment surface Burrow-wall
LRT df p-value LRT df p-value
Chlorophyll-a 16.7485 7 0.0188 12.591 7 0.0825

Table 3.2B: Generalised

linear mixed effects models conducted on chlorophyll-a

concentrations, investigating effects of sites and seasons. Statistical descriptions: AIC =

Akaike’s information criterion, df = degrees of freedom. Values in bold indicate the most

parsimonious model.

Sediment surface

Model df AIC

Null 10 2164.335
Sites 13 2166.301
Seasons 15 2163.113
Site + Seasons 16 2165.055
Sites x Seasons 19 2161.544
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Table 3.3: Summary statistics of Pearson correlation analysis testing the relationship between chlorophyll-a concentrations and sandprawn
abundances in Oesterwal North (ON) and South (OS). Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of freedom, and
p— value = significance level. Values in bold indicate statistical significance. NB: where correlations are statistically significant, scatter plots are

provided on the appendix (Fig 9.2).

Oesterwal North (ON)

Sediment Winter 2015 Summer 2015 Winter 2016 Summer 2016

Chlorophyll-a r t df p- r t df p- R T df p- r t df p-
value value value value

Sediment -0.123 -0.44 13 0.66 0.06 0.22 13 0.82 0.33 1.29 13 0.21 -0.03 -0.11 13 0.9

surface

Burrow-wall -0.11 -0.41 13 0.68 0.24 0.91 13 0.37 0.28 1.07 13 0.3 -0.04 -0.15 13 0.87

Oesterwal South (0S)

Sediment -0.09 -0.33 13 0.74 -0.31 -1.16 13 0.26 0.33 1.29 13 0.21 0.21 0.8 13 0.43

surface

Burrow-wall -0.58 -2.6 13 0.02 -042 -166 13 0.11 0.28 1.07 13 0.3 0.27 1.03 13 0.31
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Table 3.4: Summary statistics of Pearson correlation analysis testing the relationship between chlorophyll-a concentrations and sandprawn
abundances in Oesterwal North (ON) and South (OS) based on combined summer and winter data per year (2015 and 2016). Statistical
descriptions: r=goodness of fit, t = test statistic, df = degrees of freedom, and p— value = significance level. Values in bold indicate statistical

significance. NB: where correlations are statistically significant, scatter plots are provided on the appendix (Fig 9.3).

Oesterwal North (ON) Oesterwal South (0S)
Sediment 2015 2016 2015 2016
Chlorophyll-a r t df p- r T df p- r t df p- r t df p-
value value value value
Sediment- -0.47 -2.82 28 0.008 0.0005 -0.0002 28 0.99 -0.51  -3.21 28 0.003 045 2,69 28 0.012
surface
Burrow-wall -0.04 -024 28 0.81 -0.14 -0.78 28 0.43 -0.65 -4.5 28 <0.0001 0.1 0.56 28 0.57
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Fig. 3.2A: Spatio-temporal variability in sediment surface chlorophyll-a concentrations

(means + 1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3).
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Fig. 3.2B: Spatio-temporal variability in burrow-wall chlorophyll-a concentrations (means +

1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3).
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3.5.3 Meiofaunal community structure: Overall composition

Meiofaunal community structure was significantly influenced by seasons at the
sediment surface (PERMANOVA, Pseudo-Fi, 119 = 33.538, p = 0.001) and burrow-wall
(PERMANOVA, Pseudo-F1,119 = 25.026, p = 0.001) positions (Table 3.5). Communities at the
surface and burrow-wall habitats did not vary among sites or subsites. An interaction between
seasons and sites significantly affected the burrow-wall meiofaunal community

(PERMANOVA, Pseudo-F1,119 = 3.1378, p = 0.029).

Table 3.5: PERMANOVA summary statistics testing for variability in meiofaunal community
structure among seasons, sites and subsites. Statistical descriptions: Pseudo-F = test statistics,

df = degrees of freedom, p — value = significance level. Values in bold indicate statistical

significance.
Sediment surface Burrow-wall
Factors Pseudo-F df p-value Pseudo-F df p-value
Seasons 33.538 1 0.001 25.026 1 0.001
Sites 0.571 1 0.715 2.733 1 0.054
Sub-sites 1.096 2  0.355 0.880 2 0.543
Seasons X Sites 1.540 1 0.166 3.137 1 0.029
Seasons X Sub-sites 1.125 2 0.329 9.765 2 0.573
Sites X Sub-sites 1.794 2 0.058 0.778 2  0.560
Seasons X Sites X Sub-sites  1.651 2 0.084 0.815 2 0.550

3.5.4 Community metrics

With the exception of abundance, all meiofaunal community metrics at the sediment
surface habitat were predicted by seasons and sites, as indicated by the likelihood ratio test
(p < 0.05, for all cases, Table 3.6A). Of these metrics, the Akaike's information criterion (AIC)
value indicated that evenness was best predicted by the model investigating interactive

effects between sites and seasons (Table 3.6B), while species richness was best predicted by
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main effects of sites and season. Shannon-Wiener diversity was the only metric predicted by
a single factor, viz. the main effect of sites. No meiofaunal community metric was predicted
by sites or seasons at the burrow-wall (p > 0.05, for all cases, Table 3.6A), suggesting that
variability in burrow-wall metrics was neither site nor season dependent.

Sandprawn abundances recorded over the duration of this study ranged between 0-
102 ind.m™. Based on the correlation test performed on the meiofaunal community metrics
per site during each season, sandprawn impacts on metrics were limited, positively affecting
species richness (r=0.69, p = 0.03) at the sediment surface in winter in Oesterwal South (Table
3.8), while negatively affecting evenness at the burrow-wall in summer (r=-0.084, p = 0.002).
No sandprawn effects on meiofaunal diversity metrics were recorded in Oesterwal North (p
> 0.05, in all cases; Table 3.7) in both seasons. Interestingly, when the summer and winter
data were combined and examined per year, results indicated robust sandprawn effects on
meiofaunal diversity metrics, negatively influencing all metrics at both sediment surface and
burrow-wall in Oesterwal South during 2016 (p < 0.0001, in all cases; Table 3.9). On the other
hand, these relationships were variably observed in Oesterwal North, with negative effects
on the abundance, evenness and Shannon-Weiner at the sediment surface (p < 0.05, in all
cases), while within the burrow-walls, richness and abundance were both negatively
influenced by sandprawn abundances (p < 0.05, for both cases). In 2015, sandprawn effects
were observed in Oesterwal South for both sediment surface and burrow-wall meiofaunal
abundance (p < 0.05, for both cases), with meiofaunal abundance being negatively related to
sandprawn abundances.

Strong seasonal variation on the meiofaunal diversity metrics was observed at the site
and subsite level, with most diversity metrics being elevated during the 2016 winter sampling

period compared to summer and winter of 2015 (Fig 3.3A — H). During 2015, some diversity
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metrics appeared to be enhanced either in winter or summer depending on the subsite, e.g.
species richness (Fig.3.3A and B), evenness (Fig.3.3E and F) and Shannon-Wiener diversity (Fig

3.3G and H).

Table 3.6A: Likelihood ratio test (LRT) results examining if seasons and sites were important
predictors in the models for meiofaunal community metrics. Statistical descriptions: LRT =
test statistic, df = degrees of freedom, p — value = significance level. Values in bold indicate

statistical significance.

Meiofaunal Burrow-surface Burrow-wall

Diversity matrices LRT df p-value LRT df p-value
Richness (S) 16.0171 7 0.0249 7.2518 7 0.4031
Abundance (N) 5.7087 7 05741 6.6233 7  0.4917
Evenness (J') 14.9562 7 0.0365 5.5609 7 0.5860
Shannon-Wiener- 26.3861 7 0.0004 3.6785 7 0.8159

diversity (H’)

Table 3.6B: Generalised linear mixed effects models conducted on meiofaunal community
metrics, investigating effects of sites and seasons. Statistical descriptions: AIC = Akaik’es
information criterion, df = degrees of freedom. Values in bold indicate the most parsimonious

model.

Sediment surface Richness (S) Evenness (J’) Shannon-Wiener-
diversity (H’)

Models Df AIC df AIC Df AIC

Null 10 353.24 10 -61.50 10 0.11

Sites 11 352,79 11 -60.54 11 -2.29

Seasons 13 353.18 13 -60.85 13 1.29
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Table 3.7: Summary statistics of Pearson correlation analysis testing the relationship between meiofaunal community metrics (sediment surface
and burrow-wall) and sandprawn abundances in Oesterwal North (ON). Statistical descriptions: r=goodness of fit, t = test statistic, df = degrees

of freedom, and p— value = significance level. Values in bold indicate statistical significance.

Community Oesterwal North (ON)
metrics
Winter 2015 Summer 2015 Winter 2016 Summer 2016
Sediment surface r t df p- r T Df p- R T df p- r t df p-

value value value value
Richness (S) 0.18 -0.66 13 0.51 0.12 0.44 13 0.66 0.39 1.55 13 0.14
Abundance (N) -0.33  -1.29 13 0.21 0.21 0.76 13 0.45 -0.03 -0.11 13 091 -0.14 -0.52 13 0.6
Evenness (J’) -0.19 -0.7 13 0.49 0.11 043 13 0.62 -0.29 -1.09 13 0.29 -0.07 -0.24 13 0.81
Shannon-Wiener- -0.39 -1.57 13 0.14 0.21 0.77 13 0.45 -0.29 -1.09 13 0.29 0.18 0.66 13 0.51
diversity (H’)
Burrow-wall
Richness (S) 0.37 1.43 13 0.17 -0.08 -0.31 13 0.76 0.21 0.77 13 0.45
Abundance (N) -0.11  -0.43 13 0.67 -0.05 -0.18 13 0.85 -0.23 -0.86 13 0.41 -0.15 -0.55 13 0.58
Evenness (J') 0.06 0.17 13 0.86 -0.21 -0.66 13 0.52 -0.01 -0.07 13 0.94 -0.01 -0.05 13 0.95
Shannon-Wiener- 0.37 1.47 13 0.16 -0.12 -0.46 13 0.64 -0.01 -0.08 13 0.94 0.09 0.32 13 0.74

diversity (H’)
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Table 3.8: Summary statistics of Pearson correlation analysis testing the relationship between meiofaunal community metrics (sediment surface
and burrow-wall) and sandprawn abundances in Oesterwal South (OS). Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees
of freedom, and p— value = significance level. Values in bold indicate statistical significance. NB: where correlations are statistically significant,

scatter plots are provided on the appendix (Fig 9.4).

Community metrics Oesterwal South (0S)
Winter 2015 Summer 2015 Winter 2016 Summer 2016
Sediment surface r t daf  p- r T df p- R t df p- r t df p-
value value value value
Richness (S) 0.69 348 13 0.03 0.07 0.28 13 0.78 -0.12 -0.47 13 0.64
Abundance (N) -0.28 -1.1 13 0.3 0.11 0.42 13 0.67 -0.03 -0.11 13 0.91 -0.27 -1.04 13 0.31
Evenness (J') -0.3 -1.1 13 0.27 0.0005 0.002 13 0.99 -0.29 -1.1 13 0.29 0.02 0.09 12 0.92
Shannon-Wiener- 0.2 0.76 13 045 0.03 0.13 13 0.89 -0.29 -1.08 13 0.28 -0.14  -0.56 13 0.58
diversity (H’)
Burrow-wall
Richness (S) 0.05 0.21 13 0.83 0.049 2.07 13 0.051 0.01 0.05 13 0.95
Abundance (N) -0.36 -142 13 0.17 -0.07 -0.26 13 0.79 -0.23 -0.86 13 0.4 0.22 0.85 13 0.4
Evenness (J') 0.05 0.16 13 0.86 0.37 0.8 13 0.46 -0.01 -0.07 13 0.94 -0.84 -4.48 8 0.002
Shannon-Wiener- 0.03 -0.13 13 0.89 0.46 1.87 13 0.08 -0.01 -0.068 13 0.94 -0.35 -1.38 13 0.18

diversity (H’)
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Table 3.9: Summary statistics of Pearson correlation analysis testing the relationship between meiofaunal community metrics (sediment surface

and burrow-wall) and sandprawn abundances in Oesterwal North (ON) and South (OS) based on combined summer and winter data per year

(2015 and 2016). Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of freedom, and p— value = significance level. Values

in bold indicate statistical significance. NB: where correlations are statistically significant, scatter plots are provided on the appendix (Fig 9.5A-

D).

Community Oesterwal North (ON) Oesterwal South (0S)
metrics 2015 2016 2015 2016
Sediment surface r t df p- r T Df p- r T df p- r t df p-
value value value value

Richness (S) -0.07 -0.4 28 0.68 -0.03 -0.2 28 0.83 0.21 1.16 28 0.24 -0.71  -5.48 28 <0.0001
Abundance (N) -0.18 -1.07 28 0.29 -0.42 -2.46 28 0.019 -0.39 -2.27 28 0.03 -0.67 -4.83 28 <0.0001
Evenness (J') 0.07 -0.38 28 0.7 -0.36 -2.06 28 0.048 -0.07 -0.51 28 0.61 -0.51 -3.08 28 <0.0001
Shannon-Wiener-  -0.13 -0.71 28 0.48 -0.34 -1.92 28 0.064 0.08 0.42 28 0.67 -0.73 -5.62 28 <0.0001
diversity (H’)

Burrow-wall

Richness (S) 0.04 0.21 28 0.83 -0.36 -2.06 28 0.048 -0.18 -0.98 28 0.33 -0.75 -5.92 28 <0.0001
Abundance (N) 0.27 -1.53 28 0.13 -0.46 -2.74 28 0.009 -047 -2.82 28 0.008 -0.74 -5.89 28 <0.0001
Evenness (J’) 0.09 0.4 28 0.69 0.08 0.42 28 0.67 0.22 0.94 28 0.35 -0.55 -3.17 28 <0.0001
Shannon-Wiener- 0.17 0.91 28 0.36 -0.18 -1.005 28 0.32 -0.11 -0.61 28 0.54 -0.77 -6.42 28 <0.0001

diversity (H’)
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Fig. 3.3A: Spatio-temporal variability in meiofaunal sediment surface richness (means + 1SE)

at three subsites in Oesterwal North (ON1-3) and Oesterwal South (OS1-3).

2015 W Summer 2015 .\S/:/J.mtmer
Winter inter
6 6
4 4 T
T T T T
2 1 - ! 2
| = H
E 0 0 H
S ON1 ON2 ON3 0s1 0S2 0S3
(7]
—
5 5016 ; 2016
2
g2 ° _ . - 4 ! : :
i}
g '
3] 2 _ 2
2 | | A N I
0 . 0
ON1 ON2 ON3 0s1 0s2 053
Subsites Subsites

Fig. 3.3B: Spatio-temporal variability in meiofaunal burrow-wall richness (means * 1SE) at

three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3).
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Fig. 3.3C: Spatio-temporal variability in meiofaunal sediment surface abundance (means *

1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (OS1-3). NB: Y axis

scales are different to show the trend in the data.
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Fig. 3.3D: Spatio-temporal variability in meiofaunal burrow-wall abundance (means + 1SE) at
three subsites in Oesterwal North (ON1-3) and Oesterwal South (OS1-3). NB: Y axis scales are

different to show the trend in the data.
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Fig. 3.3E: Spatio-temporal variability in meiofaunal sediment surface evenness (means * 1SE)

at three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3). NB: Y axis scales

are different to show the trend in the data.
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Fig. 3.3F: Spatio-temporal variability in meiofaunal burrow-wall evenness (means + 1SE) at

three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3). NB: Y axis scales are

different to show the trend in the data.
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Fig. 3.3G: Spatio-temporal variability in meiofaunal sediment surface Shannon-Wiener
diversity (means + 1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South
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Fig. 3.3H: Spatio-temporal variability in meiofaunal burrow-wall Shannon-Wiener diversity
(means + 1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3). NB:

Y axis scales are different to show the trend in the data.
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3.5.5 Meiofaunal morphotypes

Three out of five meiofaunal morphotypes displayed sufficient variability for the data
to meet the modelling assumptions. Of these morphotypes, both copepods and bivalves were
predicted by sites and season at the surface sediment (p < 0.05 for all cases, Table 3.10A),
while these factors also predicted nematode abundances at the burrow-wall (p = 0.042).
Based on the AIC model selection, all these morphotypes were explained by the interactive
model between sites and seasons, being the most parsimonious model for them (Table
3.10B).

Based on the correlation analysis, with the exception of copepods, all meiofaunal
morphotypes were not significantly affected by sandprawn abundances within seasons at
both study sites (p > 0.05 for all cases, Table 3.11 and Table 3.12). Surface copepod
abundances were negatively correlated with sandprawn abundances in both sites (r=-0.54,
p = 0.03, in both cases). Combined winter and summer data analysed per year indicated
greater sandprawn impacts on meiofaunal individual morphotypes (Table 3.13), particularly
in 2016 for Oesterwal South, in which all morphotypes recorded within the surface and
burrow-wall positions were strongly influenced by sandprawn abundances (p < 0.05, in all
cases). Also in 2016, sandprawn abundances significantly affected copepods, bivalves,
foraminifera and ostracods at the sediment surface and nematodes and foraminifera within
burrow-walls in Oesterwal North (p < 0.05, in all cases). In 2015, sandprawn abundances did
not influence meiofaunal morphotypes (p > 0.05, in all cases) in Oesterwal North, while in
Oesterwal both copepods and nematodes at the burrow-wall were significantly affected by
sandprawns, along with surface copepods (r =-0.44, p =0.012). Most interestingly, sandprawn

impacts were negative for all meiofaunal morphotypes (Table 3.13).
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The overriding pattern that emerged from morphotype responses was a major
increase in their abundances in winter for both 2015 and 2016 sampling periods (e.g.
copepods and bivalves, and nematodes; Fig 3.4A and F). On rare occasions, meiofaunal
abundances were enhanced in summer relative to winter. For example, abundances of
bivalves (Fig. 3.4D) and ostracods (Fig. 3.4G) were higher in summer 2015 relative to winter

in Oesterwal North of the same year.

Table 3.10A: Likelihood ratio test (LRT) results examining if seasons and sites were important
predictors in the models for meiofaunal morphotypes. Statistical descriptions: LRT = test
statistic, df = degrees of freedom, p — value = significance level. Values in bold indicate

statistical significance.

Sediment surface Burrow-wall
Response LRT Df p-value LRT df p-value
variable
Copepods 14.189 7 0.047 3.219 5 0.704
Bivalves 21.467 7 0.003 5.289 6 0.530
Nematodes 4.496 7 0.721 14.643 7 0.042

Table 3.10B: Generalised linear mixed effects models conducted on meiofaunal
mophortypes, investigating effects of sites and seasons. Statistical descriptions: Statistical
descriptions: AIC = Akaik’es information criterion, df = degrees of freedom. Values in bold

indicate the most parsimonious model.

Sediment surface Burrow-wall
Models Copepods Bivalves Nematodes
Df AIC df AIC Df AIC

Null 10 1178.461 10 403.394 10 1154,985
Sites 11 1179.576 11 399.247 11 1156,971
Seasons 13 1179.032 13 404.333 13 1156,666
Site + Seasons 14 1179.771 14 400.571 14 1158,622
Sites x Seasons 17 1178.272 17 395.927 17 1154,525
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Table 3.11: Summary statistics of Pearson correlation analysis testing the relationship between meiofaunal morphotypes (sediment surface and
burrow-wall) and sandprawn abundances in Oesterwal North (ON). Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of
freedom, and p— value = significance level. Values in bold indicate statistical significance. NB: where correlations are statistically significant,

scatter plots are provided on the appendix (Fig 9.6).

Oesterwal North (ON)

Morphotypes Winter 2015 Summer 2015 Winter 2016 Summer 2016

Sediment surface r t df p- R T df p- R t df p- r t df p-
value value value value

Copepods -0.18 -0.66 13 0.51 0.44 1.81 13 0.09 -0.54 -2.3 13 0.03 -0.03 -0.12 13 0.9

Nematodes -0.24 0.91 13 0.37 0.16 0.6 13 0.55 0.24 0.92 13 0.37 -0.14 -0.52 13 0.6

Foraminifera -0.3  -1.36 13 0.19 0.32 1.22 13 0.24 0.07 0.25 13 0.81

Ostracods -0.39 -1.52 13 0.15 -0.22 -0.82 13 0.42 0.12 0.44 13 0.66 -0.32 -1.22 13 0.24

Bivalves 0.23 0.84 13 0.4 0.32 1.24 13 0.23 -0.26 -0.104 13 0.33

Burrow-wall

Copepods -0.18 -0.67 13 0.51 0.19 0.72 13 0.48 -0.24 -0.89 13 0.38 -0.26 -0.99 13 0.33

Nematodes -0.11  -0.42 13 0.67 0.09 0.35 13 0.73 -036 -142 13 0.17 -0.15 -0.54 13 0.59

Foraminifera -0.44 -1.7 13 0.09 -0.33 -1.3 13 0.21

Ostracods -0.49 -2.01 13 0.06 0.09 0.33 13 0.74

Bivalves -0.45 -1.82 13 0.09 0.19 0.71 13 0.48
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Table 3.12: Summary statistics of Pearson correlation analysis testing the relationship between meiofaunal morphotypes (sediment surface and
burrow-wall) and sandprawn abundances in Oesterwal South (OS). Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of
freedom, and p— value = significance level. Values in bold indicate statistical significance. NB: where correlations are statistically significant,

scatter plots are provided on the appendix (Fig 9.6).

Oesterwal South (0S)

Morphotypes Winter 2015 Summer 2015 Winter 2016 Summer 2016
Sediment surface r t df p- R t df p- R t df p- r t df p-
value value value value
Copepods -0.28 -1.1 13 0.3 0.11 0.41 13 069 -054 -2.33 13 0.03 -0.12 -0.44 13 0.66
Nematodes -0.17 -0.62 13 0.54 0.12 0.43 13 0.66 0.24 0.92 13 0.37 -0.29 -1.05 13 0.29
Foraminifera 0.43 1.74 13 0.1 0.32 1.22 13 0.24 0.07 0.25 13 0.8 0.44 1.76 13 0.1
Bivalves 0.31 1.17 13 0.25 0.32 1.24 13 0.23 0.11 0.41 13 0.68
Ostracods 0.12 0.44 13 0.66 0.01 0.04 13 0.96
Burrow-wall
Copepods -0.2 -0.74 13 0.46 -0.24 -0.89 13 0.38 0.1 0.39 13 0.7
Nematodes -0.39 -1.57 13 0.14 -0.09 -0.35 13 0.72 -036 -1.41 13 0.17 0.25 0.95 13 0.35
Foraminifera -0.33 -1.3 13 0.21
Ostracods 0.09 03 13 0.74 -0.39 -1.5 13 0.14
Bivalves 0.19 0.71 13 0.48 0.38 1.49 13 0.15
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Table 3.13: Summary statistics of Pearson correlation analysis testing the relationship between meiofaunal morphotypes (sediment surface and
burrow-wall) and sandprawn abundances in Oesterwal North (ON) and South (OS) based on combined summer and winter data per year (2015
and 2016). Statistical descriptions: r= goodness of fit, t = test statistic, df = degrees of freedom, and p— value = significance level. Values in

boldindicate statistical significance. NB: where correlations are statistically significant, scatter plots are provided on the appendix (Fig 9.7A-G).

Oesterwal North (ON) Oesterwal South (0S)
Morphotypes 2015 2016 2015 2016
Sediment r t df p- r T df p- R T df p- r t df p-
surface value value value value
Copepods -034 -195 28 0.06 -043 -259 28 0.014 -044 -26 28 0.012 -0.46 -2.78 28 0.009
Bivalves -0.17 -091 28 034 -037 -211 28 0.043 0.29 1.63 28 0.11 -0.55 -3.52 28 0.0014
Nematodes -0.05 -0.28 28 0.77 -0.29 -1.62 28 0.11 -0.26 -14 28 0.15 -0.71 -5.42 28 <0.0001
Foraminifera 0.31 1.77 28 0.08 -0.39 -2.3 28 0.028 0.31 1.71 28 0.09 -0.78 -6.71 28 <0.0001
Ostracods 0.08 045 28 064 -0.38 -2.17 28 0.038 0.07 0.42 28 0.67 -0.46 -2.78 28 0.009
Burrow-wall
Copepods -0.11 -0.61 28 054 -031 -176 28 0.08 -036 -2.06 28 0.048 -0.51 -3.13 28 0.004
Bivalves -0.11 -0.58 28 055 -025 -139 28 0.17 -0.64 -448 28 <0.0001
Nematodes -0.26 -144 28 015 -048 -296 28 0.006 -0.47 -0.82 28 0.007 -0.71 -535 28 <0.0001
Foraminifera 0.17 -093 28 036 -045 -2.7 28 0.01 0.007 0.04 28 096 -0.72 -5.6 28 0.001
Ostracods -0.12 -065 28 052 -0.09 -0.48 28 0.63 -0.69 -5.06 28 0.001

77



2015 B Summer B Summer

Winter 2015 Winter
S 200 T 300
% 150 200 T
9 100 T T
“ 100
© 50 - T
2 0 = = —— 0 — = -
0
3 ON1 ON2 ON3 0s1 0S2 0S3
s
E 2016 2016
g 400 400
g 300 T 300 T T
g 200 - 200
3 100 - 100 -
ON1 ON2 ON3 0S1 052 0s3
Subsites Subsites

Fig. 3.4A: Spatio-temporal variability in meiofaunal copepod abundances (sediment surface,
means + 1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (OS1-3). NB:

Y axis scales are different to show the trend in the data.
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Fig. 3.4B: Spatio-temporal variability in meiofaunal copepod abundances (burrow-wall,
means * 1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (0OS1-3). NB:

Y axis scales are different to show the trend in the data.
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Fig. 3.4H: Spatio-temporal variability in ostracod abundances (burrow-wall, means + 1SE) at
three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3). NB: Y axis scales are

different to show the trend in the data.
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3. 6 DISCUSSION

The central aim of this chapter was to investigate effects of upwelling on the benthic
meiofaunal assemblages in sandprawn-dominated inter-tidal sandflats in Langebaan Lagoon.
This aim was based on the potential for season upwelling to act as an important contextual
variable that could determine how meiofauna respond to sandprawn (Callichirus kraussi)
engineering impacts, as outlined in the introduction to this chapter. Based on this aim, |
hypothesized that meiofaunal community metrics and water column and sediment chl-a
would be lower in winter (non-upwelling) but increase in summer in response to upwelling
events. The results of this study supported the hypothesis posed for the water column but
not sediment chl-a concentrations. Although the whole community structure of meiofauna
was significantly influenced by seasons, community metrics failed to adhere to the hypothesis
proposed in this study, which may relate to the low taxonomic resolution at which meiofauna
were identified. Nevertheless, Pearson correlation analysis employed to examine the
relationship between sandprawn abundances and meiofaunal diversity metrics and individual
morphotypes in this study revealed interesting findings, highlighting a potentially important
regulatory role for sandprawns on meiobenthic community structure in Langebaan Lagoon

sandflats.

3.6.1 Water column chlorophyll-a concentrations

Seasonal variation in water column chl-a concentrations within the lagoon was an
important finding of this study. Generally, chl-a levels were markedly higher in summer but
lower in winter season (Fig 3.1), which supported the hypothesis that chl-a concentrations
would increase in summer in response to upwelling events. However, an ecologically

interesting finding was the steep gradient in column chl-a values, being greater close to the

83



mouth (Saldanha Bay) of the lagoon, but becoming progressively diminished toward the
middle to upper reaches of the lagoon.

Several processes may explain this gradient pattern of chl-a concentrations. Generally,
the Langebaan Lagoon system obtains upwelling nutrients via two mechanisms. The firstly
involves inflow of cold upwelled Atlantic Ocean waters into Saldanha Bay; this is regulated by
the baroclinic pressure gradient between the coastal and embayment domains. The second
involves active tidal pumping that transports water from Saldanha Bay through the narrow
channels to the Langebaan Lagoon system (Monterio and Largier 1999). Generally, the bay
receives phytoplankton limiting nitrate (NOs) directly from the ocean through a density-driven
intrusion process that involves rising of the cold upwelled water to about 5m depth. Advected
NOs rich water reaches equilibrium between density-driven force, surface mixing and heating
triggered by winds when the upper layer of the thermocline is virtually at 5m depth. Since this
is depth regulated process, areas shallower than 5m, which includes the oligotrophic
Langebaan Lagoon system, which is on average between 1-2m deep (Flemming 1977) are
limited to NOs, consequently resulting in bottleneck in phytoplankton production (Monterio
and Largier 1999).

The oceanographic processes described above are therefore critical considerations in
understanding temporal patterns in phytoplankton biomass in Langebaan Lagoon.
Importantly, while, these processes supply nutrients into the Saldanha Bay-Langebaan
Lagoon complex, limitations in the strength of these processes impose constraints on new
primary productivity within the lagoon system (Monterio and Largier 1999). Nevertheless, the
findings of this study correspond with those of Christie (1981) and Henry et al. (1977) who
also indicated higher chl-a levels in the Langebaan Lagoon in summer. However, the

decreasing trend in chl-a levels from the mouth to upper reaches of the lagoon suggest that

84



strong oceanic upwelling may not necessarily be translated to equally strong positive effects

on phytoplankton biomass through much of the intertidal sandflats of Langebaan Lagoon.

3.6.2 Sediment chlorophyll-a concentrations

Patterns in sediment chl-a content measured within sandprawn-dominated subsites
in this study were unexpected. Firstly, the Likelihood Ratio Test (LRT) confirmed seasons and
sites as explanatory variables for chl-a concentrations at the sediment surface, with the
generalised linear mixed effect model analysis further confirming that an interaction between
season and sites affected chl-a concentrations. However, the pattern of chl-a (Fig 3.2A and B)
was surprizing in that in the first year of sample collection (2015), both surface and burrow-
wall chl-a levels were markedly higher in winter relative to summer, while this pattern
disappeared in 2016, with both summer and winter displaying little variation. Surprisingly,
seasons and sites were disapproved by the LRT analysis as predictor variables for chl-a
concentrations within sandprawn burrow-walls, possibly suggesting that these variables were
not responsible for the observed variability in chl-a levels.

The results of this study did not conform to the hypothesis posed that, sediment chl-
a concentrations would increase in response to upwelling in summer on the west coast.
Seasonal discrepancies in sediment chl-ag patterns in this study could in theory be explained
by differences in consumer pressure (e.g. grazer densities) on sediment microalgal biomass.
Grazers have been reported in several studies to greatly suppress microalgal biomass through
grazing pressure in marine soft-sediment ecosystems (Davis and Lee 1983, Underwood and
Paterson 1993, Posey et al. 1995, Carman et al. 1997, Cahoon 1999, Jackson et al. 2009, Webb

and Eyre 2004, Baggett et al. 2010, Dawson and Pillay 2011). However, there was limited
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evidence of increased grazer abundance in this study either from meiofaunal or macrofaunal
data in summer that could explain low benthic chl-a levels in this season.

Secondly, sediment chl-a concentrations may have proliferated in winter in response
to sandprawn abundances, which were generally lower in this season than in summer (see
chapter 4, Fig 4.2A). This is supported by correlation analyses, which generally showed a
negative effect of sandprawns on benthic chl-a levels across summer-winter data (Table 3.4).
These findings potentially reflect the susceptibility of chl-a to sandprawn bioturbation
(sediment turnover), although, this interpretation is not empirically testable in this study,
given that sediment turnover was not explicitly measured. The previous study undertaken by
Pillay et al. (2007c) observed significant differences in chl-a levels between the sites
dominated by high densities of C. kraussi and those in which sandprawns were rare or absent.
Their study revealed that high sandprawn density sites had up to 10 times lower chl-a
concentrations relative to sites where sandprawns were less dominant. Other studies that
have also demonstrated negative relationships between sediment microalgal biomass and
sandprawn densities include the work undertaken by Wynberg and Branch (1994), Contessa
and Bird (2004) and Pillay et al. (2007a, 2007b).

However, it must be pointed out that on occasion, sandprawns have been reported to
have positive influences on microalgal biomass (Katrak and Bird 2003, Papaspyrou et al.
2005). The latter occurs mainly due to sandprawn burrow-walls being enriched by microalgae
and other trophic resources such as bacteria and mucopolysaccharides. This enrichment is
mainly facilitated by mucus on the burrow-walls and excretion of nutrients, which promotes

microbial and chl-a biomass (Papaspyrou et al. 2005, Pillay et al. 2011).
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3.6.3 Meiofaunal community structure, diversity metrics and morphotypes:

sediment surface and burrow-walls.

Although the meiofaunal community structure in this study differed significantly
between seasons, the hypothesis that diversity metrics will be higher in summer in response
to upwelling was not upheld by these findings. Upwelling on the west coast was expected to
enhance meiofaunal community diversity metrics in this study with the reverse pattern
anticipated to occur during winter (down-welling). Meiofaunal community structure was
studied within the context of sediment surface and burrow-wall habitats with the view that
communities would differ between these two burrow environments due to sandprawn
ecosystem engineering that differentially influences these microhabitats. However, an
interesting outcome of this study was that all models performed for the burrow-wall
community metrics were refuted by the LRT analysis, indicating that both seasons and sites
were unimportant predictors for any of the burrow-wall response variables, suggesting that
the above-mentioned factors are not important determinants of variability in burrow-wall
metrics. On the other hand, an interaction between sites and seasons influenced sediment
surface evenness, while the main effects of sites and season affected surface richness and
sites individually affected surface Shannon-Wiener diversity. Thus, for surface meiofauna, site
and seasonal variability were significant in regulating meiofaunal community metrics. Taken
collectively, findings suggest that the burrow-wall and sediment surface meiofauna may be
influenced by different ecological processes.

Meiofaunal diversity metrics generally increased in winter (e.g. richness and Shannon-
Weiner diversity; Fig 3.3 A, B, G and H). This enhancement was not only restricted to metrics,

but was apparent for certain individual morphotypes of meiofauna (e.g. copepods, bivalves
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and nematodes; Fig. 3.4A-F). Statistically, copepod and bivalve abundances were predicted
by sites and seasons at the sediment surface, while within the burrow-walls, nematode
abundances were the only groups to be predicted by these factors. All of these meiofaunal
morphotypes were predicted by the interactive model between sites and seasons.

Two possible mechanisms may explain the enhancement of meiofaunal diversity
metrics and some individual morphotypes in winter (e.g. nematodes and bilvalves). The firstly
mechanism is trophic in nature. In this regard, greater availability of food resources on the
sediment in the form of microalgal biomass, which generally, was higher in winter
(particularly in 2015), may have led to a strengthening of bottom-up trophic interactions,
resulting in higher meiofaunal abundance. This mechanism is supported by several studies
that have documented positive relationships between meiofaunal abundances and benthic
microalgae in shallow water littoral ecosystems (Decho and Castenholz 1986, Decho and
Fleeger 1988, Pinckney and Sandulli 1990).

The second mechanism that can explain higher diversity metrics and abundance of
some taxa is based on ecosystem engineering by the sandprawn Callichirus kraussi, in the
form of sediment turnover. As indicated in the previous section on benthic chl-a, sandprawn
abundances were generally lower in winter than in summer (see chapter 4, Fig 4.2A). Lower
winter sandprawn abundance could have indirectly resulted in an increase in meiofaunal
metrics and morphotype abundances, due to an attenuation of sediment turnover rates. This
could imply that sandprawn impacts on meiofauna in this study were density dependent, and
as such, resulted in meiofaunal colonization and proliferation in winter. This interpretation is
supported by correlation analyses, indicating that sandprawn abundances exerted weak
effects on both these variables within seasons, positively effecting surface sediment richness

in winter in Oesterwal South, while negatively affecting burrow-wall evenness in summer. In
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contrast, when data from summer and winter seasons were combined and investigated
annually, correlations were much stronger, indicating strong and negative effects of
sandprawn abundance on diversity metrics and morphotypes. However, it must be noted that
these effects were site-specific, with strong effects in Oesterwal South in 2016 for diversity
metrics (Table.3.9) and morphotypes (Table 3.13). Such findings are likely to be ascribed to
certain unknown local ecological processes and site-specific characteristics.

The findings of correlation analyses are broadly consistent with other studies that
have previously indicated negative impacts of sandprawns on an array of benthic
communities, including meiofauna (Colin et al. 1986, Branch and Pringle 1987, Pillay et al.
2011, Pillay and Branch 2011, Henninger and Froneman 2013). However, other studies have
reported that burrowing shrimp induce not only adverse but also positive effects on fauna
and flora (Posey 1986, Dittmann 1996, Berkenbusch et al. 2000, Dumbauld and Wyllie-
Echeverria 2000, Berkenbusch and Rowden 2003, Berkernbusch et al. 2007). Branch and
Pringle (1987) demonstrated positive sandprawn impacts particularly on bacteria, but with
negative influences upon meiofauna (Branch and Pringle 1987). Promotive sandprawn effects
generally occur within burrow-walls, while negative effects occur on the sediment surface
(Branch and Pringle 1987). Generally, burrows are enriched with nutrients and organic
matter, which serves as an important food resource for benthic infauna (Waslenchuk et al.
1983, Hughes et al. 2000, Volkenborn and Reise 2006, Pillay and Branch 2011). Furthermore,
burrows provide diverse microclimates below the sediment-water interface for meiofauna,
while also providing important niches for microbes. As such, burrow environments are
thought to be more favorable habitats for meiobenthic communities than the overlying water

column (Volkenborn and Reise 2006, Pillay and Branch 2011).
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3.7 CONCLUSION

In conclusion, results of this chapter provide strong evidence that west coast summer
upwelling enhances water column chlorophyll-a levels in Langebaan Lagoon, but this does not
apparently lead to corresponding positive bottom-up effects on meiofauna. In addition,
sediment chlorophyll-a patterns were inversely related to those of the water column, which
consistently followed the prediction of higher values in the summer upwelling season. Thus it
is very possible that in Langebaan Lagoon and similar systems, upwelling processes do not
necessarily enhance benthic primary and secondary production (in the form of meiofaunal
abundance). It is likely that complex and intricate ecological processes lead the mismatch in
chl-a and microphytobenthic and meiofaunal metrics that were recorded. While explicit
identification of these processes was beyond the scope of this chapter, it did shed light on
one potential biotic mechanism that could explain this mismatch viz. ecosystem engineering.
Based on correlation analysis, it appears that sandprawns may induce negative impacts on
benthic meiofauna and chlorophyll-a, potentially overriding potential bottom-up effects of

upwelling.
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CHAPTER 4

EFFECTS OF UPWELLING ON MACROFAUNAL COMMUNITIES

IN SANDPRAWN-DOMINATED SEDIMENTS
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4. Introduction
4.1 Habitat complexity and ecosystem engineering

The repercussions of ecosystem engineering for ecological functioning, biodiversity
and community composition are well addressed in the literature (Jones et al. 1994, 1997b,
Bouma et al. 2009, Sueiro et al. 2013, Passarelli et al. 2014). Engineering organisms modify
the physical structure of ecosystems by their actions (allogenic) or presence (autogenic),
thereby altering local heterogeneity, complexity and consequently, biotic use of habitats
(Jones et al. 1994, 1997b, Crooks 2002). Of the above-mentioned ecological aspects, studies
have shown that habitat complexity plays a particularly influential role in structuring biotic
communities (McCoy and Bell 1991, Lassau and Hochuli 2004). Habitat complexity generally
refers to the level of heterogeneity in the structural attributes of a habitat (Lassau and Hochuli
2004, Taniguchi and Tokeshi 2004, Tokeshi and Arakaki 2012). It therefore indicates the
guantity, assortment and traits of structural components of a habitat (McCoy and Bell 1991).
In the context of ecosystem engineering, alterations of habitat complexity through abiotic
modification is a significant mechanism by which organisms (engineers) modify community
structure and ecosystem functioning (Hastings et al. 2007, Bouma et al. 2009).

Studies have generally shown that increasing environmental complexity is often
associated with increases in particular community metrics or descriptors, such as species
richness or diversity (Dean and Connell 1987a, Crooks 2002, Bouma et al. 2009, Matias et al.
2010). The underlying mechanism thought to drive this facilitative effect is that compound
habitat structures increase niche availability and diversity (e.g. microhabitats), while
increasing levels of trophic and non-trophic resources (Connor and McCoy 2001, Eckman et

al. 2003, Lejart and Hily 2011, Kovalenko et al. 2012). While several studies have reported
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facilitative effects of habitat complexity on community metrics, others have reported neutral
effects, with habitat structure not resulting in expected increases in abundance or diversity
(Bourget et al. 1994, Kelaher 2003, Lassau and Hochuli 2004). Failure to detect positive effects
of complexity on community metrics suggests that the relationship between habitat structure
and assemblage descriptors is not simple, and is likely dependent on biotic and abiotic
contexts.

The relationship between habitat structure and benthic communities has received
much attention in marine coastal ecosystems (Gray and Elliott 2009, Lu et al. 2008, Van der
Zeeetal 2015, Carvalho et al. 2017). Consistent with general trends in the literature, different
findings have been reported, with some studies failing to detect positive influences of habitat
complexity on sympatric communities. For example, a recent study by Carvalho et al. (2017)
found no positive response of macrofaunal species diversity, richness and abundance as a
result of increasing habitat complexity due to differences in sediment fractions. Their findings
were consistent with those of Bourget et al. (1994), who also reported no positive response
of benthic macrofaunal diversity due increases in the number and types of crevices on rock
reefs. Similarly, on rocky substrate, Kelaher (2003) manipulated densities of carolline algal
fronds and detected no positive influence on gastropods diversity. However, Sueiro et al.
(2011) reported that species richness and diversity were positively related to increasing
habitat complexity provided by cordgrass-mussel, mussel and barnacle-engineered habitats.

A number of factors are likely to account for discrepancies in results of the different
studies. One of the most important contributors is the variation in scales and measurements
used to quantify habitat structural components (Tews et al. 2004). The use of different
terminologies, e.g. spatial heterogeneity, habitat architecture and structural complexity, also

creates ambiguity in describing and quantifying habitat structure. Some of these
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terminologies are subjective and thus have different meanings, which further makes
comparisons and synthesis between different studies difficult (Tews et al. 2004).

In marine sedimentary ecosystems, sediment stabilisation and destabilisation are key
processes that influence heterogeneity, complexity and community dynamics. For example,
extracellular polymeric substances (EPS) produced by microalgae and bacteria play a
significant role in stabilizing sediment (Wotton 2004b) and promoting laminar flow of over-
lying water (Paterson and Hagerthey 2001). EPS is known to coat the sediment surface, create
biofilms and facilitate recruitment (Pillay et al. 2007). Sediment stabilisation can also largely
achieved by autogenic structures, which are commonly produced by plants. For example,
complexity in seagrass meadows has been shown to influence both meiofaunal behaviour and
colonization (Palmer 1988, Cummings and Ruber 1987, Bell and Hicks 1991, Guerrini et al.
1998), while also enhancing bivalve settlement (Wilson 1990, Reusch and Chapman 1995,
Grizzle et al. 1996, Reusch et al. 1999). Both active dispersal and passive recruitment are
important mechanisms by which seagrass meadow structure communities (Moore 2004, Van
der Heide et al. 2008). Active dispersal involves migration of organisms within and between
seagrass patches, which allows them to select suitable habitat for settlement (Sogard 1989),
while passive recruitment is associated with hydrodynamic forces being attenuated by
seagrass meadows, which allows for settlement of benthic organisms (Ward et al. 1984,
Fonseca and Fisher 1986, Bos et al. 2007, Eklof et al. 2011). Similarly, mussels are known for
increasing habitat complexity and biodiversity through provision of important trophic and
non-trophic resources from microalgal growth on their shells, attenuating currents speeds for
the settlement of organisms and also for providing refuge for many other organisms

(Suchanek 1992, Bertness et al. 2006, Sadchatheeswaran et al. 2015).
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Sediment stabilisation can also be achieved through burrow construction by
invertebrates, due to the binding effects of mucus secretions that hold burrows together.
Burrows also increase habitat complexity for the infauna with specific components of burrow
structures functioning as microhabitats that harbour unique microbes and meiofauna
(Volkenborn and Reise 2006, Kristensen 2008). A classic example of this would be the burrows
of sesarmid (Grapsidae) and fiddler (Ocypodidae) crabs, which are known for their complex
morphologies (Volkenborn and Reise 2006). These burrows have an important facilitatory
effect on other species in providing refuge from predation, increasing availability of trophic
resources and functioning as refugia from adverse environmental conditions (Branch and
Pringle 1987, Warren 1990, Kristensen 2008, Volkenborn and Reise 2006, Bouma et al. 2009).
Furthermore, sediment sorting, which is affected by burrowing invertebrates (Pillay and
Branch 2011), can also influence habitat complexity (Lu et al. 2008). Sediment with a large
number of sediment fractions is therefore considered complex and would likely provide
several niches to support a large number of macrofaunal species and functional groups,
compared to sediments that are well sorted (Gray and Elliott 2009).

Axiidean crustaceans are a ubiquitous group of decapod crustaceans that have long
been known for their substantial influence on intertidal and shallow subtidal soft sediment
ecosystems (Swif 1993, Cade’e 2001). For example, Berkenbusch and Rowden (2003)
described ghost shrimp, Callianassa filholi as a key allogenic ecosystem engineer with major
influences on macrofaunal assemblages over a small spatial scale through its large per capita
bioturbation activity. Loverock et al. (2010) illustrated that bioturbating shrimp Upegebia
deltaura and Callianassa subterranea can modify the structure and diversity of marine

bacteria communities.
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In Southern Africa, burrowing sandprawns (Callichirus kraussi) dominate soft-
sediment habitats in estuaries and shallow water coastal systems (Branch et al. 2010). These
macro-faunal benthic organisms generate striking effects on resident biota through their
bioturbative activities (Pillay et al. 2007a, 2007c). Like other endobenthic engineers,
sandprawns increase habitat complexity by creating burrows in which they live, which in turn
offers several new microhabitats in sediments (Pillay et al. 2007b), but also potentially food
availability for associated benthic infauna (Branch and Pringle 1987). For example, organic
matter derived from detritus and micro-benthos often accumulates within sandprawn
burrows, and thus becomes trophic resource for benthic infauna (Papaspyrou et al. 2005).
Elevated bacterial biomass has also been linked with burrow walls relative to areas without
burrows (Branch and Pringle 1987, Pillay and Branch 2011). However, while burrow
construction increases below-ground complexity, sediment turnover to the sediment-water
interface may reduce complexity by homogenising the sediment and eliminating autogenic
structures (Bouma et al. 2009). Thus the net effects of burrowing sandprawns on community
structure depends on the strength of habitat creation and destruction.

Effects of ecosystem engineering by sandprawns are also contigent upon wider
environmental contexts that are temporally and spatial variable (Lawton 1983). The
environmental context of interest in this study was the variation in background nutrient levels
modulated by seasonal upwelling. In view of the background ideas about habitat complexity
created by sandprawns, the primary goal of this chapter was to investigate, based on field
observations, how macrofaunal communities respond to sandprawn effects within an area
influenced by seasonal upwelling. While habitat complexity is not directly tested or quantified
in this chapter, it is inferred from sandprawn abundance, which determines the level of

below-ground complexity present in benthic systems, mainly though the abundance of
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burrows constructed. It is expected that variation in background nutrients levels will
determine how macrofaunal assembleges respond to sandprawn engineering. Specifically,
upwelling in Langebaan Lagoon should enhance macrofaunal community metrics through
food provision (mainly chlorophyll-a). This should counteract any negative sandprawn
impacts due to sediment turnover. The secondary goal was to understand whether the
strength of engineering by sandprawns on community metrics, functional groups and
individuals was altered by nutrient pulses. This was achieved using a correlative in situ

approach.

4.2 Hypotheses

The following broad hypotheses were tested.

H1: Macrofaunal community structure in C. kraussi dominated sandflats should differ
between upwelling and non-upwelling seasons. In particular, community metrics
(e.g. abundance, richness) should be greater during upwelling events due to
increased availability of trophic resources.

H2: Macrofaunal community metrics (such as diversity) would be reduced with
increasing C. kraussi densities due to sediment turnover during non-upwelling
seasons (when nutrients are low) but this trend would weaken or reverse during
summer upwelling seasons due to increased trophic resources offsetting sediment

turnover effects.

METHODS AND MATERIALS

Please refer to chapter 2 for the methods used in this chapter.
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4.3 RESULTS
4.3.1 Macrofaunal community structure: overall composition

Macrofaunal community structure differed significantly between upwelling and non-
upwelling seasons (PERMANOVA, Pseudo-Fs3, 119 = 10.695, p = 0.001: Table 4.1). There was a
highly significant effect of sites on macrofaunal community structure (PERMANOVA, Pseudo-
F1,119 = 9.7764, p = 0.001), while at the subsite level, macrofaunal community structure did
not differ significantly (PERMANOVA, Pseudo-F,, 119 = 1.6338, p = 0.067). PERMANOVA also
detected a strong interactive effect of seasons and sites on the macrofaunal community
structure (Pseudo-F3 110 = 2.3133, p = 0.001). On the other hand, seasons, sites and subsites
failed to interact and significantly influence macrofaunal community structure (PERMANOVA,
Pseudo-Fe, 119 = 1.4264, p = 0.058). Similarly, sites and subsites interaction had no significant

effect on macrofaunal community structure (PERMANOVA, Pseudo-F;,119=1.7453, p = 0.062).

Table 4.1: Summary statistics of PERMANOVA analysis testing macrofaunal community
structure responses to seasons, sites and subsites as well as interactions. Statistical
descriptions: Pseudo-F = test statistic, df = degrees of freedom, p — value = significance level.

Values in bold indicate statistical significance.

Factors Pseudo-F  Df p-value
Seasons 10.695 3 0.001
Sites 9.7764 1 0.001
Subsites 1.6338 2 0.067
Seasons x Sites 2.3133 3 0.001
Seasons x Subsites 1.087 6 0.293
Sites x Subsites 1.7453 2 0.062
Seasons x Sites x Subsites 1.4264 6 0.058
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4.3.2 Community metrics

The likelihood ratio test (LRT) performed on the macrofaunal community metrics
indicated that evenness (J’) variation was predicted by effects of sites and seasons (p = 0.030,
Table 4.2A). All other metrics were refuted by the LRT procedure (p > 0.05, for all cases),
suggesting that variability in these metrics were not site or season dependent. For evenness,
the model with sites only was identified by the Akaike’s Information Criterion (AIC) model
base selection to be the best predicting model for macrofaunal evenness (Table 4.2B). Visual
trends in the data suggest a strong seasonal variation in diversity metrics, being higher in
winter 2015 than in summer, especially for abundance, richness and Shannon-Wiener
diversity (Fig 4.1A and B and D). This pattern was not strong in 2016 though.

The correlation test performed on the macrofauna community metrics per site during
each season indicated evenness (J') and abundance (N) to be the only diversity metrics
affected by sandprawn abundances (Table 4.3). Evenness was influenced by sandprawn
abundance in Oesterwal North in summer 2016, with the correlation analysis suggesting a
negative relationship between these variables (r = -0.66, p = 0.006), while abundance was
positively affected by sandprawns in Oesterwal South in winter 2016 (r=0.52 p = 0.045). On
the other hand, sandprawn abundances had a marginally non-significant effect on evenness
(r=-0.5, p =0.051) in Oesterwal North in summer 2015 and Shannon-Wiener diversity (r= -
0.49, p = 0.051) in Oesterwal South in winter 2015. All other metrics were unaffected by
sandprawn abundances (p > 0.05, in all cases, Table 4.3). When summer and winter data per
year were explored, sandprawn effects on macrofaunal diversity metrics were only detected
in 2015 for both sites (Table 4.4). Richness (r=-0. 45, p =0.012) and abundance (r=-0.37,p =
0.04) were both negatively influenced by sandprawn abundances in Oesterwal North, while
evenness (r= 0. 44, p = 0.013) and richness (r=-0.5, p = 0.004) were affected in Oesterwal
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South. In the former case, sandprawn effects were positive, but negative effects were

recorded in the latter case.

Table 4.2A: Likelihood ratio test (LRT) results examining if seasons and sites were important

predictors in the models for macrofaunal community metrics. Statistical descriptions: LRT =

test statistic, df = degrees of freedom, p — value = significance level Values in bold indicate

statistical significance.

Macrofaunal diversity matrices LRT Df p-value
Richness (S) 10.134 6 0.149
Abundance (N) 2.120 6 0.911
Evenness (J') 14.778 6 0.030
Shannon Wiener diversity (H’) 12.338 6 0.056

Table 4.2B: Generalised linear mixed effects models conducted on the macrofaunal

community metrics, investigating effects of sites and seasons. Statistical descriptions: AIC =

Akaike’s information criterion, df = degrees of freedom. Values in bold indicate the most

parsimonious model.

Evenness (J’)

Candidate models Df AIC

Null 10 -166.162
Sites 11 -164.360
Seasons 13 -170.445
Site + Seasons 14 -168.489
Sites x Seasons 17 -167.856
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Table 4.3: Summary statistics of Pearson correlation analysis testing the relationship between macrofaunal community metrics and sandprawn
abundances in Oesterwal North (ON) and South (OS). Statistical descriptions: r= goodness of fit, t = test statistic, df = degrees of freedom, and
p— value = significance level. Values in bold indicate statistical significance. NB: where correlations are statistically significant, scatter plots are

provided on the appendix (Fig 9.8).

Oesterwal North (ON)

Community Winter 2015 Summer 2015 Winter 2016 Summer 2016
metrics r t df  p- R t df  p- R t df  p- r t df  p-

value value value value
Richness (S) 0.21 0.8 13 0.43 -0.34 -0.33 13 0.2 0.2 0.75 13 0.46 0.29 1.1 13  0.29
Abundance (N) -0.2 -0.75 13 0.46 0.001 0.0006 13 0.99 0.47 1.9 13 0.07 0.25 0.94 13 0.36
Evenness (J') 0.12 0.46 13 0.65 0.5 2.1 13 0.051 -0.07 -0.26 13 0.79 -0.66 -3.21 13 0.006
Shannon-Wiener- 0.21 0.77 13 0.45 0.11 0.41 13 0.62 -0.002 -0.01 13 0.99 -0.36 -1.39 13 0.18
diversity (H’)

Oesterwal South (0OS)

Richness (S) 0.0005 0.021 13 0.98 -0.36 -1.4 13 0.18 0.29 1.17 13 0.28 0.34 1.31 13 0.21
Abundance (N) 0.06 0.24 13 0.81 0.144 0.5 13 0.6 0.52 221 13 0.045 0.49 2.05 13 0.06
Evenness (J') 0.36 1.47 13 0.17 0.43 1.73 13 0.1 -0.03 -0.13 13 0.89 0.13 0.49 13 0.62
Shannon-Wiener- 0.49 2.06 13 0.051 -0.12 -0.44 13 0.66 0.33 1.27 13 0.22 0.21 0.78 13 0.44
diversity (H’)
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Table 4.4: Summary statistics of Pearson correlation analysis testing the relationship between

macrofaunal community metrics and sandprawn abundances in Oesterwal North (ON) and

South (OS) based on combined summer and winter data per year (2015 and 2016). Statistical

descriptions: r= goodness of fit, t = test statistic, df = degrees of freedom, and p— value =

significance level. Values in bold indicate statistical significance. NB: where correlations are

statistically significant, scatter plots are provided on the appendix (Fig 9.9).

Oesterwal North (ON)

Community metrics Year 2015 Year 2016
r t df  p-value r T df  p-value
Richness (S) -0.45 -2.6 28 0.012 0.17 0.96 28 0.34
Abundance (N) -0.37 -2.1 28 0.04 0.03 0.17 28 0.86
Evenness (J’) 0.18 0.99 28 0.32 -0.07 -0.38 28 0.74
Shannon-Wiener diversity (H’)  -0.22 -1.2 28 0.22 0.0001  0.0003 28 0.99
Oesterwal South (0S)

Richness (S) -0.5 -3.01 28 0.004 0.12 0.63 28 0.52
Abundance (N) -0.31 -1.78 28 0.08 0.28 1.6 28 0.12
Evenness (J’) 0.44 2.64 28 0.013 -0.14 -0.8 28 0.43
Shannon-Wiener diversity (H’) -0.11  -0.61 28 0.54 0.02 0.13 28 0.89
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Fig.4.1A: Spatio-temporal variability in macrofaunal richness (means + 1SE) at three subsites

in Oesterwal North (ON1-3) and Oesterwal South (0S1-3).
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Fig.4.1B: Spatio-temporal variability in macrofaunal abundance (means + 1SE) at three

subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3).
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Fig.4.1C: Spatio-temporal variability in macrofaunal evenness (means + 1SE) at three subsites
in Oesterwal North (ON1-3) and Oesterwal South (OS1-3). NB: Y axis scales are different to

show the trend in the data.
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Fig.4.1D: Spatio-temporal variability in macrofaunal Shannon-Wiener diversity (means + 1SE)

at three subsites in Oesterwal North (ON1-3) and Oesterwal South (0S1-3).
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4.3.3 Dominant macrofaunal species

Ten species were identified by SIMPER analysis to contribute 90 % towards
macrofaunal community structure (Table 4.5). Of these species, the amphipod Urothoe
grimaldii was the most dominant, contributing more than 50 % to overall community
structure across all seasons in both sites. The crown crab Hymenosoma orbiculare, the
polychaete Marphysa elitueni and copepods contributed least to community structure,
occurring only once within the dominant community members for the entire sampling period.

Of the dominant species, the bivalve Tellimya trigona, juvenile polychaetes and
copepods were excluded from the modelling analyses as they displayed too little variability
to meet the modelling assumptions. Of the remaining species that showed sufficient
variability, the likelihood ratio test (LRT) revealed the importance of seasons and sites in
predicting three macrofaunal species, i.e., Callichirus kraussi (sandprawn), Ampelisca palmata
(amphipod) and H. orbiculare (crab; p < 0.05, for all cases, Table 4.6A). Of these species, both
the amphipod A. palmata and crown crab H. orbiculare were predicated by a model with
seasons only, while C. kraussi was best predicted by an interactive model between seasons
and sites as indicted by the lowest AIC model based selection (Table 4.6.5B).

The seasonal variation in macrofauna species was prominent with some species/taxa
being more abundant in the summer upwelling than in winter (e.g., sandprawn C. kraussi and
bivalve T. trigona, Fig. 4.2A and H), while others showed an increase in abundances mostly in
winter (A. palmata and H. orbiculare, Fig. 4.2C and G). For some species, (e.g. amphipod A.
palamata) this pattern seemed to be subsite dependent. For example, the mean abundance
of amphipod A. palamata at ON1 was higher in winter, whereas at 0S1, it was higher in

summer.
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As for sandprawn effects, the amphipod U. grimaldii was the only species that
appeared to be positively significantly affected by sandprawn abundances in Oesterwal North
(r=0.68, p = 0.04, Table 4.7) within summer and winter of both sampling years. In Oesterwal
South, five species were affected positively by sandprawn abundances (p < 0.05, in all cases,
Table 4.8). Despite few dominant species/taxa recorded in summer 2015 in both sites,
sandprawn abundances failed to influence any of those species/taxa during this season (p >
0.05, in all cases, Table 4.7 and 4.8). When summer and winter data were combined, for 2015
and 2016, sandprawn effects were clearly detected (Table 4.9). In Oesterwal North, three
species were negatively influenced by sandprawn abundances in 2015 (p < 0.05, in all cases)
while no species appeared to be affected in 2016 (p > 0.05, in all cases). In contrast, no species
was affected by sandprawn abundances in 2015 in Oesterwal South, but five species were

affected in 2016 (p < 0.05, in all cases), with all but one case showing positive relationships.
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Table 4.5: Seasonal variation in contribution of dominant macrofaunal species/taxa collected from Oesterwal North (ON) and South (0S), as

identified by the SIMPER routine based on 90% cut off limit. Letters in brackets after species names denote broader taxonomic grouping: A =

amphipod, Ax = axiid crustacean, P = polychaete, C = copepod, Cr = crab, B = bivalve.

Oesterwal North (ON)

% contribution

Oesterwal South (0S)

2015 2015 2016

Macrofaunal Species Summer Winter Summer Winter Summer Winter Summer Winter

Seasonl Seasonl Season2 Season2 Seasonl Seasonl Season2 Season 2
Urothoe grimaldii (A) 70.01 66.82 59.20 52.21 67.77 77.93 69.94 58.46
Callichirus kraussi (Ax) 19.00 4.37 9.63 5.34 16.01 12.21
Notomastus latericeus (P) 5.01 3.15 11.88 3.57 4.10 8.74
Ampelisca palmata (A) 10.94 12.16 16.94 2.50 2.83
Griffithsia latipes (A) 4.47 3.16
Juvenile polychaetes (P) 3.23 13.93 18.59
Copepods (C) 3.68
Hymenosoma orbiculare (Cr) 8.29
Tellimya trigona (B) 5.99 5.94
Marphysa elitueni (P) 4.30
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Table 4.6A: Likelihood ratio test (LRT) results examining if seasons and sites were important

predictors in the models for macrofaunal dominant species. Statistical descriptions: LRT = test

statistic, df = degrees of freedom, p — value = significance level. Letters in brackets after

species names denote broader taxonomic grouping: A = amphipod, Ax = axiid crustacean, P =

polychaete, C = copepod, Cr = crab, B = bivalve. Values in bold indicate statistical significance.

Macrofaunal species LRT df p-value
Urothoe grimaldii (A) 3.483 7 0.836
Callichirus kraussi (Ax) 33.192 7 <0.0001
Griffithsia latipes (A) 3.513 7 0.833
Ampelisca palmata (A) 22.794 8 0.003
Marphysa elitueni (P) 5.713 6 0.528
Notomastus latericeus (P) 9.459 7 0.292
Hymenosoma orbiculare (Cr)  26.732 7 <0.0001

Table 4.6B: Generalised Linear Mixed effects Models (GLMM) conducted on the dominant

species of macrofauna, investigating the effect of sites and seasons. Statistical descriptions:

AIC = Akaike’s information criterion, df = degrees of freedom. Letters in brackets after species

names denote broader taxonomic grouping: Ax = axiid crustacean, A = amphipod, Cr = crab.

Values in bold indicate the most parsimonious model.

species C. kraussi (Ax) A. palmata (A) H. orbiculare (Cr)
Candidates Df AIC df AIC Df AIC
models

Null 10 627.05 11 697.80 10 436.61
Sites 11 622.58 12 698.30 11 434.57
Seasons 13 624.30 15 689.22 13 423.05
Site + Seasons 14 614.51 16 691.24 14 424.53
Sites x Seasons 17 607.86 19 691.29 17 423.88
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Table 4.7: Summary statistics of Pearson correlation analysis testing the relationship between sandprawn abundance and dominant macrofaunal

species/taxa in Oesterwal North (ON) per season. Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of freedom, and p—

value = significance level. Letters in brackets after species names denote broader taxonomic grouping: A = amphipod, P = polychaete, C =

copepod, Cr = crab. Values in bold indicate statistical significance. NB: where correlations are statistically significant, scatter plots are provided

on the appendix (Fig 9.10A-B).

Oesterwal North (ON)

Species Winter 2015 Summer 2015 Winter 2016 Summer 2016

r t df p-value R t df p-value R t df  p-value r t df  p-value
Urothoe grimaldii (A) -0.13  -047 13 0.64 -0.18 -0.67 13 0.51 0.18 0.68 13 0.5 0.68 34 13 0.004
Griffithsia latipes (A) 0.03 0.13 13 0.89 -0.1 -0.39 13 0.7 0.11 0.42 13 0.67
Ampelisca palmata (A) -0.32  -0.12 13 0.23 0.27 1.02 13 0.32 -0.02 -0.09 13 0.92 -0.09 -0.33 13 0.74
Paratylodiplax edwardsi (Cr) -0.04 -0.15 13 0.88
Maphysa elitueni (P) 0.46 1.87 13 0.061 0.17 0.65 13 0.51 -0.29 -1.11 13 0.28
Notomastus latericeus (P) 0.04 0.17 13 0.86 0.46 19 13 0.07 -0.02 -0.08 13 0.92
Hymenosoma orbiculare (Cr)  0.03 0.12 13 0.92 -0.03 -0.13 13 0.89 0.19 0.7 13 0.49
Tellimya trigona (B) -0.15 -0.57 13 0.57 -0.33 -1.27 13 0.22
Juvenile polychaetes (P) -0.31 -1.1 13 0.26 0.34 0.32 13 0.2 -0.1 -0.38 13 0.7
Copepods (C) 0.03 0.14 13 0.89 0.37 1.45 13 0.16 -0.03 -0.12 13 0.9
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Table 4.8: Summary statistics of Pearson correlation analyses testing the relationship between sandprawn abundances and dominant

macrofaunal species/taxa in Oesterwal South (OS) per season. Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of

freedom, and p— value = significance level. Letters in brackets after species names denote broader taxonomic grouping: A = amphipod, P =

polychaete, C = copepod, Cr = crab, O = Ostracod. Values in bold indicate statistical significance. NB:

significant, scatter plots are provided on the appendix (Fig 9.10A-B).

where correlations are statistically

Oesterwal South (0OS)

Species/taxa Winter 2015 Summer 2015 Winter 2016 Summer 2016

r T df p- r T Df p- r t df p- r t df p-

value value value value

Urothoe grimaldii (A) -0.09 -034 13 0.73 0.17 0.65 13 0.52 0.68 3.35 13 0.005 0.34 -0.21 13 0.2
Griffithsia latipes (A) 0.51 2.1 13 0.047 -0.11 -0.7 13 0.47 0.31 1.19 13 0.25 0.58 2.61 13 0.02
Ampelisca palmata (A) 0.78 4.5 13 0.0001 -0.06 -0.23 13 0.82 -0.29 -1.1 13 0.28
Maphysa elitueni (P) 0.016 0.058 13 0.95 -0.02 0.1 13 0.91 0.39 156 13 0.14
Notomastus latericeus (P) 0.19 0.71 13 0.49 0.73 3.9 13  0.0017 0.49 2.02 13 0.06
Hymenosoma orbiculare (Cr) -0.26 -0.9 13 0.34 -0.001  -0.005 13 0.99 0.07 0.26 13 0.79
Tellimya trigona (B) 0.42 1.85 13 0.071 0.08 031 13 0.75
Copepods (C) -0.24  -0.92 13 0.37 0.56 2.49 13 0.02 -0.009 0.03 13 0.97
Ostracods (O) 0.33 1.27 13 0.22 0.04 0.14 13 0.88
Juvenile polychaetes (P) -0.14 -0.52 13 0.61
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Table 4.9: Summary statistics of Pearson correlation analysis testing the relationship between
macrofaunal species/taxa and sandprawn abundances in Oesterwal North (ON) and South
(OS) based on combined summer and winter data per year (2015 and 2016). Statistical
descriptions: r= goodness of fit, t = test statistic, df = degrees of freedom, and p— value =
significance level. Letters in brackets after species names denote broader taxonomic
grouping: A = amphipod, P = polychaete, C = copepod, B = bivalve, Cr = crab. Values in bold
indicate statistical significance. NB: where correlations are statistically significant, scatter

plots are provided on the appendix (Fig 9.11A-B).

Oesterwal North (ON)

Species/taxa Year 2015 Year 2016

R T df p-value r t df  p-value
Urothoe grimaldii (A) -0.24 -1.34 28 0.18 0.17 0.91 28 0.36
Griffithsia latipes (A) -0.42 -24 28 0.02
Ampelisca palmata (A) -0.39 -0.4 28 0.03 0.009 0.04 28 0.96
Maphysa elitueni (P) 0.11 0.58 28 0.56 0.08 0.47 28 0.64
Notomastus latericeus (P) 0.05 0.3 28 0.76 0.15 0.78 28 0.44
Hymenosoma orbiculare (Cr)  -0.31 -1.7 28 0.08 0.09 0.51 28 0.6
Tellimya trigona (B) -0.009 -0.04 28 0.96 -0.03 -0.2 28 0.83
Juvenile polychaetes (P) -0.38 -2.1 28 0.03 -0.18 -0.99 28 0.33
Copepods (C) -0.18 -098 28 033 -0.05 -029 28 0.76

Oesterwal South (0S)

Urothoe grimaldii (A) -0.32 -1.8 28 0.07 0.49 3.01 28 0.005
Griffithsia latipes (A) -0.1 -0.55 28 0.58 0.52 3.29 28 0.002
Ampelisca palmata (A) -0.01 -0.05 28 0.95 -0.14 -0.75 28 0.45
Maphysa elitueni (P) -0.08 -0.4 28 0.67 0.52 3.21 28 0.003
Notomastus latericeus (P) 0.07 0.37 28 0.7 0.29 1.65 28 0.1
Tellimya trigona (B) 0.007  0.04 28 096 048 29 28  0.006
Juvenile polychaetes (P) -0.32 -1.68 28 0.11 -0.47 -2.83 28 0.008
Copepods (C) 034 -192 28 006 -017 -091 28  0.36
Hymenosoma orbiculare (Cr) -0.13  -0.73 28 0.46
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4.3.4 Functional groups

Seasons and sites were suitable predictors of three macrofauna functional group
abundances as indicated by the likelihood ratio test (p < 0.05, for all cases, Table 4.10A). Of
these three functional groups, surface deposit feeders were predicted by an interactive model
between sites and seasons, while both surface deposit feeders and predators, and
suspensions feeders were predicted by the main effect of sites and seasons. However,
suspension feeders were also predicted by an interactive effect of sites and seasons (Table
4.108B).

The prominent pattern displayed by macrofaunal functional groups was that their
abundance increased in winter season (Fig 4.3B, D and E). For suspension feeders, this pattern
was observed during both 2015 and 2016 sampling periods at both sites (Fig 4.3E). On the
other hand, summer increases were observed for surface deposit feeders and surface deposit
feeder and predators in 2016. Noticeably, surface deposit feeders and predators revealed a
distinctive spatial pattern with its abundance being site dependent. For examples, in 2016 the
abundance of the surface deposit feeders and predators was enhanced in both winter and
summer seasons, particularly appeared to be higher at the ON1, OS2 and OS3 in winter, while
in summer it was higher at both ON3 and OS1 (Fig 4.3E).

Based on the Pearson correlation analysis, both surface and burrowing deposit
feeders were affected by sandprawn abundances in Oesterwal North, within particular
seasons (Table 4.11). Burrowing deposit feeders were positively affected by sandprawn
abundance in summer of 2016 (r = 0.66, p = 0.007). Surface deposit feeders were negatively
affected by sandprawn abundance in summer 2015 (r =-0. 51, p = 0.04). On the other hand,
in Oesterwal South, burrowing deposit feeders were positively affected by sandprawn

abundance in winter 2016 (r = 0. 69 p = 0.004), while surface deposit feeders and predators

117



were also positively affected by sandprawn abundance in winter 2015 (r = 0. 5, p = 0.047).
Surprisingly, no sandprawn effects were detected for suspension feeders group within
seasons at each site (p > 0.05, for all cases).

When summer and winter data were combined for each of the two sampling years,
statistically significant effects of sandprawn abundance on macrofaunal functional groups in
each year were clearly detected (Table 4.12). Four functional groups were affected by
sandprawn abundances in 2015 (p < 0.05, in all cases), three in Oesterwal North (surface
deposit feeders, surface deposit feeders and predators, and suspension feeders), while in
Oesterwal South, surface deposit feeders and predators was the only functional group that
was affected by sandprawn abundance (r = -0. 33, p = 0.031). In all cases, negative
relationships were recorded between the above-mentioned functional groups and
sandprawns abundance. In 2016, no macrofaunal functional groups were influenced by
sandprawn abundances in Oesterwal North (p > 0.05, for all cases). With the exception of
surface deposit feeders and predators (r = 0.14, p = 0.45), all functional groups in Oesterwal
South were significantly influenced by sandprawn abundance (p < 0.05, in all cases) in 2016.
Of these, suspension feeders were negatively related to sandprawn abundance, but the
remaining functional groups (surface deposit feeders, burrowing deposit feeders, and

burrowing deposit feeders and predators) were positively related to sandprawn abundance.
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Table 4.10A: Likelihood ratio test (LRT) results examining if seasons and sites were important
predictors in the models for macrofaunal functional groups. Statistical descriptions: LRT = test
statistic, df = degrees of freedom, p — value = significance level. Values in bold indicate

statistical significance.

Macrofaunal functional groups LRT df  p-value
Burrowing deposit feeders 2.814 7 0.901
Surface deposit feeders 15.783 7 0.027
Burrowing deposit feeders and predators 5.523 7 0.596
Surface deposit feeders and predators 26.438 7 0.000
Suspension feeders 17.964 7 0.023

Table 4.10B: Generalised linear mixed effects models conducted on macrofaunal functional
groups, investigating the effect of sites and seasons. Statistical descriptions: AIC = Akaike’s
information criterion, df = degrees of freedom. Values in bold indicate the most parsimonious

model.

Surface deposit Surface deposit Suspension
feeders feeders and predators feeders

Candidate models  Df AIC df AIC Df AIC
Null 10 614.69 10 496.52 10 829.81
Sites 11 615.40 11 490.81 11 831.06
Seasons 13 615.63 13 481.80 13 829.47
Site + Seasons 14 614.00 14 481.46 14 828.15
Sites x Seasons 17 612,91 17 484.08 17 828.15
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Table 4.11: Summary statistics of Pearson correlation analysis testing the relationship between sandprawn abundance and macrofaunal
functional groups in Oesterwal North (ON) and South (OS) per season. Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees
of freedom, and p— value = significance level. Values in bold indicate statistical significance. NB: where correlations are statistically significant,

scatter plots are provided on the appendix (Fig 9.12).

Oesterwal North (ON)

Functional Groups Winter 2015 Summer 2015 Winter 2016 Summer 2016

r t df p- r T df p- r t df p- r t df p-

value value value value
Burrowing deposit feeders -0.03 -0.13 13 0.89 0.01 0.04 13 0.6 0.28 1.06 13 031 0.66 3.16 13 0.007
Surface deposit feeders -0.25 -0.93 13 036 -0.51 -21 13 0.04 -0.34 -1.31 13 021 -037 -145 13 0.17
Burrowing deposit feeders and 0.36 1.41 13 0.18 0.22 0.8 13 042 0.11 0.65 13 0.52 -0.23 -0.86 13 0.4
predators
Surface deposit feeders and -0.29 -1.15 13 0.28 -0.33 -1.3 13 0.21 -0.25 -095 13 0.35 0.06 0.24 13 0.81
predators
Suspension feeders -0.2 -0.73 13 047 0.27 1.02 13 0.32 -0.08 -0.31 13 0.75 -0.03 -0.12 13 0.9
Oesterwal South (0S)

Burrowing deposit feeders 0.03 0.11 13 0.9 0.22 0.83 13 041 0.69 3.45 13 0.004 0.46 191 13 0.07
Surface deposit feeders 0.28 1.06 13 0.307 -0.28 -1.08 13 0,29 0.44 1.78 13 0.1 0.13 049 13 0.62
Burrowing deposit feeders and -0.11 -0.4 13  0.68 0.12 046 13 0,64 -0.01 -0.03 13 0.96 0.49 204 13 0.06
predators
Surface deposit feeders and 0.5 2.08 13 0.047 -0.44 -1.8 13 0,09 -0.007 -0.02 13 0.97 0.05 0.18 13 0.85
predators
Suspension feeders 0.27 1.01 13  0.32 -0.4 -1.6 13 0.13 -0,11 -043 13 067 -0.21 -0.71 13 0.44
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Table 4.12: Summary statistics of Pearson correlation analysis testing the relationship
between macrofaunal functional groups and sandprawn abundances in Oesterwal North (ON)
and South (OS) based on combined summer and winter data per year (2015 and 2016).
Statistical descriptions: r = goodness of fit, t = test statistic, df = degrees of freedom, and p-
value = significance level. Values in bold indicate statistical significance. NB: where
correlations are statistically significant, scatter plots are provided on the appendix (Fig 9.13A-

B).

Oesterwal North (ON)

Functional Groups Year 2015 Year 2016

r t df p-value r t df p-value
Burrowing deposit feeders -0.08 -0.4 28 0.64 0.34 1,97 28 0.058
Surface deposit feeders -0.46 -2.78 28 0.009 -0.02 -0,12 28 0.9
Burrowing deposit feeders and 0.03 0.21 28 0.83 0.16 0,85 28 0.39
predators
Surface deposit feeders and predators  -0.43 -2.54 28 0.015 -0.009 -0,05 28 0.95
Suspension feeders -0.37 2.1 28 0.03 -0.26 -1,42 28 0.16

Oesterwal South (0S)

Burrowing deposit feeders -0,23 -1,2 28 0.22 0.54 3.48 28 0.001
Surface deposit feeders -0,19 -1,06 28 0.29 0.52 3.23 28 0.003
Burrowing deposit feeders and -0,26 -1,4 28 0.15 0.57 3.73 28 0.0008
predators
Surface deposit feeders and predators  -0,33 -1,86 28 0.031 0.14 -0.76 28 0.45
Suspension feeders -0,28 -1,54 28 0.12 -0.32 -2.01 28 0.041
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Fig 4.3A: Spatio-temporal variability in burrowing deposit feeders of macrofaunal functional

groups (means * 1SE) at three subsites in Oesterwal North (ON1-3) and Oesterwal South (OS1-
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4.4 DISCUSION

This chapter extends the questions of the preceding chapter, but focusses on
macrofaunal community structure. More specifically, this chapter made use of in situ surveys
to study the influence of upwelling on benthic macrofaunal assemblages in Langebaan
Lagoon, while seeking to understand how upwelling modifies sandprawn effects using a
correlative approach. The rationale for this chapter was that sandprawn bioturbation is
dominant in the system, but at a broader level, temporal upwelling is key feature of the
system. | thus anticipated that effects of sandprawns on macrofaunal assemblages would be
contingent upon seasonal inputs of nutrients through upwelling. | specifically hypothesized
that macrofaunal diversity metrics will be lower in winter (non-upwelling) but higher in
summer during upwelling events. | also hypothesized that the strength of sandprawn effects

on macrofauna would be reduced by nutrient input, due to bottom-up processes overcoming
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negative sandprawn effects. Specifically, upwelling should enhance primary productivity (chl-
a) and therefore counteract negative impacts of sandprawn bioturbation on macrofaunal
community. Surprisingly, findings of this study did not generally overwhelmingly support the
hypothesis put forward, however, they did broaden understanding of seasonal upwelling in

sandprawn dominated sediments.

4.4.1 Macrofauna: overall community composition, diversity metrics

Although macrofaunal community structure was strongly affected by the main and
interactive effects of seasons and sites over the whole study, the hypothesis that community
metrics will be enhanced in response to summer upwelling season was not upheld in this
study. This particular result leads to an idea that macrofaunal assemblages of Langebaan
Lagoon are possibly not highly influenced by variability in productivity related to seasonal
upwelling. Such a finding was unexpected, but ecologically important, given the positioning
of Langebaan Lagoon within the Benguela current, which is regarded as one of the most
world’s productive upwelling system (Schumann et al. 1982, Carr 2002, Puccinelli et el. 2016).

An interesting observation emerging from this study is that the general elevation of
macrofaunal community metrics in winter coincided with increased winter sediment
chlorophyll-a concentrations (see chapter 3). This general pattern could suggest that
availability of trophic resources on the surface sediment in the form of microalgae does
generate positive bottom up effects. However, variability in chl-ag in the study as a whole,
does not appear to manifest consistently as would be expected by upwelling. Therefore, it is
possible that variability in benthic chl-a levels and macrofaunal community metrics in this
study is influenced by other processes that are unrelated directly to upwelling. One such

factor could be spatial variability in the distribution and abundance of the sandprawn C.
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kraussi. This bioturbator was generally amongst the most numerically dominant species and
highly abundant in summer, particularly in the first year of study. In winter, however, C.
kraussi was not as numerically dominant, which could, at least in part, explain the observed
enhancement of individual macrofaunal species and the community structure in winter. This
is based on local studies in which sandprawn bioturbation has been shown to reduce benthic
chl-a levels and macrofaunal community metrics (Branch and Pringle 1987, Pillay et al. 2007c).

Based on the GLMM model output, sites was the only factor that appeared to
influence macrofauna evenness (Table 4.2B). This result is perhaps an indication that at the
level of community metrics, spatio-temporal variability is not a major determinant of
macrofauna. However, correlation analysis indicated that sandprawn abundance is a
significant explanation of variability in community metrics. More specifically, correlation tests
within particular seasons of the study showed positive relationships between macrofauna
abundance and sandprawns (in Oesterwal North); graphically, this pattern was obvious, with
abundance generally being higher in winter 2015 relative to summer of the same year
(Fig.4.1B, Fig 4.2A). On the other hand, macrofauna evenness was negatively related to
sandprawn abundances in winter of 2016 at Oesterwal South, although, graphically this
pattern was less clear. Overall, interannual variability in responses was evident, which is
possibly linked to variation in the strength of upwelling, which is a feature of the South African
west coast (Branch and Branch 1981, Awad et al. 2002, Griffiths et al. 2010).

When data from summer and winter were investigated annually, correlation test
identified interesting relationships between sandprawn abundances and macrofaunal
community metrics (Table 4.4), with trends differing from those observed within seasons.
Generally, in 2015, sandprawn impacts on macrofaunal diversity metrics were much stronger,

affecting both richness and abundance in Oesterwal North, while evenness and richness were
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influenced in Oesterwal South. These effects were generally negative, except for evenness.
These results suggest that potential sandprawn effects on macrofaunal assemblages in

Langebaan Lagoon are site-specific.

4.4.2 Dominant species

Among species/taxa that dominated the study sites, the amphipod Urothoe grimaldii
was the most prevalent species in both summer and winter seasons, with more than 50 %
contribution in both sites, while the sandprawn Callichirus kraussi was the second most
dominant species in summer. As for the winter seasons, the dominant species/taxa after the
amphipod U. grimaldii was the crown crab Hymenosoma orbiculare, copepods and the
amphipod Ampelisca palmata. However, the amphipod A. palmata was also prevalent in
summer 2016 in the Oesterwal North. Only three species met the modelling assumptions in
terms of data variability. Of these species, the sandprawn C. kraussi was affected by an
interaction between sites and seasons, while both the amphipod A. palmata and crown crab
H. orbiculare abundances were influenced by seasons. Graphically, impacts of seasons were
clear on the abundances of the amphipod A. palmata and crown crab H. orbiculare, with both
these species being more abundant in winter compared to summer upwelling seasons (Fig.
4.2C and Fig 4.2G). One possible reason for this trend is the elevation of sediment chl-a levels
in winter, particularly in 2015. Though, the expected increase in abundances of particular
species during summer upwelling did not manifest.

The findings relating to species abundance in this chapter are consistent with those of
Quintana et al. (2015), who documented lower densities of macrofaunal abundances during
upwelling than in non-upwelling periods. One possible reason for such this finding could be

the weakness of upwelling nutrients in enhancing benthic productivity, which is key to the
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elevation of typically generated positive bottom-up effects on abundances of associated
benthic species. However, the dominance of sandprawns in summer in this study could also
mean that most species were suppressed by bioturbation sediment-turnover impacts of this
engineer. Generally, coastal upwelling areas have typically been reported to show striking
upwelling-related increases in nutrient variability, associated with high densities (74,000
ind.m2) of macrofaunal species (Sellanes et al. 2007). Productive upwelling systems are
generally acknowledged for their effects on marine coastal habitats by elevating nutrients and
availability of trophic resources for consumers (Pennington et al. 2006, Chavez and Messié
2009), with very strong effects on benthic faunal communities (Bustamante et al. 1995, Levin
et al. 2009).

The results of this study further indicated that macrofauna species/taxa that
dominated the study sites were mostly positively influenced by sandprawn abundances
within individual seasons, and that strongest effects were recorded in Oesterwal South. This
result further reinforces the notion that sandprawn effects on individual species/taxa are site-
specific. The amphipod U. grimaldii was the only species affected by sandprawn abundances
in Oesterwal North, while in Oesterwal South, the amphipods A. palmata, G. latipes and U.
grimaldii, the polychaete N. latericeus and the bivalve T. trigona were all positively affected
by sandprawn abundance within seasons. Interestingly, results further indicated strong
sandprawn impacts in winter than in summer in Oesterwal South. Given that sandprawn
abundances were generally higher in summer than in winter, one potential explanation of the
above finding (strong positive effects on macrofaunal species/taxa in winter in Oesterwal
South) is that the magnitude and direction of sandprawn effects are not only site-specific, but
also density-dependant, which could also be site specific. At low abundance, positive effects

emerge, while at higher abundance, positive effects disappear. These results point to the
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important role played by sandprawns in regulating macrofaunal assemblages. It is likely that
higher sediment turnover related to increased sandprawn numbers negatively impacts
benthic species.

When data from summer and winter were combined, annual trends showed that
sandprawn abundance was both positively and negatively related to species abundance. For
example, the amphipods G. palmata and G. latipes in 2015 and juvenile polychaetes in 2016
were all negatively related to sandprawn abundances, while the polychaete M. elitueni, and
amphipods U. grimaldii and G. latipes in 2016 were positively impacted by sandprawn
abundances. These results therefore suggest that sandprawn impacts on macrofauna in this
study were species/taxa dependent, which may be an important indication that sandprawn
ecosystems engineering effects are not always antagonistic for macrofauna assemblages. It is
likely that the species that were negatively correlated to sandprawn abundances (e.g.
amphipods A. palmata and G. latipes, and juvenile polychaetes) exhibited biological traits that
negatively pre-disposed them to sediment turnover by sandprawns, which either hindered
feeding or settlement behaviour (Pillay and Branch 2011). For example, the amphipod A.
palmata is a surface suspension feeder that extracts organic particles from the water column.
High concentrations of suspended sediment particles caused by sandprawns bioturbation
may directly interfere with the food intake by clogging filter-feeding appendages of this
species thus, potentially hindering its growth and the condition and hence abundance
(Rhoads and Young 1970, Pillay et al. 2007a). Sandprawns burrowing activities affect benthic
communities through an immense amount of sediment being turned over to the sediment-
water interface (Colin et al. 1986, Branch and Pringle 1987, Pillay et al. 2007a, 2007b, Pillay
et al. 2011). Turned over sediment can negatively affect macrofauna species through burial,

which may also impede their feeding and metabolic processes (Ellis et al. 2002, Pillay et al.
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2007c). Sandprawns bioturbation can also increase sediment erodibility at the sediment-
water interface, consequently impairing the settlement of larvae and macrofaunal growth
(Rhoads and Young 1970, Pillay and Branch 2011). Furthermore, sediment erodibility can lead
to re-suspension of macrofauna to the water column, subsequently increasing their
vulnerability to predation (Flach 1993).

Promotive sandprawn impacts on some of the species documented in this study (e.g.
amphipods U. grimaldii and G. latipes and bivalvia T. trigona) suggests that they perhaps have
a high tolerance to sediment reworking by sandprawns, which in turn is likely due to inherent
biological and life-history traits. This could imply that these species are able to withstand
bioturbation impacts, and benefit from resource provision by sandprawn ecosystem

engineering.

4.4.3 Functional groups

At a functional group level, surface deposit feeders, surface deposit feeders and
predators, and suspension feeders were predicted by effects of seasons and sites. Both
surface deposit feeders and suspension feeders were influenced by an interaction between
sites and seasons, while, surface deposit feeders and also suspension feeders were influenced
by the main effects of sites and seasons. Generally, the dominant pattern displayed by these
functional groups was an increase in their abundances in winter season (Fig 4.3B, D and E),
which was contrary to the posed hypothesis, although in 2016, both surface deposit feeders
(Fig 4.3B) and burrowing deposit feeders and predators (Fig 4.3C) seemed to have somewhat
followed this prediction in both sites. Correlation analysis revealed that within seasons,
abundance of both burrowing and surface deposit feeders, and surface deposit feeders and

predators were all variably influenced by sandprawn abundances, with burrowing deposit-
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feeders and surface deposit feeders and predators being positively affected while surface
deposit feeders were negatively influenced.

Interestingly, when summer and winter data were combined per year, sandprawn
abundances appeared to influence functional groups differently. In 2015, surface deposit
feeders, surface deposit feeders and predators, and suspension feeders were all negatively
impacted by sandprawn abundances in Oesterwal North. On the other hand, in Oesterwal
South, most functional groups were affected by sandprawn abundances in a positive manner,
except for suspension feeders, which were negatively related to sandprawn abundances.
Generally, abundances of surface deposit feeder were higher in winter 2015, but this pattern
was reversed in 2016, with abundances of surface deposit feeders being elevated in summer
relative to winter. Surface deposit feeders and predators increased in winter 2015 and 2016
but also showed a peak in summer at some subsites (OS1 and ON3. Fig 4.3D). Suspension
feeders were generally more abundant in winter season throughout the duration of the study.

Findings of this chapter did not conform to the hypothesis of this study that
macrofauna should increase in response to upwelling, although, surface deposit feeders and
predators seemed to have somewhat followed this hypothesis. Extending the discussion
proposed earlier, increases in abundances of certain functional groups in winter may be due
to increased food availability in the form of chlorophyll-a. Suspension feeders for example are
known to feed predominantly on microalgae (Pillay et al. 2007a), which in this study, was
elevated in winter, particularly in 2015 (see chapter 3). It is therefore very likely that the
winter increase in suspension feeders was attributed to increased chlorophyll-a
concentrations as a food resource. Secondly, lower abundance of sandprawns in winter could
also provide an explanation for the overall increase exhibited by some functional groups in

winter, due to the bioturbatory impacts of C. kraussi being reduced. In support for this
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interpretation, Pillay et al. 20073, reported high densities of suspension feeders, subsurface
feeding polychaetes and bivalves in sediment areas where the C. kraussi was either rare or
absent compared to areas where C. kraussi was abundant. Moreover, both Pillay et al. (2007a)
and Rhoads and Young (1970) have illustrated that suspension feeders are susceptible to high
rates of bioturbation as the suspended sediment particles clog their filtration apparatus and
decrease their feeding rate which then affect their body condition.

It is however, very important to note that C. kraussi does not necessarily induce only
negative responses on functional groups (Pillay and Branch 2011). In this study, surface
deposit feeders (Fig 4.3B) appeared to be elevated when sandprawns were abundant, which
could be an indicative of a promotive role played by C. kraussi on this functional group of

macrofauna.

4.5 CONCLUSION

Overall, this study highlighted spatial and seasonal variation displayed by macrofaunal
community composition, diversity metrics, species and functional groups. Although
macrofaunal community patterns differed between seasons, these results strongly suggest
that summer upwelling in Langebaan Lagoon does not play a fundamental role in influencing
these patterns as would be expected by nutrient enrichment (i.e. strengthening of bottom-
up pathways). This outcome is similar to that reported for meiobenthos (detailed in the
previous chapter), which differed significantly between sites and seasons, but without any
obvious bottom up effects. Community metrics for both assemblages were enhanced during
the winter non-upwelling season, possibly due to high benthic chl-a concentrations and lower

sandprawn abundances (and potentially lower sediment turnover). These results therefore
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suggest that responses of macro- and meiofauna to sandprawn ecosystem engineering in the
Langebaan Lagoon are unlikely to be influenced greatly by upwelling productivity, and do not
display predicted positive responses relative to non-upwelling seasons. These results
therefore suggest that sandprawn engineering may be stronger than bottom-up pathways

(productivity) in regulating benthic community dynamics in this system.
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CHAPTER 5

INTERACTIVE EFFECTS OF SANDPRAWNS AND NUTRIENT

ENRICHEMENT ON MEIOFAUNAL COMMUNITY STRUCTURE: AN

INTER-TIDAL EXPERIMENTAL APPROACH
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5.1 Introduction

Physical, biological and chemical processes interact in complex ways to determine ecosystem
functioning ( and ), including the regulation of biological production, food web
dynamics and interactions and biogeochemical cycling ( and ). The importance of these

biological-physico-chemical interplays in driving ecosystem processes is reflected and addressed in

several seminal hypotheses such as Hubbell’s Neutral Theory of Biodiversity ( ), the
Intermediate Disturbance Hypothesis (IDH; ) and Huston’s Dynamic Equilibrium Model
(DEM; ). These models and others not only provide valuable conceptual

frameworks that develop generalised ideas on the relationships between biological metrics and
environmental variability, but are also highly relevant to conservation and management of ecosystems
( and ).

( ) dynamic equilibrium model emphasizes the importance of
competition as a structuring force for communities, especially at high productivity levels. It
proposes that: (i) species diversity would be minimal at low productivity due to insufficient
resources that maintain and promote species diversity; (ii) as the level of productivity
increases, resource availability would allow more species to coexist and ultimately increase
diversity and (iii) under high productivity, population growth of dominant competitors first
grows exponentially without any limits but eventually collapses. The latter occurs as a result
of rapid population expansion utilizing much of the available resources, thereby indirectly
removing rival species and ultimately reducing diversity. Overall, the dynamic equilibrium
model captures explicitly the idea that community structure is an unstable equilibrium
between resource supply and its exploitation. Therefore, equilibrium between community

structure and resources is continuously influenced by a different degree of perturbation.
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The IDH predicts a unimodal relationships between species diversity and disturbance,
with the highest diversity occurring at an intermediate level of disturbance ( ).
Co-existence of rapid colonizers (r-selected) and competitively dominant (K-selected) species
is generally thought to be facilitated by an intermediate level of disturbance. On the other
hand, competitive exclusion and local species extinctions are hypothesised mechanisms
thought to drive patterns of low diversity at high disturbance levels. At low disturbance,
competitively dominant species outcompete those with weak competitive abilities, but at
high disturbance, only the most tolerant species survive ( ).

Huston’s dynamic equilibrium model has been strongly supported by other authors.
For example, Proulx and Mazumder (1998) examined the interaction between grazing (which
is a dominant type of biotic disturbance) and nutrients on plant species richness and
developed the grazer-reversal hypothesis (Fig.5.1). This hypothesis proposes that (i) under
low nutrient regimes, grazing reduces richness due to stress imposed by low productivity (i.e.
there is insufficient resources); (ii) at intermediate nutrient levels, richness increases at
intermediate grazing pressure and (iii) at high nutrient regimes, an increase in grazing

pressure increases richness by offsetting the competition intensity.
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Fig.5.1. Schematic illustrating the response of species richness (y — axis) to interactions

between nutrients (x - axis) and disturbance (z —axis) after Proulx and Mazumder (1998).

Although both the IDH and DEM models are considered important tools in ecological
science and management (Svensson et al. 2012), they have been criticized through both
empirical and theoretical studies for their simplistic nature (Huxham et al. 2000b, Shea et al.
2004). For example, Violle et al. (2010) illustrated strong competition along a disturbance
gradient and showed that the maximum disturbance level observed did not weaken the
intensity of competition. Their findings thus challenge the assumption of the IDH, in which
emphasis is placed on the principle of competitive exclusion mediating low diversity at both
low and high disturbance levels. Mackey and Currie (2001), based on a meta-analysis, argued
that no single pattern appears to be common in global studies of diversity and disturbance,
instead multiple patterns are found in nature, including decreasing and U-shaped diversity
responses. Their findings are consistent with those of Miller et al. (2011) who indicated that
in areas where species coexistence is high and in which diversity peaks, increasing diversity
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can be in a form of U-shaped pattern. A recent review of the IDH model in terrestrial systems
by and ( ) has revealed that 22 of 48 examined studies supported the IDH.
Despite such findings, a call to abandon the IDH model due to its refutation on both empirical
and theoretical grounds has recently emerged in the literature ( ). According to
and ( ) and ( ) criticisms on the IDH occur as a result of
misrepresentation of the theory. They argued that studies often attempt to examine the IDH
inappropriately by conducting experiments in regions where both population growth rates
and productivity are beyond intermediate range desired by the IDH. As for soft-sediment
systems, a recently study by ( ) argued that communities do not respond
to disturbance in a manner predicted by the IDH model. They reported species richness to be
unaffected by mechanical disturbance of sediment at different intensity levels.
Nevertheless, criticisms of the IDH and DEM have not dampened interest in applying
these models in ecological sciences. A high volume of citations and published scientific papers
are an evidence for the latter ( ). Furthermore, the evaluation
of these models has occurred across a wide range of ecosystems, i.e. in terrestrial (
and , fresh water ( and )
and marine soft-sediment ecosystems for the IDH ( and

), and for the DEM in terrestrial and aquatic ecosystems (

Several studies have examined interactions between nutrients and disturbance on
communities (Proulx and Mazumder 1998, Kondoh 2001, and
), with nutrients generally being a proxy for productivity and disturbance being

depicted through various means depending on the study. For example, some studies have use

allogenic engineers which are also grazers, to test disturbance effects (
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and ). In general, studies of relevance
have reported little reported evidence for an interaction between productivity and
disturbance ( and

). In some instances, main effects but not an interaction between productivity and
disturbance have been found to be important for regulating community patterns (

). On the other hand, and ( ) showed that increased nutrients within
disturbance regimes reduced species richness, thus showing evidence supporting interactions
between productivity and disturbance.

Different diversity metrics that are applied to test community response analyses are
viewed as an important reason causing discrepancies among studies. For example,

( ) highlights the fact that richness and evenness are considered important aspects

of diversity, yet it is unclear if both these indices respond in a similar way to different levels

of disturbance. Different productivity levels and spatial scales at which the experiments are

conducted could also explain the inconsistent results among studies ( and ,

5.2 Sandprawns, disturbance and nutrients

In view of the preceding background in this chapter about disturbance and
productivity, as well as the grazer-reversal model proposed by and ,
this chapter aims to determine the relative importance of an interaction between disturbance
generated by burrowing sandprawns (Callichirus kraussii) through sediment bioturbation and
productivity (by nutrient enrichment) on meiofaunal community structure. This chapter also
aims to ascertain if meiofaunal responses follow the predictions of the grazer-reversal

hypothesis. To date, this question has not been addressed but is an important research area
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in marine soft-sediment ecology. Grazing effects can be somewhat analogous to bioturbation
by sandprawns in a sense that the activities of both organism groups create disturbances,
which can result in reductions of biomass and/or abundance ( and

). However, these organisms differ in the mechanisms by which their effects are derived.
Grazers alter biomass primarily through consumption ( and ) whereas
sandprawns modify biomass by overturning sediment and smothering surface dwellers
amongst other effects ( and ).

Apart from generating information relevant to fundamental ecology, the questioned
posed in this chapter are also of applied relevance. Both background nutrient levels and sand-
pawn densities are significantly altered by anthropogenic activities ( and

). Humans are renowned for their considerable impacts in coastal ecosystems,

often through high rate of nutrient inputs (
and ) and over-harvesting of ecologically important
species ( ). Such activities can have drastic impacts in marine
ecosystems, leading to major shifts in ecosystem functioning and the quality of goods and
services provided ( ). In Langebaan Lagoon, sandprawns are the main target
for recreational and commercial bait-collectors, with the collection of 50 sandprawns per

person per day being permitted subject to appropriate licenses being held.

5.3 Hypotheses

This study investigated the following hypotheses as part of the study objectives:
H1: At the low nutrient levels, increasing sandprawn densities should reduce

surface meiofaunal species diversity.
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H2: At the intermediate nutrient levels, increasing sandprawn densities should induce
unimodal, hump-shaped responses in surface meiofaunal diversity.

H3: At high nutrient levels, surface meiofaunal diversity should increase with
increasing sandprawn densities.

H4: Meiofaunal diversity should be lower at the sediment surface and higher along
the burrow-walls, due to increased surface instability created by sediment

reworking.

METHODS AND MATERIALS

Please refer to chapter 2 for the methods used in this chapter.

5.4 RESULTS

5.4.1 Microalgal biomass (chl-a)

Nutrient treatments and sandprawn densities did not significantly influence
microalgal biomass as indicated by the Likelihood ratio Test (LRT), revealing no parsimonious
candidate model for chl-a concentrations at all habitat positions (p > 0.05, in all cases, Table
5.1). At the site level, the chl-a concentrations showed no clear pattern either in response to
increasing sandprawn densities or nutrient treatments. The latter trend was observed for all

sandprawn habitat positions (Fig 5.2).
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Table 5.1: Generalized linear models reporting candidate models that were parsimonious and

statistically significant for sediment microbial biomass (chl-a) at three different sandprawn

habitat positions within experimental cages. The experiment investigated effects of nutrients

and sandprawn densities on meiofaunal communities. NB: full model = interaction between

all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects.

Habitat positions

Burrow-wall Surface sediment
Candidate models RDF RD Deviance DF Pr(>Chi) RDF RD Deviance DF  Pr(>Chi)
Full model SXNXP 36 5538 3629 17 0.131 36 3922 2589 17 0.125
Model 2 S+(NXP) 44 6386 -8478 -8 0.701 44 5355 -1432 -8 0.106
Model 3 S+N+P 48 7579 -1192 -4 0.101 48 5711 -3567 -4 0.513
Null 53 9168 53 6511

Reference

Full model SXNXP 36 1563 6843 17 0.541
Model 2 S+(NXP) 44 1866 -3035 -8 0.537
Model 3 S+ N+P 48 2043 -1764 -4 0.397
Null 53 2247
1: s sites 5: RD = Residual deviance

2: N = Nutrients 6: DF = Degrees of freedom

3: P =Prawns

7: Pr (> Chi) = Measure of the p-value
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Fig 5.2: Variation in microalgal biomass (chl-a, + 1SE) at the three habitat positions, in
response to increasing sandprawn densities, within each nutrient treatment level at the two

experimental sites. NB: Y axis scales are different to show the trend in the data.

5.4.2 Sediment turnover

Sediment turnover was best predicted by model 3 predicting the main effect of sites,
nutrient enrichment and sandprawn densities (p = 0.039; Table 5.2). Neither an interaction
between sites, nutrient enrichment and sandprawn densities (full model) nor the interaction
between nutrient enrichment and sandprawn (model 2) predicted the sediment turnover
within experimental cages (p > 0.05, for all cases). The GLM model analysis indicated that
sediment turnover differed significantly between sites (p = 0.017), and that a sandprawn

density of 120 (ind.m2) was main level responsible for within-treatment differences in
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sediment turnover (p = 0.014). The rate of sediment turnover was generally elevated in the
presence of sandprawns in both sites, with the exception of the 1N treatment in Bottelary

South (Fig 5.3).

Table 5.2: Generalized linear models reporting candidate models that were parsimonious and
statistically significant for sediment turnover within experimental cages. Values in bold

indicate statistical significance.

Sediment turnover

Candidate models RDF RD Deviance DF Pr(>Chi)
Full model SXNXP 36 42.206 480.18 4 0.5307
Model 2 S+(NXP) 44 43.15 577.33 4 0.510
Model 3 S+N+P 48 83.877 620.49 2 0.039
Null 53 798.08
1: Ssites 3: RD = Residual deviance 5:P =Prawns 6: Pr (> Chi) = Measure of the p-value

2: N = Nutrients  4: DF = Degrees of freedom
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Fig 5.3: Mean sediment turnover levels (+ 1SE) in Bottelary South (BS) and North (BN) within

experimental cages manipulating nutrient and sandprawn levels.
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5.4.3 Meiofaunal community structure: Overall composition

5.4.3.1 Sediment surface

Meiofaunal community structure at the sediment surface was not significantly
affected by an interaction between sites, nutrient treatments and sandprawn densities
(PERMANOVA, Pseudo-Fs, 161 = 1.384, p = 0.181, Table 5.3). However, sites (PERMANOVA,
Pseudo-F1, 161 = 7.092, p= 0.017) and sandprawn densities (PERMANOVA, Pseudo-F;, 161 =
5.859, p = 0.034) as individual factors had a significant influence on the surface meiofauna.
Nutrient treatments did not significantly influence the structure of surficial meiofaunal

communities (PERMANOVA, Pseudo-F;, 161 = 0.773, p = 0.654).

5.4.3.2 Burrow-wall

The burrow-wall meiofaunal community was significantly influenced by an interaction
between sites and nutrient treatments (PERMANOVA, Pseudo-F;, 161 = 2.776, p = 0.028), and
also by sandprawn densities (PERMANOVA, Pseudo-F,, 161 = 34.755, p = 0.033, Table 5.3).
However, the combination of sites, nutrient treatments and sandprawn densities failed to
influence burrow-wall meiofaunal communities (PERMANOVA, Pseudo-Fs, 161 =1.494, p =
0.151). Similarly, nutrients and sandprawn densities did not interact to influence meiofaunal
communities at the burrow-wall habitat position (PERMANOVA, Pseudo-Fs, 161 =1.527, p =
0.123). Moreover, sites (PERMANOVA, Pseudo-Fi, 161 =3.1591, p = 0.177) and nutrient
treatments (PERMANOVA, Pseudo-F;, 161 = 0.499, p = 0.791) as individual factors failed to

influence burrow-wall meiofaunal community structure.
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5.4.3.3 Reference

PERMANOVA revealed a strong interactive effect of sites, nutrients and sandprawn

densities on reference meiofaunal community assemblages (Pseudo-Fa, 161 = 2.414, p = 0.009,

Table 5.3). For the main effects, sites significantly influenced the reference meiofaunal

community structure (PERMANOVA, Pseudo-F1, 161 = 6.089, p = 0.013), but neither nutrient

treatments (PERMANOVA, Pseudo-F, 161 = 1.654, p = 0.261) nor sandprawn densities

(PERMANOVA, Pseudo-F; 161 = 0.881, p = 0.499) significantly affected reference meiofaunal

community structure.

Table 5.3: PERMANOVA summary statistics reporting the responses of meiofaunal community

structure to nutrient treatments, sandprawn densities, sites and the interaction among all

factors. Statistical descriptions: Pseudo-F = test statistics, df = degrees of freedom, p— value

= significance level. Values in bold indicate statistical significance.

Habitat position Sediment surface Burrow-wall Reference

Factors Pseudo-F df p-value Pseudo-F df p-value Pseudo-F df p-value
Sites 7.092 1 0.017 3.159 1 0.177 6.089 1 0.013
Nutrients 0.773 2  0.654 0.499 2 0791 1.654 2 0261
Prawns 5.859 2 0.034 34.755 2 0.033 0.881 2 0499
Nutrients X Prawns 1.253 4 0.241 1.527 4 0.123 1.613 4 0.094
Sites X Nutrients 0.898 2 0.506 2.776 2 0.028 0.296 2 0813
Sites X Prawns 0.559 2 0.695 1.375 2 0318 1.183 2 0.388
Sites X Nutrients X 1.384 4 0181 1.494 4 0.151 2414 2 0.009

Prawns
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5.4.4 Diversity metrics
5.4.4.1 Sediment surface

Based on the likelihood ratio (LRT) and Chi-square tests, species richness and
abundance at the sediment surface were the only meiofaunal diversity metrics influenced by
the candidate models (Table 5.4A). Species richness was significantly influenced by both the
full model of an interaction between site, nutrients and sandprawns and by model 3
examining main effects (p <0.05, for all cases, Table 5.4A). Meiofaunal abundance was also
significantly affected by the model 3 (p < 0.001).

For the model 2, effects on species richness were significant at the level 1N treatment
and 120 ind.m? (p = 0.017), while for the main effects model 3, richness differed significantly
between sites (p = 0.025). A significant effect of 60 and 120 (ind.m?) sandprawns occurred on

abundance at the sediment surface (p < 0.0001, for all cases, Table 5.4B).
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Table 5.4A. Generalized linear models reporting candidate models that were parsimonious and statistically significant for meiofaunal diversity

metrics at the sediment surface. The experiment investigated effects of nutrients and sandprawn densities on meiofaunal communities. NB: only

parsimonious and significant models (p < 0.05) were selected for further analysis. Statistical descriptions: full model = interaction between all

factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate statistical significance.

Sediment surface habitat position

Species richness (S)

Evenness (J’)

Candidate models RDF RD Deviance DF Pr(>Chi) RDF RD Deviance DF Pr(>Chi)
Full model SXNXP 36 5.259 5.646 17 0.002 36 0.814 0.140 17 0.991
Model 2 S+(NXP) 44 7.522 -2.263 -8 0.050 44 0.835 -0.020 -8 0.099
Model 3 S+N+P 48 8.987 -1.465 -4 0.039 48 0.904 -0.069 -4 0.547
Null 53 10.905 53 0.955
Shannon-Wiener diversity (H’) Abundance (N)

Theta Res. LR stat. DF Pr(>Chi)
Full model SXNXP 36 1.042 0.301 17 0.885 36 9.926 8.230 8 0.411
Model 2 S+(NXP) 44 1.089 -0.046 -8 0.990 44 8.558 0.952 4 0.916
Model 3 S+N+P 48 1.269 -0.179 -4 0.185 48 8.413 19.151 5 0.001
Null 53 1.344 53 5.985
1: S =Site 4: RDF = Residual degrees of freedom  7: Pr(>Chi) = Measure of the p-value

2: N = Nutrients
3: P =Prawns

5: RD = Residual deviance
6: DF = Degrees of freedom
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Table 5.4B: Summary of parsimonious generalized linear models investigating effect of
nutrients and sandprawn densities on the meiofaunal diversity metrics from the sediment
surface habitat position. Statistical descriptions: full model = interaction between all factors,
model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in

bold indicate statistical significance.

Sediment surface habitat position
Species richness (S)

Models Term level Estimate 95 % Coefficient Intervals  Pr(>/t/)
(Lower and upper limits)
Fullmodel S XNXP SX1INX120P 0.833 0.171 1.495 0.017
Model 3 S+N+P S 0.271 0.040 0.502 0.025
Abundance (N)

Model 3 S+N+P 60P -0.404 -0.630-0.177 <0.0001
120P -0.469 -0.696 -0.243 <0.0001

1: S =Site 3: P =Prawns

2: N = Nutrients 4: Pr (>/t/) = Measure of the p-value

5.4.4.2 Burrow-wall

The full model that examined an interaction between sites, nutrients and sandprawn
densities was identified as the most parsimonious model for all diversity metrics at the
burrow-wall position (p < 0.05 for all cases, Table 5.5A). The interactive model 2 was only
parsimonious for Shannon-Wiener diversity (p = 0.049). On the other hand, evenness,
abundance and Shannon-Wiener diversity were all best predicted by the smallest
parsimonious model 3, examining main effects of the sites, nutrients and sandprawns (p =
0.05, for all cases).

Of the interactive models, the full model significantly influenced evenness, abundance
and Shannon-Wiener diversity (p < 0.05 for all cases, Table 5.5B). For evenness, interactive
effects were significant between sites, 2N treatment and 60 ind.m? (p = 0.019) and between
sites, 2N and 120 ind.m? (p = 0.004). For abundance, the interaction was significant between

sites, 2N and 60 ind.m? treatments (p = 0.003), while for Shannon-Wiener diversity, it was
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between sites, 2N and 120 ind.m? (p = 0.019). As for the interactive model 2, two separate
interactions were identified by the GLM model analysis for Shannon-Wiener diversity (Table
5.5B). The first interaction occurred between the 1N treatment and level 120 ind.m? (p =
0.002), while the second interaction was observed between the 2N and 120 ind.m?(p = 0.006).

Based on the model 3 GLM analysis, there was a significant effect of sandprawn
densities on burrow-wall meiofaunal evenness, Shannon-Wiener diversity, and abundance (p
< 0.05, for all cases, Table 5.5B). Evenness was significantly influenced by the sandprawn level
120 ind.m? (p = 0.0005). Shannon-Wiener diversity was significantly affected by both 60 and
120 ind.m? (p < 0.0001, for both cases), while abundance was significantly affected by both

level 60 and 120 (ind.m?) sandprawn densities (p < 0.0001, for both cases).
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Table 5.5A. Generalized linear models reporting the candidate models that were parsimonious and significant for meiofaunal diversity metrics

from the sandprawn burrow-walls within experimental cages. The experiment investigated an interactive effect of nutrients and sandprawn

densities on the meiofaunal communities. NB: full model = interaction between all factors, model 2 = interaction between nutrients and

sandprawns, model 3 = main effects. Values in bold indicate statistical significance.

Burrow-wall habitat position

Candidate Species richness (S) Evenness (J’)
Models RDF RD Deviance DF Pr(>Chi) RDF RD Deviance DF Pr(>Chi)
Full model SXNXP 36 5.4074 5.541 17 0.003 36 0.327 0.455 17 <0.0001
Model 2 S+(NXP) 44 6.238 -0.831 -8 0.699 44 0.458 -0.130 -8 0.073
Model 3 S+N+P 48 7.098 -0.860 -4 0.220 48 0.623 -0.164 -4 0.001
Null 53 10.948 53 0.783
Shannon-Wiener diversity (H’) Abundance (N)
Theta LR stat. DF Pr(>Chi)
Res.
Full model SXNXP 36 0.388 0.470 17 <0.0001 36 8.112 17.756 8 0.023
Model 2 S+(NXP) 44 0.556 -0.168 -8 0.049 44 5.907 0.716 4 0.949
Model 3 S+N+P 48 0.783 -0.226 -4 <0.0001 48 5.832 71.059 5 0.001
Null 53 0.858 53 5.985
1: S =Site 4: RDF = Residual degrees of freedom  7: Pr (> Chi) = Measure of the p-value

2: N = Nutrients
3: P =Prawns

5: RD = Residual deviance
6: DF = Degrees of freedom
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Table 5.5B: Summary of parsimonious generalized linear models investigating interactive effect of nutrients and sandprawn densities on the
meiofaunal diversity metrics, sampled from the sandprawn burrow-walls within experimental cages. Statistical descriptions: full model =
interaction between all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate

statistical significance.

Burrow-wall habitat position

Species richness (S) Evenness (J’)
Models Term level Estimate 95 % Coefficient Pr(>/t/) Term level Estimate 95 % Coefficient Intervals Pr(>/t/)
Intervals (Lower and (Lower and upper limits
upper limits)
Full model SXNXP S X'1N X 60P 5.556 -0.684 1.795 0.3858 SX2N X60P 0.382 0.076 0.6875 0.019
Model 2 S+ (NXP) SX2NX 120 0.320 0.015 0.6258 0.047
Model 3 S+N+P 120P 0.111 0.036 0.1857 0.005
Shannon-Wiener diversity (H’) Abundance (N)
Fullmodel SXNXP SX 2N X 120P 0.416 0.028 0.748 0.019 SX2NX60P -1.710 -2.842 -0.5784 0.003
Model 2 S+ (NXP) IN X 120P 0.292 0.112 0.472 0.002
2N X 120P 0.264 0.084 0.444 0.006
Model 3 S+N+P 60P -0.404 -0.630 -0.177 <0.0001 60P -1.287 -1.559 -1.015 <0.0001
120P -0.469 -0.696 -0.243 <0.0001 120P -1.351 -1.625 -1.077 <0.0001
1: S =Site 3: P =Prawns

2: N = Nutrients 4: Pr (>/t/) = Measure of the p-value
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5.4.4.3 Reference

As indicated by the likelihood ratio (LRT) and Chi-square tests, species richness and
abundance were the only diversity metrics at the reference position to be predicted by sites,
nutrients and sandprawn densities (Table 5.6A). The full model was parsimonious for both
these diversity metrics (p <0.05, for both cases). However, species richness was further
predicted by model 2 (p = 0.005), which examined an interaction between nutrients and
sandprawn densities, and by model 3 (p = 0.003), testing for the main effects of the
experimental treatments.

As for the full model, species richness was significantly influenced by an interaction
between sites, 2N treatment and 60 ind.m? (p = 0.007, Table 5.6B), while abundance was
significantly affected by an interaction between sites, 1N treatment and 60 ind.m? (p <
0.0001), sites, 2N treatment and 60 ind.m? (p = 0.030), sites, 1N treatment and 120 ind.m? (p
< 0.0001), and sites, 2N treatment and 120 ind.m? (p = 0.008). The GLM model analysis
indicated that model 2 of an interaction between nutrients and sandprawns but not site had
a significant influence on species richness, particularly between the 1N treatment and 120
ind.m? (p = 0.026). A sandprawn density of 120 ind.m? was identified by the GLM for model 3
analysis as the density level that significantly affected species richness (p = 0.0252, Table

5.6B).
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Table 5.6A. Results from generalized linear models reporting the candidate models that were parsimonious and significant for meiofaunal

diversity metrics collected from the cage experiment within the reference position adjacent to sandprawn burrows. The experiment investigated

an interactive effects of nutrients and sandprawn densities on meiofaunal communities. Statistical descriptions: full model = interaction between

all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate statistical significance.

Species richness (S)

Reference habitat position

Evenness (J’)

Models RDF RD Deviance DF Pr(>Chi) RDF RD Deviance DF Pr(>Chi)
Full model SXNXP 36 3.481 4.923 17 <0.0001 36 0.625 0.200 17 0.826
Model 2 S+(NXP) 44 5.592 -2.111 -8 0.005 44 0.694 -0.068 -8 0.864
Model 3 S+N+P 48 7.107 -1.5144 -4 0.003 48 0.770 -0.076 -4 0.355
Null 53 8.405 53 0.826
Shannon-Wiener diversity (H’) Abundance (N)
Theta LR stat. DF Pr(>Chi)
Res.
Full model SXNXP 36 0.888 0.3610 17 0.622 36 11.222  17.000 8 0.030
Model 2 S+(NXP) 44 1.019 -0.1314 -8 0.722 44 8.262 1.5015 4 0.826
Model 3 S+N+P 48 1.141 -0.1220 -4 0.293 48 8.043 7.5062 5 0.185
Null 53 1.249 53 7.036
1: S =Site 4: RDF = Residual degrees of freedom 7: Pr (>Chi) = Measure of the p-value
2: N = Nutrients 5: RD = Residual deviance
3: P =Prawns 6: DF = Degrees of freedom
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Table 5.6B. Summary of parsimonious generalized linear models investigating effects of nutrients and sandprawn densities on the meiofaunal
diversity metrics collected from the cage experiment within the reference position adjacent to sandprawn burrows. Statistical descriptions: full
model = interaction between all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate

statistical significance.

Reference habitat position

Species richness (S) Abundance (N)
Models Term level Estimate 95 % Coefficient Intervals  Pr(>/t/) Term level Estimate 95 % Coefficient Intervals  Pr(>/t/)
(Lower and upper limits) (Lower and upper limits)
Fullmodel SXNXP SX2NX60P 0.014 0.449 2.439 0.007 S X 1IN X 60P 1.450 0.490 2.409 0.003
Model 2 S+(NXP) 1INX120P 0.666 0.096 1.237 0.026 S X 2N X 60P 1.053 0.094 2.012 0.030
Model 3 S+N+P 120P -0.296 -0.547 -0.044 0.025 SX1INX120P 1.701 0.742 2.660 <0.0001
S X 2NX 120P 1.2919 0.332 2.250 0.008

1: S =Site 4: P =Prawns
2: N = Nutrients 5: Pr (>/t/) = Measure of the p-value
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5.4.5. Diversity metrics: overall patterns

Nutrient treatment effects on meiofaunal diversity were unclear for all diversity
metrics in both sites, and also across all sandprawn habitat positions (Fig. 5.4A-D). However,
strong patterns that dominated most diversity metrics were largely due to sandprawn
densities, in which the metrics were either reduced or enhanced in response to increasing
sandprawn densities.

At the sediment surface position, meiofaunal abundance decreased against increasing
sandprawn densities (Fig.5.4B: 1N and 2N treatment in Bottelary North, and also at the ON
and 2N treatment in Bottelary South). On the other hand, a hump-shaped pattern in response
to increasing sandprawns was observed for the abundance at the ON treatment in Bottelary
North.

Most meiofaunal diversity metrics were significantly affected by sandprawn densities
at the burrow-wall habitat position, with the exception of species richness. Abundance
decreased with increasing sandprawn densities (e.g. Bottelary North: 1N and 2N, and
Bottelary South: ON, 1N and 2N, Fig.5.4B), while evenness displayed mostly a linear increase
againstincreasing sandprawns (e.g. Bottelary North and South: 1N and 2N nutrient treatment,
Fig.5.4C). In Bottelary South, an interesting pattern appeared in which Shannon-Wiener
diversity, was first reduced against increasing sandprawns at the ON treatment, slightly
enhanced at the 1N and eventually followed a linear increase pattern at the 2N treatment
(Fig. 5.4D). At the reference position, species richness, being the only meiofaunal diversity
metric that was statically influenced by sandprawns, showed a hump-shaped pattern at the
ON and 2N treatment in Bottelary North and 1N in Bottelary South. A reduction in species
richness due to increasing sandprawn densities was also observed at the 2N treatment (Fig.

5.4A).
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Fig. 5.4A: Variation in mean meiofaunal species richness (+ 1SE) at the three sandprawn
habitat positions, in response to increasing sandprawn densities within each nutrient

treatment level at the two experimental sites.
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5.4.6 Meiofaunal morphotypes

5.4.6.1 Sediment surface

Three of the four meiofaunal morphotypes met the modelling assumptions in terms
of data robustness and variability viz: nematodes, copepods and ostracods. Of these
morphotypes, only models 2 and 3 were parsimonious for ostracod abundances at the
sediment surface position (p < 0.05, for all cases, Table 5.7A). The GLM model analysis
indicated that interactive model 2 significantly affected ostracod abundance between 1N
treatment and 120 (ind.m?) sandprawn density (p = 0.012), while for model 2, the 120 (ind.m?)

density was responsible for the observed significant effect on stracods (p =0.047, Table 5.7B).
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Table 5.7A: Results from generalized linear models reporting the candidate models that were parsimonious and significant for the meiofaunal
morphotypes from the sediment surface habit position within experimental cages. The experiment investigated an interactive effect of nutrients
and sandprawn densities on the meiofaunal communities. Statistical descriptions: full model = interaction between all factors, model 2 =

interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate statistical significance.

Sediment surface habitat position

Nematodes Copepods
Models RDF ThetaRes. LRstat. DF Pr(>Chi) RDF ThetaRes. LRstat. DF Pr(>Chi)
Full model SXNXP 36 6.197 11.130 8 0.194 36 2.998 6.793 8 0.559
Model 2 S+(NXP) 44 5.096 4.508 4 0.341 44 2.672 3.091 4 0.542
Model 3 S+N+P 48 4.712 10.906 5 0.053 48 2.537 10.470 5 0.062
Null 53 3.904 53 2.135
Ostracods
Fullmodel SXNXP 36 1.699 4.427 8 0.186
Model 2 S+(NXP) 44 1.546 8.022 4 0.009
Model 3 S+N+P 48 1.316 43.620 5 <0.0001
Null 53 0.615
1: S =Site 4: RDF = Residual degrees of freedom 7: Pr (>Chi) = Measure of the p-value
2: N = Nutrients 5: RD = Residual deviance
3: P =Prawns 6: DF = Degrees of freedom
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Table 5.7B: Results from the parsimonious generalized linear models investigating effects of
nutrients and sandprawn densities on the meiofaunal ostracods from the sediment surface.
Statistical descriptions: full model = interaction between all factors, model 2 = interaction

between nutrients and sandprawns, model 3 = main effects. Values in bold indicate statistical

significance.
Sediment surface habitat position
Ostracods
Models Term level Estimate 95 % Coefficient Intervals Pr(>/t/)

(Lower and upper limits)

Full model SXNXP

Model 2 S+(NXP) 1INX120P 0.724 0.367 3.078 0.012
Model 3 S+N+P 120P -0.592 -1.199 0.015 0.047
1: S =Site 3: P =Prawns

2: N = Nutrients 4: Pr (>/t/) = Measure of the p-value

5.4.6.2 Burrow-wall

The full model comprising an interaction between sites, nutrients and sandprawns
densities was parsimonious for nematode and copepod abundances (p < 0.05 for all cases,
Table 5.8A). Model 2 of an interaction between nutrient treatments and sandprawn densities,
but not sites, was parsimonious for copepod and ostracod abundances (p < 0.05, for all cases),
while the main effects model 3 affected the ostracod and nematode abundances (p < 0.0001).
As for the full model, the interaction between sites, the 2N treatment and 60 ind.m? was
significant for nematode abundances as identified by the GLM model analysis (p = 0.001,
Table 5.8B), while for copepods, a strong significant interaction was identified between sites,
1IN treatment and 120 ind.m? (p < 0.0001). For model 2, both copepod and ostracod
abundances were significantly influenced by an interaction between 1N and 120 ind.m?, and
also between 2N and 120 ind.m? (p < 0.05, for all cases). For model 3, nematode, copepod,
and ostracod abundances were all significantly influenced by 60 and 120 (ind.m?) sandprawn

densities (p < 0.0001, for all cases).
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Table 5.8A: Results from generalized linear modelling reporting the candidate models that were parsimonious and significant for the meiofaunal

morphotypes collected from the burrow-wall habit position within experimental cages. The experiment investigated effects of nutrients and

sandprawn densities on the meiofaunal communities. Statistical descriptions: full model = interaction between all factors, model 2 = interaction

between nutrients and sandprawns, model 3 = main effects. Values in bold indicate statistical significance.

Burrow-wall habitat position

Nematodes Copepods
Candidate models RDF Theta Res. LR stat. DF Pr(>Chi) RDF ThetaRes. LRstat. DF Pr(>Chi)
Full model SXNXP 36 7.869 18.021 8 0.021 36 4.401 15.771 8 0.005
Model 2 S+(NXP) 44 5.703 0.812 4 0.936 44 3.302 12.759 4 0.001
Model 3 S+N+P 48 5.621 69.474 5 <0.0001 48 2.639 35395 5 <0.0001
Null 53 1.749 53 1.465

Ostracods
Fullmodel SXNXP 36 1.506 6.759 8 0.562
Model 2 S+(NXP) 44 1.248 11.779 4 0.021
Model 3 S+N+P 48 0.937 40.425 5 <0.0001
Null 53 0.396

1: S =Site 4: RDF = Residual degrees of freedom  7: Pr (>Chi) = Measure of the p-value

2: N = Nutrients
3: P =Prawns

5: RD = Residual deviance
6: DF = Degrees of freedom
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Table 5.8B: Results from the parsimonious generalized linear models investigating effects of nutrients and sandprawn densities on the

meiofaunal morphotypes collected from the cage experiment within burrow-wall positions. Statistical descriptions: full model = interaction

between all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate statistical

significance.
Burrow-wall habitat position
Nematodes Copepods
Models Term level Estimate 95 % Coefficient Intervals  Pr(>/t/) Term level Estimate 95 % Coefficient Intervals  Pr(>/t/)
(Lower and upper limits) (Lower and upper limits
Fullmodel SXNXP S X 2N X 60P -1.855 -3.004 -0.705 0.001 SXN1X 120P -1.570 -3.164 0.023 0.052
Model 2 S+ (NXP) S+ (1IN X 120P) 1.259 0.3462 2.173 0.006
S+ (2N X120P) 1.352 0.442 2.2625 0.003
Model 3 S+N+P 60P -1.266 -1.543 -0.989 <0.0001 60P -1.343 -1.757 -0.929 <0.0001
120pP -1.373 -1.653 -1.093 <0.0001 120P -1.949 -1.370 -0.529 <0.0001
Ostracods
Full model SXNXP
Model 2 S+(NXP) S+(1INX120P) 2.081 0.391 3.780 0.015
S+(2N X 120P) 2.074 0.413 3.735 0.014
Model 3 S+N+P 60P -1.501 -2.241 -0.764 <0.0001
120pP -1.534 -2.296 -0.779 <0.0001
1: S =Site 3: P =Prawns

2: N = Nutrients 4: Pr (>/t/) = Measure of the p-value
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5.4.6.3 Reference

At the reference habitat position, nematodes were the only morphotype to be
predicted by the full interactive model (p = 0.030, Table 5.9A), which identified significant
interactions between sites, 1N treatment and 60 ind.m? (p = 0.007) and also between sites,
1N treatment and 120 ind.m? (p = 0.015, Table 5.9B). On the other hand, both ostracod and
copepod abundances were best predicted by model 3 (p < 0.05, Table 5.9A), in which the GLM
model summary identified level 120 ind.m? as the sandprawn density responsible for a

significant effect on both of these morphotypes (p <0.05, for all cases, Table 5.9B).

5.4.7 Meiofauna morphotypes: overall patterns

All meiofaunal morphotypes that were statically significant showed a strong response
to increasing sandprawn density (Fig.5.5A-C). Nutrient treatment impacts were not clearly
demonstrated for these meiofaunal morphotyps, which was also confirmed by GLM candidate
model analyses.

At the sediment surface, copepod abundance at Bottelary North showed a clear
hump-shaped pattern in response to increasing sandprawn densities at the ON treatment
(Fig.5.5B). On the other hand, the copepod abundance declined due to increasing sandprawns
at the ON treatment in Bottelary South. This pattern of decreasing copepod abundance was
also observed at the 2N treatment in both sites. Furthermore, increasing sandprawn densities
at the 1N treatment revealed two distinctive patterns of copepod abundance at both sites,
being a unimodal U-shape pattern in the Bottelary North, while in the Bottelary South,

abundances conformed to a hump-shaped pattern.
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At the burrow-wall, the common pattern displayed by all meiofaunal morphotypes
was a decrease in their abundances in response to increasing sandprawn densities (Fig. 5.5A-
C). Interestingly, this pattern was observed to be stronger in Bottelary South, with all nutrient
treatment showing a reduction in nematode abundance against increasing sandprawn
densities (Fig 5.5A). Copepod responses were similar, with reductions in abundance at both
sites being recorded in the ON treatment with increasing sandprawn density, but with
unimodal U-shaped- patterns at 1N and 2N. A unimodal response pattern was also observed
for ostracod abundance at the 1N treatment in Bottelary North and 2N treatment in the
Bottelary South (Fig. 5.5C).

Responses at the reference position were distinct from those recorded at the burrow-
wall and sediment surface. For the reference position, a hump-shaped pattern was observed
for both ostracod and copepod abundances at the ON treatment in Bottelary North with
increasing sandprawn densities, but abundance declined in the 1N and 2N treatments with
increasing sandprawn densities (Fig. 5.5B-C). The most interesting pattern for ostracod
abundances occurred in Bottelary South, with ostracod abundances apparently being reduced
by increasing sandprawn densities at the ON treatment, but exponentially enhanced at the

1N treatment and responding in a unimodal U-shaped pattern at the 2N level (Fig.5.5C).
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Table 5.9A: Results from parsimonious generalized linear modelling investigating effects of nutrients and sandprawn densities on the meiofaunal

morphotypes collected from the cage experiment within the reference position adjacent to sandprawn burrows. Statistical descriptions: full

model = interaction between all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold indicate

statistical significances.

Reference habitat position

Nematodes Copepods
Models RDF Theta Res. LR stat. DF Pr(>Chi) RDF Theta Res. LR stat. DF Pr(>Chi)
Full model SXNXP 36 11.434 16.972 8 0.030 36 3.475 7.349 8 0.499
Model 2 S+(NXP) 44 8.416 0.759 4 0.943 44 3.063 5.720 4 0.221
Model 3 S+N+P 48 8.302 8.276 5 0.141 48 2.780 12.291 5 0.031
Null 53 7.162 53 2.266
Ostracods
Fullmodel SXNXP 36 1.3831 8.411 8 0.341
Model 2 S+(NXP) 44 1.1794 2.734 4 0.603
Model 3 S+N+P 48 1.1211 31.395 5 <0.0001
Null 53 0.6588
1: S =Site 4: RDF = Residual degrees of freedom  7: Pr (>Chi) = Measure of the p-value
2: N = Nutrients 5:RD = Residual deviance
3: P =Prawns 6: DF = Degrees of freedom
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Table 5.9B: Results from generalized linear models reporting the candidate models that were parsimonious and significant for the meiofaunal
morphotypes collected from the cage experiment within the reference position adjacent to sandprawn burrows. The experiment investigated
effects of nutrients and sandprawn densities on the meiofaunal communities. Statistical descriptions: full model = interaction between all factors,

model 2 = interaction between nutrients and sandprawns, model 3 = main effects.

Reference habitat position

Nematodes Copepods
Models Term level Estimate 95 % Coefficient Intervals  Pr(>/t/) Term Estimate 95 % Coefficient Intervals  Pr(>/t/)
(Lower and upper limits) level (Lower and upper limits
Full model SXNXP SX1INX60 1.295 0.344 2.245 0.007 120P -0.486 -0.887 -0.084 0.015
SX 1N X 120P 1.783 0.832 2.734 0.015
Ostracods
Model 3 S+N+P 120P -0.607 -1.245 0.031 0.057

1: S = Site 3: P =Prawns
2: N = Nutrients 4: Pr (>/t/) = Measure of the p-value
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5.5 DISCUSSION

This chapter provides insights into the interactive effects of nutrient enrichment
(proxy for productivity) and sandprawn density (proxy for disturbance) on meiofaunal
assemblages in intertidal soft-sediments of Langebaan Lagoon. Using an in situ factorial
experiment that manipulated nutrients (fertilizer capsules) and sandprawn (Callichirus
kraussi) densities, | predicted that meiofaunal community responses to sandprawn
bioturbation will be altered by nutrient enhancement. More specifically, | hypothesize based
on the predictions of the grazer-reversal hypothesis of Proulx and ( ) that the
form of disturbance-diversity relationship (sandprawn-meiofaunal diversity metrics) should
change from a linear decrease at the ambient nutrient level (ON treatment) to unimodal
hump-shaped at the intermediate nutrient enrichment level (1N) and then to a linear increase
at the highest nutrient treatment (2N). The same predictions were made for the benthic
microalgal biomass (chl-a) within the experimental cages. Overall, the results indicated
limited support for the grazer-reversal hypothesis on the meiofaunal community metrics,
while no effects of experimental treatments were detected for microalgal biomass. However,
C. kraussi emerged to be a prominent regulator of meiofaunal community assemblages,

arguably an important indication for ecosystem-engineer induced community control.

5.5.1 Benthic microalgal biomass (chl-a)

One of the most significant outcomes of this in situ factorial experiment was the
similarity of sediment chl-a concentrations across nutrient and sandprawn treatments,
resulting in neither of these factors explaining variability in sediment chl-a levels. It is possible

that the variability exhibited in microalgal biomass in this study obscured chl-a patterns.
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Therefore, studies of this nature in future may need greater sample sizes to adequately detect
chl-a responses.

The limited nutrient enrichment effects on sediment chl-a concentrations in this study
was unexpected given that in shallow water coastal ecosystems, microalgal growth is
generally stimulated by nutrient inputs (Beukema 1991, Cahoon and Nearhoof 1999, Downing
et al. 1999, Rosemond et al. 2000, Thornton et al. 2002, Gattuso et al. 2006, Garcia-Robledo
et al. 2016). It would therefore be anticipated that chl-a would increase in response to
increasing nutrient enrichment. Findings of the current experiment contrasts with several
other studies that have reported microagal biomass to increase in response to nutrient
enrichment in marine coastal habitats (Beukema 1991, Pitta et al. 1998, Posey et al. 2002,
Canning-Clode et al. 2008, Bucolo et al. 2008) and fresh water ecosystems (Power 1992,
Deegan et al. 1997). For instance, Hillebrand et al. (2003) detected strong effects of nutrient
enrichment on microalgae, showing an increase in biomass within nutrient enhancement
treatments. Posey et al. (2002) indicated higher chl-a levels in nutrient addition treatments
relative to control plots. More recently, Santos et al. (2009) through an in situ experiment,
demonstrated increasing surface sediment chl-a concentrations in response to the addition
of inorganic fertilizer.

The findings of this study are however in agreement with previous results documented
by Sullivan (1981) in salt marshes and O’Brien et al. (2009) in intertidal sandflats of the
Wadden Sea. O’Brien et al. (2009) argued that abiotic factors such as light availability,
sediment characteristics and hydrodynamic forces were the reasons for the lack of nutrient
enrichment effects on microalgae in their experimental study. Light availability is the most
important factor known for limiting benthic microagal biomass (Grant 1986, Kromkamp et al.

1995, Blanchard et al. 1997), but it is unlikely to have contributed to the limited of chl-a
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response to nutrient enrichment in this study, given that shading of sediment by cages was
negligible due to cages being uncovered on the top.

Pore-water samples collected from the field trial experiment (see appendix; Fig. 9.1)
indicated that the fertilizer capsules (Plantacote N: P: K) used in this study effectively
increased pore-water nutrient levels. Thus, the lack of nutrient effects on chl-a is somewhat
surprising. It is possible that nutrients used in this study were unable to spike chl-a
concentrations or that chl-a within experimental cages was supprerssed by grazers. In theory,
producer and consumer biomass are constantly oscillating, with producer blooms being
followed by grazer increases. However, this is then succeeded by consumer proliferation,
resulting in increased top-down pressure and a decline in producer biomass. Thus, it is
possible that nutrient-induced chl-a blooms in this study were supressed by grazing within
cages.

It is also possible that microalgal biomass could not have been affected by nutrient
enrichment in this study due to sedimentary characteristics. It is known that sediment
porosity influences pore-water retention capacity, with highly porous sediment being least
retentive (Raffaelli and Hawkins et al. 2012). Thus, in highly porous bioturbated sediments,
which is feature of the study site, high nutrient levels in pore-water may not results in benthic
algal blooms because of low retention. Thus sediment characteristics can influence whether
it functions as either a sink or source of nutrients for the water column, which in turn
influences the strength of benthic-pelagic coupling ( ).

While bioturbation is known to influence benthic chl-a, bioturbation is unlikely to
account for the limited chl-a response in this experiment. For instance, inclusion cages had
greater sediment deposition values relative to exclusions (Fig 5.3); if microalgal biomass was

limited by sediment bioturbation, statistically significant differences would have manifested
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between exclusions and exclusion cages. Results for sediment deposition correspond to those
reported by and ( ), in which higher levels of bioturbation occurred
ininclusion compared to exclusion cages in an in situ experiment that manipulated sandprawn
densities.

The lack of a sandprawn effect on chl-a concentrations in this study contrasts with
various studies that have documented negative impacts of C. kraussi on surface sediment
microalgal biomass ( and and

). For example, ( ) indicated that chl-a varied spatially between
sediments densely populated by sandprawns and those in which sandprawns were rare. They
showed that sediments uninhabited by C. kraussi had a 2- to 4-fold greater microalgal biomass
compared to areas occupied by sandprawns. Furthermore, they demonstrated
experimentally that increasing C. kraussi density resulted in 2- to 3-fold attenuations in
microalgal biomass. Bioturbation by the lugworm Arenicola marina, has also been reported
to cause substantial reductions in surface sediment microalgal biomass in intertidal sandflats
of the Wadden Sea ( ).

The results of the present study correspond with several previous studies that have

not detected sandprawn effects on chl-a concentrations. For example, and
( ) reported no statically differences in sediment chl-a concentrations between
exclusions and inclusion experimental cages. Similarly, and ( ) found no

effect of C. kraussi on microalgal biomass in a cage experimental study, also undertaken in
Langebaan Lagoon. In their study ( and ), they argued that the small cage
size used (cylinders cages; internal diameter = 25 cm, depth = 30 cm) for manipulating
sandprawn densities was the reason for the lack of effect on chl-a concentrations. However,

cages utilized in the current study were larger. Therefore, it is unlikely that sandprawn effects
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on chl-a concentrations could have been contingent upon the cage size artefact. Taken
collectively, the studies reporting conflicting effects of sandprawns on chl-a highlight the
complexity of processes underlying sandprawn-chl-a relationships. Such conflicting outcomes
are potentially mediated by differences in sedimentary contexts in which studies were carried

out.

5.5.2 Meiofaunal community structure: Overall composition, diversity and

individual morphotypes

The unresponsiveness of surface meiofaunal community composition to nutrient
enrichment was another striking result of this study. However, nutrient enrichment did
emerge to be important for burrow-wall meiofaunal community structure when interacting
with sites, while at the reference position, meiofaunal assemblages were regulated by the
interaction between sites, nutrients and sandprawns. Meiofaunal community composition at
the sediment surface was not governed by any interaction but was, however, affected by the
main effect of sites and sandprawn densities. Similarly, sandprawn impacts were apparent at
the burrow-wall but not reference positions. The lack of sandprawn impacts on the
meiofaunal community composition in reference areas was an unsurprising result. In
reference positions, meiofauna were not directly exposed to sandprawn burrows and
therefore, would be anticipated to be less affected or unaffected by sandprawn ecosystem
engineering/trophic impacts. Statistically, these findings indicated that sandprawn impacts at
the burrow-wall and sediment surface manifested mostly at higher densities of 120 ind.m?.

Even though the interaction between nutrient enrichment and sandprawn densities

affected a few of the diversity metrics, the hypothesis that this interaction would result in
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affected community metrics conforming to the predictions of the grazer-reversal hypothesis
was not overwhelmingly supported in this study. Generally, prevailing patterns in this study
were of an increasing and decreasing nature. For instance, sediment surface meiofaunal
abundances at both 1N and 2N treatments decreased against increasing sandprawn densities
in Bottelary North and also at the ON and 2N treatments in Bottelary South (Fig.4B). Similarly,
burrow-wall species richness (Fig 3.4A) and surface evenness (Fg.5.4C) were both reduced in
response to increasing sandprawn densities at the ambient nutrient treatment (ON). This
particular trend partially conformed to the predictions of the grazer-reversal hypothesis
( and ) or Dynamic Equilibrium Model (DEM; ), which
assert that disturbance-diversity relationship should follow a decreasing pattern when
productivity is low. On the other hand, at the highest nutrient treatment level (2N), both
burrow-wall evenness (Fig.5.4C) and Shannon-Wiener diversity (Fig. 5.4D) in Bottelary South
increased in response to increasing sandprawn densities. Shannon-Wiener diversity at the
sediment surface in Bottelary North also increased with increasing sandprawn densities at the
2N treatment (Fig.5.4D). This positive relationship also follows the predictions of the grazer-
reversal hypothesis, asserting that when productivity is high, disturbance-diversity
relationship should follow an increasing pattern.

The third pattern of the grazer-reversal hypothesis which predicts disturbance-
diversity relationship to conform to the hump-shaped form at intermediate levels of
productivity was limited, occurring only for the species richness in the reference position at
both sites but was, however, not as clear in Bottelary South (Fig.5.3A). Notably, meiofaunal
diversity metrics at the intermediate nutrient level were either enhanced (e.g. burrow-wall
evenness [Fig.5.4C] and Shannon-Wiener diversity [Fig. 5.4D]) or reduced (e.g. burrow-wall

abundance, Fig 5.4B) by increasing sandprawn densities. It is also important to indicate that
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some of the patterns documented in this study were opposite to the prediction of the grazer-
reversal hypothesis. For example, species richness at the burrow-wall and reference positions
in Bottelary North appeared to be reduced by increasing sandprawn densities at the highest
nutrient level (Fig.5.4A). Similarly, total abundance at the burrow-wall was substantially
reduced by sandprawn densities at the 2N treatment in both sites (Fig 5.4B).

Another point worth mentioning regarding patterns documented in this study is that
they occurred idiosyncratically across nutrient treatment levels and habitat positions,
suggesting that (i) meiofaunal diversity metrics respond differently to both nutrient
enrichment and sandprawn bioturbation, and this could be largely attributed to differences
in which these community metrics are calculated, (ii) sandprawn bioturbation effects on these
diversity metrics do differ with the habitat position (i.e., burrow-wall, surface and reference
as used in this study) due to different environmental conditions and resources modulated by
sandprawns between these habitat positions, and (iii) productivity does not play a
fundamental role in mediating responses of meiofaunal community metrics to sandprawn
ecosystem engineering, which implies that sandprawn impacts are much stronger than
bottom up (nutrients) effects on the meiofaunal community.

Previous experimental studies testing the effects of simulated productivity on
meiofauna have produced varied responses including density reductions with nutrient
enrichment ( and

), while others observed this pattern specifically for nematode

abundances ( ). The in situ experimental study undertaken by
( ) has also provided some evidence of reductions in estuarine meiofauna abundances
in response to inorganic fertilizer. On the other hand, and ( )

documented mixed effect of nutrient enrichment on meiofauna, with response directions
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being taxon specific. This study found that abundances of nematode and juvenile polychaetes
were enhanced by increasing nutrients while foraminiferans and juvenile bivalves were
substantially reduced.

Sandprawn impacts on meiofaunal community metrics and individual morphotypes in
this study provided important evidence to suggest that in the sandflats of Langebaan Lagoon,
meiofauna are greatly regulated by ecosystem engineering in the form of bioturbation.
However, it is surprizing that meiofauna responded to sandprawn densities while microalgal
biomass did not. This could suggest that the two differ with the sensitivity degree to
sandprawn ecosystem engineering impacts, with the meiofauna appearing more sensitive
than microalgae, possibly due to particular biological traits leading to a negative
predisposition to sandprawn bioturbation. Generally, C. kraussii has been reported to
similarly influence both meiofauna and chl-a, largely mediated by sediment turnover (
and and ), often with negative impacts reported at the
sediment-water interface relative to burrow-walls ( ). The
mechanical disturbance of the biofilm and increasing porosity (and therefore retention
capacity) of the sediment are important mechanisms by which sandprawns affect settlement
of microalgae and meiofauna. Rapid turnover rate of sediment from burrows to the surface
sediment is likely to limit surface colonization (Branch and Pringle 1987, Pillay et al. 2007c).
Generally, sediments with poorly developed biofilms are more erodible and prone to

resuspension, which may increase erosion of these colonizers to the water column.

Despite detected effects of C. kraussii on meiofaunal diversity metrics and
morphotypes in this study, there was no discernible evidence of meiofauna being enhanced

within burrow-walls relative to surface sediments. This refutes the hypothesis posed in this
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study that greater meiofaunal abundances would be recorded from burrow-wall areas.
Meiofaunal individual morphotypes showed varied patterns but with a negative trend
generally being prevalent. For instance, burrow-wall nematode abundances were
substantially reduced in response to increasing sandprawn densities across all nutrient
treatment levels in both sites (Fig.5.5A). Similarly, copepods (Fig.5.5B) and ostracods
(Fig.5.5C) all displayed reductions in their abundances against sandprawn densities, though
patterns were not always consistent.

The prevalence of the negative pattern between meiofauna and sandprawn densities
observed in this study is in line with other studies that have related C. kraussi effects to
reductions in meiofauna abundances ( and
and ). For instance, and ( ) showed that bioturbation by C.
kraussi induces negative effects on surface meiofaunal abundances and within burrows
between 10-20 cm depths. They showed that nematodes were mostly affected by
bioturbation compared to both copepods and juvenile polychaetes, which appeared to be
either less affected or unaffected. Similarly, ( ) reported a decline in meiofaunal
densities in burrows of several species of axiid prawns in a subtidal lagoon. In contrast, a study
undertaken by ( ) on a different species of axiid prawns, revealed promotive
effects within burrow-walls versus non-burrow areas. Generally, meiofauna at the sediment-
water interface are more susceptible to bioturbation due to burial by turned over sediment.
However, promotive effects usually occur within burrow-walls due to sediment oxygenation
and elevation of food availability in the form of organic matter ( and

and ).
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5.6 CONCLUSION

The manipulation of sandprawn densities and nutrients in this study did not reveal
overwhelming evidence supporting the grazer-reversal hypothesis as a mechanism
responsible for regulating meiofaunal community structure. Instead, the patterns
documented were of an intricate nature, illustrating varied relationships between sandprawn
densities and meiofaunal community metrics or morphotypes at each nutrient enhancement
level. On very few occasions, meiofaunal diversity metrics appeared to be enhanced at the
high nutrient level in response to sandprawn ecosystem engineering effects (e.g. evenness
and Shannon-Weiner Fig. 5.4C and D).

Based on these findings, | infer that meiofaunal community composition is strongly
regulated by sandprawn ecosystem engineering in Langebaan Lagoon rather than an
interaction between sandprawn densities and nutrients, or by nutrients alone. However, for
the diversity metrics, interaction between productivity and disturbance emerged to be
stronger especially within burrow-wall areas, although, results suggest that this interaction
does not be simply adhere to the predictions of the grazer-reversal hypothesis. It is very likely
that the patterns observed in this study were due to site-specific contextual dependencies
that determine the net outcome of interaction between nutrients and sandprawns on the
meiobenthos. This reinforces the idea that in order to achieve the patterns postulated by the
grazer-reversal hypothesis in the intertidal soft-sediment such as Langebaan Lagoon, certain
requisite factors may be required. For instance, concepts such as the intermediated
disturbance hypothesis ( ) and dynamic equilibrium model ( ) are
explicitly based upon competitive exclusion. However, these factors are difficult to quantify

using in situ experiments, which then makes it difficult to empirically test these generalized
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models. Nevertheless, the results of this experiment shed light on the important role of

sandprawn ecosystem engineering in determining meiofaunal community structure.
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CHAPTER 6

INTERACTIVE EFFECTS OF SANDPRAWNS AND NUTRIENT

ENRICHEMENT ON MACROFAUNAL COMMUNITY STRUCTURE:

AN INTER-TIDAL EXPERIMENTAL APPROACH
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6.1 Introduction

Marine soft-sediments are one of the largest ecosystems on earth, occupying
approximately 80 % of the sea floor (Lenihan and Micheli 2001, Lohrer et al. 2004a, Nybakken
and Bertness 2005). These habitats have therefore been the focus of much research aimed at
understanding the ecological processes that drive their functioning (Lenihan and Micheli
2001, Gray 2002). Soft-sediments provide key habits for benthic infauna (Little 2000, Coblentz
et al. 2015), which are organisms that dwell within the sediment matrix (Fairweather and
Quinn 1995). In coastal sediments, benthic fauna are at particular risk to anthropogenic
impacts and climate change (Gray 1997, Snelgrove et al. 1997), given their proximity to human
settlements and associated disturbances. Such activities can significantly alter biotic
composition in soft-sediments, consequently having large and unanticipated ramifications for
ecosystem functioning (Hatcher et al. 1994, Balmford et al. 2003, Hooper and Dukes 20033,
Chou et al. 2004, Barbier et al. 2008).

Benthic species perform a variety of ecological functions, including regulating
processes that determine energy flow through food webs. For example, benthic organisms
provide important services relevant to trophic interactions by mediating productivity, detrital
decomposition and nutrient recycling (\Wallace and Webster 1996, Lohrer et al. 2004a). Such
processes are thus central to the feeding activities of benthic species in littoral habitats
(Hutchinson 1993, Wallace and Webster 1996, Bishop and Kelaher 2007), which may augment
growth rates of microbes, algae and macrophytes, which in turn serve as important food
source for herbivorous and omnivorous benthic invertebrates (Lodge et al. 1994, Nystrom et
al. 1996). Thirdly, benthic organisms serve as food source for vertebrate consumers such as

fishes, turtles, and birds (De Léo and Pires-Vanin 2006, Rocha et al. 2003).
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Generally, benthic fauna comprise two dominant, yet distinctive groups, i.e. meio- and

macrofauna ( ). A major feature that differentiates these two groups is their
size; meiofaunal are retained by a 63 um sieve ( ), while macrofauna are
retained by a 500 um mesh ( ). Macrofauna are commonly distinguished by function

in addition to taxonomic groupings, based on feeding guilds, which are often utilized to derive
a mechanistic understanding of ecological responses ( ) and ecosystem
functioning ( , ). Typical functional classifications include
surface deposit feeders, sub-surface deposit feeders, herbivores and carnivores and
suspension feeders ( ). It is not only size-related traits that differentiate
meiofauna from macrofauna, as it has been shown that these two benthic faunal groups often
have different life history characteristics. Meiofauna typically undergo direct benthic
development while most macrofauna species have pelagic larvae ( ). Meiofauna

are also characterized by much shorter generation times relative to macrofauna (

Soft-sediment macrobenthos display significant diversity in traits such as taxonomy,
mobility, morphology and functionality, and also influence meiofauna in diverse and intricate
ways ( . For example, endobenthic crustaceans (e.g. sandprawns or lugworms)
may induce striking negative and/or positive effects on meiobenthos (

). Effects of macrofauna on meiofauna have been quantified using
both observational and experimental studies; such effects materialise through multiple

mechanisms, including food competition, the construction of biogenic structures, predation

and disturbance ( ). Experimental studies have particularly shown the important
effects of endobenthic crustaceans ( and , and ,
), epibenthic crustaceans ( and , )
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polychaetes ( , ) and bivalves ( and )
in regulating meiofaunal assemblage dynamics.

Sandprawns (also referred to as ghost-shrimps) are conspicuous members of benthic
infaunal assemblages and are well-known for critically influencing benthic processes and
assemblages ( , and and ). For instance,
sandprawns through bioturbation can alter the habitat topography, increase turbidity,
influence nutrient cycling and secondary productivity ( and ). The
resuspension of sediment by burrowing sandprawns can also elevate erodibility of sediments
which in turn affects the recruitment and susceptibility of macrofauna to predation (

, and ). Sandprawns are deposit feeders, i.e. they ingest sediment
to obtain trophic resources composed of mainly microalgae and particulate organic matter
( and ). However, the deposition of residual sediments at the sediment -
water interface and “loosening” of sediments can generate significant effects on sympatric
assemblage, including burial of associated epifauna and alterations in availability of trophic
resources such as microalgae and microbial biofilms (Flach 1993, and ).
Biofilms are a compound mixture of microalgae, fungi and bacteria coated in extracellular
polymeric substances (EPSs), which are exuded by microorganisms (
and ) and mucus discharge by larger invertebrates ( and

). Biofilms therefore play a significant ecological role in marine soft-sediment ecosystems

by (1) binding the surface sediment layer and promoting laminar flow of overlaying water

( and ), (2) serving as food source for invertebrates
( ), and (3) stabilizing sediment that facilitates the settlement and recruitment of
associated benthic infauna ( , and ).
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Generally thalassinidean shrimps have been reported to exert positive or neutral
impacts on benthic deposit feeders ( and 1988, 2003, Siebert
and ). For example, ( ) reported high nematode and
turbellarian abundances in burrowed areas relative to adjacent sediment. In contrast,
thalassinidean shrimps are hypothesised to exert negative impacts on suspension feeders

), based on the predictions of the trophic amensalism hypothesis of

and ( ), which argues that sediment-reworking by deposit feeders

interferes with filtration ability of suspension feeders. Suspension feeders general occur at

the sediment-water interface and are therefore prone to sediment resuspension effects,
which can obstruct their filtering apparatus and negatively affect growth ( and

and ). In South Africa, high densities of the burrowing sandprawn

Callichirus kraussi have been linked to alterations in sediment granulometry from muddy sand

to sand following major transformations of sand flats in an estuarine embayment, resulting

in reductions in abundances of suspension feeders, but also surface associated grazers and

deposit feeders ( and ).

This chapter extends the questions posed in the previous chapter, but aims to
understand how benthic macrofauna respond to experimental manipulation of nutrients and
sandprawns. Comparisons between this and the previous chapter would thus provide
important information on how sedimentary ecosystems respond to these factors, which have
received little research attention, despite the potential for human activities to significantly
affect them ( ). Of particularly interest in this study, is
the question of how nutrient addition may alter effect strength of ecosystem engineering on
suspension feeders through trophic resource enhancement. | therefore anticipate bottom up

control (productivity) to override sandprawn negative impacts and thereby increase

189



abundances of suspension feeders, as result of nutrients increasing trophic resource
(microalgal biomass) for suspensions feeders.

It is broadly hypothesised that macrofaunal community structure will be significantly
influenced by the interactive effects of ecosystem engineering by sandprawn densities and
nutrient enrichment. In line with this broad hypothesis, there was also interest in
understanding whether macrofaunal assemblages respond to the experimental treatments in
a manner predicted by the grazer-reversal hypothesis ( and ). This

hypothesis and background theory has been discussed in detail in the previous chapter.

6.2 Hypotheses:

H1: At low nutrient levels, increasing sandprawn densities should reduce
macrofaunal species diversity.

H2: At intermediate nutrient levels, increasing sandprawn densities should impact
diversity of macrofauna in a unimodal humped-shape pattern.

H3: At high nutrient levels, macrofaunal diversity should increase with increasing
sandprawn densities.

H4: At background nutrient levels, increasing sandprawn densities should positively
impact burrowing macrofaunal abundances but negatively affect abundances of
suspension feeders. However, both of these functional groups should be positively

affected by nutrient addition.
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METHODS AND MATERIALS

Please refer to chapter 2 for the methods used in this chapter.

6.3 RESULTS

6.3.1 Macrofaunal community structure: Overall composition

Macrofaunal community structure was significantly influenced by an interaction
between nutrient treatments and sandprawn densities (PERMANOVA, Pseudo-Fs, 53 = 1.716,
p = 0.044), and also by sites (PERMANOVA, Pseudo-F1, 53 = 5.663, p = 0.008, Table 6.1). An
interaction between sites and nutrient treatments, sites and sandprawn densities or the
combination of all three factors failed to influence the macrofaunal community structure (p
< 0.05, for all cases, Table 6.1). Site effects on macrofauna were obvious on MDS ordination
(Fig.6.1), showing a clear separation of samples between sites. The lack of significant effect
on macrofaunal community structure either by nutrient treatments (Pseudo-F;,53 = 0.774, p
=0.062) or sandprawn densities (Pseudo-F;, 53 =0.7911, p = 0.621) was clearly revealed by a
PERMANOVA test, and visually supported by MDS ordinations (Fig.6.2), illustrating no clear

separation of samples based on the sandprawn densities or nutrient treatments.
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Table 6.1: PERMANOVA summary statistics reporting responses of macrofaunal community
structure to sites, nutrients, sandprawn densities, and their interactions. Statistical

descriptions: Pseudo-F = test statistics, df = degrees of freedom. Values in bold indicate

statistical significance.

Source Pseudo-F df p-value
Sites 5.6635 1 0.008
Nutrients 0.77444 2 0.062
Prawns 0.79118 2 0.621
Nutrients X Prawns 1.7169 4 0.044
Sites X Nutrients 0.68599 2 0.677
Sites X Prawns 1.0623 2 0.456
Sites X Nutrients X Prawns 0.91672 4 0.581
[Resemblance: S17 Bray Curtis similarity |
2D Stress: 0.14 | | Sites
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Fig. 6.1: Multidimensional Scaling (MDS) ordination showing spatial variability in macrofaunal

community structure in response to sites, based on the in situ experiment manipulating

sandprawn densities and nutrient levels.
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Fig. 6.2: Multidimensional Scaling (MDS) ordination illustrating spatial variability in
macrofaunal community structure in response to increasing nutrient levels (A) and
sandprawn densities (B), based on in situ manipulation of sandprawn densities and nutrient

levels.
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6.3.2 Diversity metrics

Macrofaunal diversity metrics were not statistically predicted by the candidate models
(p > 0.05, for all cases), except for the abundance model 3, which examined main effects of
sites, nutrients and sandprawn densities (p = 0.001, Table 6.2A). The GLM model analysis
indicated that abundance differed significantly between sites (p < 0.0001) and was
significantly influenced by the level 60 (ind.m?) sandprawn density (p = 0.015, Table 6.2B).

The variation in macrofaunal abundance due to sites and sandprawn densities was
generally clear (Fig 6.3B). In Bottelary North, increasing sandprawn densities resulted in
macrofaunal abundance responding in a hump-shaped pattern at both ON and 1N
treatments, while at the 2N treatment, abundance increased in response to increasing
sandprawn densities. On the other hand, in Bottelary South, abundance first decrease with
increasing sandprawn densities at the ON treatment, followed a hump-shaped response at

the 1N treatment, and subsequently increased at the 2N treatment (Fig 6.3A)
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Table 6.2A: Generalized linear models reporting candidate models for macrofaunal diversity metrics based on in situ manipulation of sandprawn

densities and nutrient levels. NB: only parsimonious and significant models (p < 0.05) were selected for further analysis. Statistical descriptions:

full model = interaction between all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Values in bold

indicate statistical significance.

Species richness (S)

Evenness (J’)

Candidate models RDF RD Deviance DF Pr(>Chi) RDF RD Deviance DF Pr(>Chi)
Fullmodel SXNXP 36 92.593 42.519 17 0.486 36 0.613 0.324 17 0.326
Model 2 S+(NXP) 44 104.214 -11.621 -8 0.807 44 0.716 -0.103 -8 0.641
Model 3 S+N+P 48 105.621 -1.407 -4 0.968 48 0.814 -0.097 -4 0.219
Null 53 135.111 53 0.937
Shannon Wiener diversity (H’) Abundance (N)

RDF Theta Res. LRstat. DF Pr(>Chi)
Fullmodel SXNXP 36 2.929 1.333 17 0.496 36 7.370 4.009 8 0.856
Model 2 S+(NXP) 44 3.441 -0.511 -8 0.614 44 6.829 4.833 4 0.304
Model 3 S+N+P 48 3.885 -0.444 -4 0.243 48 6.236 20.366 5 0.001
Null 53 4.263 53 4.292
1: S =Site 4: RDF = Residual degrees of freedom 7: Pr (>Chi) = Measure of the p-value
2: N = Nutrients 5: RD = Residual deviance
3: P =Prawns 6: DF = Degrees of freedom
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Table 6.2B: Summary of generalized linear models reporting the parsimonious model (model

3) for macrofaunal abundance, based on in situ manipulation of sandprawn densities and

nutrient levels.

Abundance (N)
Models Term Estimate 95 % Coefficient Intervals Pr(>/t/)
level (Lower and upper limits
Model3 S+N+P S 0.4106 0.190 0.630 <0.0001
60P 0.3313 0.061 0.600 0.015
1: S =Site 3: P =Prawns

2: N = Nutrients 4: Pr (>/t/) = Measure of the p-value
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Fig.6.3A: Variation in mean macrofaunal community metrics (£ 1SE) at the Bottelary North and South sites, in response to increasing

sandprawn densities at each nutrient treatment level. NB: Y axis scales are different to show the trend in the data.
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Fig.6.3B: Variation in mean macrofaunal community metrics (+ 1SE) at the Bottelary North and South sites, in response to increasing

sandprawn densities at each nutrient treatment level. NB: Y axis scales are different to show the trend in the data.
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6.3.3 Dominant species

In terms of percentage contribution, SIMPER analysis identified nine out of 40
species/morphotypes to contribute 90 % towards macrofaunal community structure (Table
6.3, Fig.6.4). Juvenile polychaetes were the main contributors to community structure in
Bottelary North (60.25 %) and South (60.67 %), while the polychaete Marphysa elitueni and

bivalves Tellimya trigona and Carditella rugosa were the smallest contributors.

Table 6.3: Dominant macrofaunal taxa identified by SIMPER (based on 90 % cut off limit) at
each of the experimental sites. Letters in brackets after species names denote broader

taxonomic grouping: P = polychaete, A = amphipod, C = copepod, B = bivalve.

% contribution

Macrofauna Bottelary North  Bottelary South
Juvenile polychaetes (P) 60.25 60.67

Urothoe grimaldii (A) 8.49 12.29
Copepods (C) 3.97 4.35

Tellimya trigona (B) 3.20 3.87

Carditella rugosa (B) 3.30

Ampelisca palmata (A) 5.63
Ceratonereis erythraeensis ( P) 6.59

Notomastus latericeus (P) 5.41

Marphysa elitueni (P) 3.32

Six of the nine macrofaunal dominant species met the modelling assumptions in terms
of data variability. However, of these species, models for the polychaete Notomastus
latericeus and bivalve Tellimya trigona were not parsimonious as indicated by the model
selection procedure performed by the likelihood ratio test (p > 0.05, Table 6.4A), while
amphipods Ampelisca palmata, copepods and juvenile polycheates were all best predicted by
the candidate models (p< 0.05 Table 6.4A). The full model of an interaction between sites,

nutrient treatments and sandprawn densities predicted the abundance of the amphipod A.
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palmata (p = 0.045); model 2 of an interaction between nutrient and sandprawns but not sites
predicted juvenile polychaetes (p = 0.019), while the main effect model 3 predicted A.
palmata, copepods and juvenile polychaetes (p < 0.05, for all cases).

For the interactive model 2, the GLM analysis revealed that juvenile polychaetes were
significantly affected by the interaction between the 1N treatment and 120 ind.m? (p = 0.008)
and by the 2N and 120 ind.m? treatments (p < 0.0001, Table 6.4B). Although abundance of
the amphipod A. palmata was predicted by the full model, the GLM model analysis failed to
locate any interaction between all combination levels of nutrients and sandprawn density (p
> 0.05). For the main effect model, juvenile polychaetes differed significantly between sites
(p = 0.006) and were significantly affected by level 60 (ind.m?) sandprawns (p = 0.010).
Similarly, copepod abundances differed significantly between sites (p = 0.004) and were
strongly influenced by the 2N nutrient treatment (p = 0.002). Sandprawn densities also
appeared to have an influence on the copepods, with the level 0 ind.m? being significantly
different from both 60 (p = 0.014) and 120 (p = 0.008) ind.m?. Sites also had a strong influence
on the abundance of A. palmata (p < 0.0001).

Dominant macrofaunal taxa showed clear patterns relating to effects of sites,
nutrients and sandprawns (Fig.6.4A - B). First, juvenile polychaetes abundance in Bottelary
North showed hump-shaped patterns against increasing sandprawn densities at both ON and
1IN treatments, while at the 2N treatment adopted a linear increase against increasing prawn
densities (Fig.6.4A). A similar pattern occurred for juvenile polychaetes in Bottelary South,
but with abundances first declining in response to increasing sandprawn densities at the ON
treatment (Fig.6.4A). Copepod abundances at Bottelary North first increased with increasing
sandprawn densities at low nutrient levels followed by a hump-shaped pattern at the 1IN

treatment and a linear increase against increasing sandprawns densities at the 2N treatment
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(Fig.6.4B). On the other hand, this pattern changed slightly in Bottelary South, as copepod
abundances declined at the ON treatment in response sandprawn density increase. A.
palmata (amphipod) showed different response patterns between the sites, with abundance
in Bottelary North displaying a hump-shaped response at both ON and 2N treatments but
followed a unimodal U-shape pattern at the 1N treatment (Fig.6.4A). In Bottelary South,
copepod abundances were reduced by increasing sandprawn densities at the ON but followed

a hump-shaped pattern at both 1N and 2N treatments.
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Table 6.4A: Generalized linear models reporting candidate models for dominant macrofaunal taxa from experimental manipulation of nutrients

and sandprawn densities. NB: only parsimonious and significant models (p < 0.05) were selected for further analysis. Statistical descriptions: full

model = interaction between all factors, model 2 = interaction between nutrients and sandprawns, model 3 = main effects. Letters in brackets

after species names denote broader taxonomic grouping: P = polychaete, A = amphipod, C = copepod, B = bivalve. Values in bold indicate

statistical significance.

Juvenile polychaetes (P)

Urothoe grimaldii (A)

Models RDF Theta Res. LR stat. DF Pr(>Chi) RDF ThetaRes. LRstat. DF Pr(>Chi)
Fullmodel SXNXP 36 3.183 4.9560 8 0.762 36 2.510 11.393 8 0.180
Model 2 S+ (NXP) 44 2.914 11.696 4 0.019 44 1.836 9.115 4 0.058
Model 3 S+N+P 48 2.379 14.047 5 0.015 48 1.459 10.371 5 0.065
Null 53 1.877 53
Copepods (C) Tellimya trigona (B)

Fullmodel SXNXP 36 3.7930 7.799 8 0.453 36 2.328 7.482 8 0.485
Model 2 S+ (NXP) 44 2.816 5.310 4 0.256 44 1.878 8.857 4 0.064
Model 3 S+N+P 48 2.222 21.520 5 <0.0001 48 1.517 9.234 5 0.100
Null 53 1.172 53 1.193

Ampelisca palmata (A) Notomastus latericeus (P)
Full model SXNXP 36 2.004 15.813 8 0.045 36 1.309 4.202 8 0.838
Model 2 S+ (NXP) 44 1.263 3.179 4 0.528 44 1.154 5.243 4 0.263
Model 3 S+N+P 48 1.195 27.283 5 <0.0001 48 0.995 6.988 5 0.221
Null 53 0.597 53 0.830
1: S =Site 4: RDF = Residual degrees of freedom 7: Pr (>chi) = Measure of the p-value

2: N = Nutrients
3: P =Prawns

5: RD = Residual deviance
6: DF = Degrees of freedom
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Table 6.4B: Summary of generalized linear models reporting effects of experimental treatments (nutrients and sandprawn densities) on

dominant macrofaunal taxa based on the parsimonious model selection process. Statistical descriptions: model 2 = interaction between

nutrients and sandprawns, model 3 = main effects. Letters in brackets after species names denote broader taxonomic grouping: P = polychaete,

A = amphipod, C = copepod.

Juvenile polychaetes (P) Urothoe grimaldii (A)
Models Term level Estimate 95 % Coefficient Intervals Pr(>/t/) Term level Estimate 95 % Coefficient Intervals Pr(>/z/)
(Lower and upper limits) (Lower and upper limits

Model2 S+(NXP) INX120P 1.297 1.393 9.623 0.008 2N X 120P  -1.898 0.040 0.550 0.003

2N X 120P 1.641 1.958 13.627 <0.0001
Model3  S+N+P S 0.490 1.144 2.331 0.006

60P 0.560 1.125 2.723 0.010

Copepods (C)

Model3 S+N+P S 0.632 1.212 2.924 0.004

2N 0.836 1.343 3.973 0.002

60P 0.681 1.143 3.432 0.014

120pP 0.726 1.192 3.596 0.008

Ampelisca Palmata (A)

Model3  S+N+P S 1.541 2.581 8.520 <0.0001
1: S =Site 3: P =Prawns
2: N = Nutrients 4: Pr (>/t/) and Pr(>/z/) = Measure of the p-value
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Fig.6.4A: Variation in mean macrofaunal abundances (+ 1SE) at Bottelary North and South, in response to increasing sandprawn densities at

each nutrient treatment level. NB: Y axis scales are different to show the trend in the data.
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within two experimental sites. NB: Y axis scales are different to show the trend in the data.
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6.3.4 Functional groups

Three out five macrofaunal functional groups met the modelling assumptions in term
of data variability. Of these groups, both burrowing deposit feeders and suspension feeders
were the only groups predicted by the experimental factors (p > 0.05, for all cases, Table
6.5A). Burrowing deposit feeders were best predicted by model 2 of an interaction between
nutrient treatments and sandprawn densities (p = 0.016), while suspension feeders were best
predicted by the full model of an interaction (p = 0.014) and very strong effects of model 3
main effects (p < 0.0001).

As for the interactive model, burrowing deposit feeders were significantly influenced
by the interaction between the 1N treatment and 120 ind.m? (p = 0.024) and between the 2N
treatment and 120 ind.m? (p = 0.003, Table 6.5B). The interactive effect of sites, nutrients and
sandprawn densities on suspension feeders occurred between the 1N treatment and 60
ind.m? (p = 0.012), and 2N treatment and 120 ind.m? (p = 0.042), but was stronger between
the 1N treatment and 120 ind.m? (p < 0.0001). For the main effect model 3, abundances of
suspension feeders differed significantly between sites (p < 0.0001), and were significantly
influenced by nutrients, particularly the 1N (p = 0.019) and 2N treatments (p = 0.002).

Both study sites displayed distinctive patterns of suspension feeders and burrowing
deposit feeders (Fig. 6.5A - B). Generally, in Bottelary North burrowing deposit feeders
showed increasing abundances at the ON treatment, but at both 1N and 2N treatments,
abundances decreased in response to increasing sandprawn densities. In Bottelary South, the
difference was that no burrowing deposit feeders were recorded at the 0 sandprawn densities
for both ON and 1N treatments. However, the abundances showed an increase at the ON, a
slightly decrease at the 1N and the obvious reduction of the abundances at the 2N treatment

in response to increasing sandprawn densities (Fig. 6.5A). In Bottelary South, the abundance

207



of suspension feeders increased in response to increasing sandprawn densities, especially at
the 1N and 2N nutrient treatments, whereas in Bottelary North, a decline in abundance was
observed at the 1IN while at the 2N treatment the abundance followed a hump-shaped

pattern (Fig.6.5B).

Table 6.5A: Generalized linear models reporting candidate models for macrofaunal functional
groups from experimental manipulation of nutrients and sandprawn densities. NB: only
parsimonious and significant models (p < 0.05) were selected for further analysis. Full model
= interaction between all factors, model 2 = interaction between nutrients and sandprawns,

model 3 = main effects. Values in bold indicate statistical significance.

Burrowing deposit feeders

Models RDF Theta Res. LR stat. DF Pr(>Chi)
Full model SXNXP 36 5.141 9.141 8 0.330
Model 2 S+ (NXP) 44 4.166 12.050 4 0.016
Model 3 S+N+P 48 3.244 3.626 5 0.604
Null 53 3.016
Surface deposit feeders and predators
Full model SXNXP 36 2.921 11.060 8 0.198
Model 2 S+(NXP) 44 2.172 4.616 4 0.328
Model 3 S+N+P 48 1.932 4.307 5 0.506
Null 53 1.737
Suspension feeder
Full model SXNXP 36 6.329 19.138 8 0.014
Model 2 S+(NXP) 44 3.868 3.217 4 0.522
Model 3 S+N+P 48 3.732 47.302 5 <0.0001
Null 53 1.289
1: S =Site 4: RDF = Residual degrees of freedom
2: N = Nutrients 5: DF = Degrees of freedom
3: P =Prawns 6: Pr (> Chi) = Measure of the p-value
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Table 6.5B: Summary of generalised linear models reporting effects of the experimental
treatments on macrofaunal functional groups based on the parsimonious model selection
process. Full model = interaction between all factors, model 2 = interaction between nutrients

and sandprawns, model 3 = main effects.

Burrowing deposit feeders
Models Term level Estimate 95 % Coefficient Pr(>/z/)
Intervals

(Lower and upper limits)

Model 2 S+(NXP) 1IN X 120P -0.966 0.162 0.889 0.024

2N X 120P -1.265 0.120 0.659 0.003
Suspension feeder

Full model SXNXP 1IN X 60P 2.294 1.689 64.133 0.012
1IN X 120P 4.010 8.650 391.639 <0.0001
2N X 120P 1.912 1.101 45.479 0.042

Model 3 S+N+P S 1.320 2.713 5.174 <0.0001
IN 0.470 1.076 2.384 0.019
2N 0.595 1.225 2.687 0.002

1: S = Site 3: P =Prawns

2: N = Nutrients 4: Pr(>/z/) = Measure of p-value
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treatment level within two experimental sites. NB: Y axis scales are different to show the trend in the data.
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6.4 Discussion

This chapter builds on the previous chapter, but with the central aim being to
understand how macrofaunal assemblages in inter-tidal sandflats respond to experimental
manipulation of nutrients and sandprawns. Findings of this chapter were meant to
complement those of the preceding chapter on meiofauna, to provide a holistic understand
of biotic responses to sandprawns and nutrients. | specifically hypothesized that macrofaunal
diversity metrics would respond to the manipulated factors in a manner predicted by the
grazer-reversal hypothesis ( and ), which is detailed in chapter 5
(Fig.5.1). In addition, macrofaunal suspension feeders were hypothesized to be negatively
influenced by increasing sandprawn densities at ambient nutrient levels but to increase in
abundance in nutrient addition treatments, while burrowing macrofaunal abundances were
expected to increase despite nutrient edition. Despite limited support for the patterns
predicted by the grazer-reversal hypothesis in results of this chapter, interactive effects of
nutrient enrichment and sandprawn densities emerged to influence macrofaunal community
composition and the abundance of certain individual species/taxa (i.e., juvenile polychaetes
and amphipod Ampelisca palmata). Both sandprawn densities and sites as separate factors
appeared to play an important role in regulating the macrobethos of Langebaan Lagoon.

Suspension feeders did conform to the hypothesis posed, but this was site-specific.

6.4.1 Macrofaunal community structure: overall composition, diversity

metrics and dominant species

The most striking result of this experiment was that at the community level,

macrofauna were affected by the interactive effects of nutrients and sandprawns, but not by
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their main effects. This was an important finding given that productivity and disturbance were
hypothesized to interact and structure the macrofaunal assemblage, but, in a manner
predicted by the grazer-reversal hypothesis (Proulx and ). Macrofaunal
community structure also emerged to differ between sites, with the latter being evident using
ordination techniques (Fig.6.1). The observed spatial distinction in macrofaunal community is
likely a product of unique environmental characteristics present within each site, which in
turn has important implications for how resident macrofaunal communities respond to the
factors manipulated in this experiment.

Surprisingly, macrofaunal abundance was the only community metric that responded
to treatments, being significantly affected by both sites and sandprawns, particularly at
intermediate density levels (60 ind.m2). This result suggests that the majority of macrofaunal
diversity metrics were insensitive to treatments. In the case of nutrient enrichment, this
insensitivity of macrofaunal community metrics could be due to the lack of a positive response
of benthic microalgal biomass to enrichment (Chapter 5). It was anticipated that nutrient
addition to sediments in this study would enhance benthic microalgal growth and in turn
increase the abundances of macrofaunal species. This was based on previous studies

indicating that macrofaunal abundance can be enhanced by food availability, mainly in the

form of benthic microalgae ( ), which is considered an important source of
benthic primary production in shallow water littoral ecosystems ( and
1993, Maclintyre et al. 1996 ).

The results of the current study differ considerably from previously studies that have
tested the singular effects of sandprawns, which have documented promotive effects,
particularly on species richness and evenness | and ). At the species

level, forty macrofaunal species/taxa were recorded in this study, with only nine of them
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being dominant, as indicated by SIMPER (Table 6.3). Juvenile polychaetes were the most
dominant group at both sites, followed by amphipod Urothoe grimaldii, while the third
dominant was the amphipod Ampelisca palmata in Bottelary South and the polychaete
Ceratonereis erythraeensis in Bottelary North. Urothoe grimaldii was unaffected by the
experimental treatments, which may indicate insensitivity of this species to nutrient
enrichment and sandprawn densities. For instance, in the in situ survey carried out in Chapter
4, a model with sites and seasons failed to predict amphipod U. grimaldii, suggesting that
these variable were unimportant for U. grimaldii despite it being the most prevalent
macrofaunal species. It is therefore very possible that U. grimaldii is a generalist in the
sandflats of Langebaan Lagoon and capable of tolerating varying biotic and abiotic factors.
Of the dominant species/taxa recorded, juvenile polychaetes, copepods and the
amphipod A. palmata responded to treatments. Both juvenile polychaetes and A. palmata
were affected by the interaction between nutrients and sandprawn densities and also by the
main effects of sites and sandprawn densities. On the other hand, an interesting outcome was
that copepod abundances were strongly affected by the main effects of nutrient enrichment
and sandprawn densities but not their interaction (Table 6.4A). Visually, nutrient effects on
copepods were apparent at the highest enrichment level (2N), with copepod abundances
increasing with sandprawn densities in both sites (Fig.6.4B). The responses of copepod
abundances to nutrient enrichment in this study may be explained by treatment effects on
food availability. As such, this could imply that nutrient addition in this study had a positive

influence on diatom biomass, thereby promoting copepod abundance. Although copepods

often display specialized diets ( ), their feeding strategies are plastic
in response to availability of food resource | and 1983,
and ).
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Sandprawn effects were clearly demonstrated for both copepod and juvenile
polychaete abundances, with both groups responding in a hump-shaped pattern to
sandprawns at the intermediate nutrient level. Copepods are generally classified functionally
as suspension feeders - organisms that feed by straining suspended food particles from the
water column, mainly phytoplankton ( , and ). Given
the unremitted nature of sandprawn bioturbation, copepods may be susceptible to sediment
resuspension, given its classification as a suspension feeder; a group that has been shown to
be negatively affected by bioturbation ( and ). This
may be supported at least in part by the observed decreasing trend in copepod abundances
at the 1N treatment (Fig.6.4B). Resuspended sediment particles induced by sandprawns can
potentially affect copepods by impeding the functioning of their filtration apparatus, thereby

reducing feeding rates and reductions in their abundances ( and

).

6.4.2 Limited evidence for grazer-reversal hypothesis

The response of macrofaunal abundance and that of individual species/taxa to
nutrient enrichment (productivity) and sandprawn bioturbation (disturbance) were variable
in this study. Generally, these patterns were of an increasing and decreasing nature, but in
some occasions, unimodal hump-shaped patterns emerged. Patterns as such conform to the
grazer-reversal hypothesis (Proulx and ), an extension of the Dynamic
Equilibrium Model (DEM, ), which asserts that disturbance—diversity relationship
deviates in response to different productivity levels resulting in (i) negative patterns when
productivity is low, (ii) unimodal hump-shaped when productivity is at the intermediate level,

and (iii) a linear increase when productivity is high. In addition, unimodal U-shaped responses,
215



which are not explicitly predicted by the grazer-reversal hypothesis was also among the
response patterns documented in this study.

There was, however, very little similarity in patterns documented in this study and
with those predicted by the grazer-reversal hypothesis or the dynamic equilibrium model. For
instance, macrofaunal abundance in Bottelary North was structured in a hump-shaped
manner at both ON and 1N treatments, while at the 2N treatment, abundance was elevated
by increasing sandprawn densities (Fig.6.3B). On the other hand, contrasting trends emerged
for macrofaunal abundance in Bottelary South, in which increasing sandprawn densities at
ambient nutrient levels (ON) resulted in reductions of species abundance, while at the 1IN
treatment, abundance followed a hump-shaped pattern. Abundance subsequently increased
at the highest nutrient level (2N) with increasing sandprawn densities (Fig 6.3B). These
patterns were not only restricted to species abundance as they were also apparent for
juvenile polychaete and copepod abundances at Bottelary South. However, in Bottelary North
juvenile polychaetes followed a unimodal hump-shaped response in the ambient nutrient
treatment (ON), while copepod abundances were elevated against increasing sandprawn
densities. Trends for both groups at the ON treatment in Bottelary North did not conform to
the grazer-reversal hypothesis (Fig 6.3B).

Macrofaunal abundance and that of copepods conformed somewhat to the
predictions of the grazer-reversal hypothesis, despite the lack of an interaction between
nutrients and sandprawn densities. However, these outcomes cannot be regarded as strong
support for the grazer-reversal model due to the fact that main but not interactive effect of
nutrients and sandprawn treatments on these community measures were recorded (Table
6.4A). One important requirement for the grazer-reversal model is that both productivity and

disturbance should interact to influence response variables (Proulx and Mazumder 1998).
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Given that juvenile polychaetes were affected by the interaction between nutrients and
sandprawn densities and displayed patterns similar to those predicted by the grazer-reversal
model (Fig.6.4A), responses of this group can therefore be affirmed as a potential grazer
reversal outcome. The abundance of the amphipod A. palmata also conformed to the grazer-
reversal model but only in Bottelary South (Fig.6.4A).

In comparison with the other studies that have previously examined interactions
between disturbance and productivity on communities, grazer-reversal (Proulx and
Mazumder 1998) and/or dynamic equilibrium models ( ) have not been
overwhelmingly supported in the majority of studies. For instance, and ( )
examined old-field species richness along a gradient of disturbance and increased nutrients
and reported decreasing trends for all cases. ( ) observed a slight increase in
species richness of freshwater periphyton against increasing grazing intensity within
productivity, but no hump-shaped pattern was documented. ( ) found that
the interaction between nutrient enrichment and disturbance frequency on benthic
communities contradicted DEM prediction. They reported that both low and high
disturbance frequencies increased species evenness at the ambient productivity levels, with
the same pattern observed when nutrients were enhanced.

( ) indicated that eight analogous experiments conducted in four
different locations across the Northern Hemisphere failed to follow the predictions of
Kondoh’s model. It must be mentioned however, that in one of the experiments comprising
the latter study (ltaly), the interaction between disturbance and nutrients was successfully
detected, but did not yield hypothesized patterns. Furthermore, an experiment performed in

Sweden conformed to the predictions of the Intermediate Disturbance Hypothesis (IDH),
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however, no interaction between disturbance and productivity was detected (

model has been in rare occasions successfully demonstrated. For example,
( ) showed a peak in bacterial diversity at an intermediate disturbance level

with increasing productivity levels. A mesocosm experimental study undertaken by
and ( ) investigating disturbance and nutrient enrichment on macrofaunal
communities revealed an increase in diversity in response to high disturbance and enrichment
treatment levels. A study undertaken by ( ) manipulating both nutrient
enrichment and disturbance levels in the Brazilian oligotrophic system indicated evidence of
( ) model. They reported macrofaunal species richness to decline with

increasing disturbance at the ambient nutrient level.

Numerous reasons may account for the observed discrepancies between patterns
documented in this study and that of the grazer-reversal hypothesis or model. First
and foremost, with the exception of macrofaunal species abundance, patterns that
apparently conformed to grazer-reversal hypothesis in this study arose from responses of
particular species, but both the ( ) and and ( ) models are
based on disturbance—diversity relationships, not disturbance—species abundance interplays.
Extreme caution is therefore essential when interpreting results of this nature. It has been
stressed in the literature that the application of different diversity descriptors when
examining ecological theories such as intermediate disturbance hypothesis (IDH;

) often result to major discrepancies among studies. For instance, ( )
indicated that richness and evenness are regarded key aspects of diversity, yet it is unclear if

both these indices yield similar responses to different levels of perturbation.
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Secondly, it may be possible that varied patterns observed in this study were due to
nutrient enrichment being insufficient to influence macrofaunal diversity metrics and
individual species/taxa. As a result, these patterns did not overwhelmingly conform to the
predictions of the grazer-reversal hypothesis, but instead, followed inconsistent trends
relating to the interaction between nutrient and sandprawn treatments, which were site
dependent in some cases. Interactions between nutrients and sandprawns on the overall
macrofauna assemblages highlights that nutrients used in this study were effective, which
was also indicated by the outcome of the field experimental trail (see appendix, Fig.9.1).
However, it is likely that nutrients within the cage experiment were mostly used by microalgal
biomass, which was possibly subsequently grazed by the macrofauna. A few studies have

investigated nutrient enrichment impacts on macrofauna, but have reported varying

responses ( ), including increase in growth and abundances of macrofauna
( ), while in some instance no responses have been
detected ( ). The lack of consensus between these studies has been

previously attributed to background productivity levels in which studies were conducted. For
instance, in areas characterized by low background nutrient availability, species diversity and
richness are likely to increase with nutrient enrichment, while in areas with high ambient

nutrient loadings there is likely to be a decrease in these community measures ( and

6.4.3 Functional groups

Even though both burrowing deposit feeders and suspension feeders were strongly
affected by an interaction between nutrients and sandprawn treatments, graphically, these

functional groups did not overwhelmingly exhibit patterns predicted by the grazer-reversal
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model (Fig.6.5A-B). These findings therefore suggest that disturbance-productivity
interaction on macrofaunal functional groups in sandflats may be idiosyncratic and not
necessarily conform to the grazer-reversal model. In Bottelary South, the highest level of
productivity (2N) enhanced abundances of suspension feeders against increasing sandprawn
densities (Fig.6.5B). This was the only macrofaunal functional group pattern that emerged to
partially conform to the grazer-reversal hypothesis, suggesting that under high productivity,
suspension feeders can proliferate despite increased disturbance levels. A similar trend was
observed at the 1N treatment in Bottelary South, conforming to the hypothesis under
investigation in this study that suspension feeder abundance should be enhanced in nutrient
addition treatments despite increasing sandprawn densities. This pattern highlights the
potential for productivity to reverse sandprawn ecosystem engineering impacts for
suspension feeders. However, in Bottelary North, at an intermediate nutrient level (1N),
increasing sandprawn densities caused negative impacts on suspension feeders (Fig.6.5B).
The inverse pattern of responses of suspension feeders observed at the 1N treatment
between sites highlights the influence of spatial variability of the sandflats of Langebaan
Lagoon sandflats in contextually determining how particular functional groups such as
suspension feeders respond to sandprawns and nutrients. Sediment destabilization by

deposit feeders that elevate sediment resuspension have long been known to negatively

influence sympatric surface suspension feeders ( and
and ). Such effects manifest mainly by turned over sediment clogging
feeding apparatus ( , and ). However, the findings of this

study suggest that such amensalistic relationships between deposit- and suspension feeders
may be contextually dependant, with site characteristics and background productivity being

important determinants of the direction and magnitude of interactions.
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The hypothesis that burrowing deposit feeders will be positively affected by increasing
sandprawn densities was not confirmed in this study. Instead, intricate trends were observed
with the deposit feeder abundances showing distinctively different patterns between sites.
For example, In Bottelary North, abundances of deposit feeders were generally greater than
in Bottelary South, but a decreasing pattern against sandprawn densities, particularly at the
1IN and 2N treatments was recorded in the former site (Fig.6.5A). However, in Bottelary
South, no burrowing deposit feeders were recorded at the ambient and 1IN nutrient
treatments, but at the highest nutrient level, increasing sandprawn densities appeared to
reduce abundance of burrowing deposit feeders. Discrepancies in burrowing deposit feeders
observed between the two experimental sites may be explained by abiotic or biotic
characteristics unique to each site. The negative trend displayed by deposit feeders in this
study is similar to that reported by Pillay et al. (2008). However, as indicated by Pillay and
Branch (2011), bioturbation by sandprawns can either exert negative or positive effects on
macrofauna depending on the mobility of species. Generally, macrofauna with restricted
mobility are negatively influenced by sandprawn bioturbation (Posey 1986, Flach and Tamaki
2001), while mobile taxa such as ostracods, amphipods and burrowing infauna are usually

positively enhanced by sandprawn burrowing effects (Siebert and Branch 2005b, 2007).

6.5 CONCLUSION

Although the results of this study confirmed the interactive effect of nutrient
enrichment and sandprawn densities on macrofaunal assemblages, the hypothesis that this
interaction impact communities in a manner predicted by the grazer-reversal model (Proulx

and ) was not overwhelmingly supported. In fact, macrofaunal diversity
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metrics were generally unresponsive to experimental treatments, though macrofaunal
abundance partially conformed to the grazer-reversal hypothesis, despite the lack of a
statistical interaction between nutrients and sandprawns. Results suggest that macrofaunal
responses to productivity and sandprawns occur mainly at the level of individual species.
Inconsistencies between these findings and grazer-reversal hypothesis may be attributed to
complex local ecological process and characteristics within sandflat ecosystems, including the
minor importance of competition as a structuring force in these systems. It has been
previously suggested that when investigating models involving productivity and diversity
relationships focus needs to be more on the interactive effects of several mechanisms
( ). However, the common
challenged when undertaking in situ experiments of this nature is that some factors cannot
be simply quantified or isolated thus, making it difficult to empirically examine these
ecological theories ( ).

Owing to these findings, it appears that ecosystem engineering by the sandprawn
does alter macrofaunal community compositions and that productivity plays a role mainly by
interacting with sandprawns. This suggest that macrofaunal communities of Langebaan
Lagoon are regulated mainly by ecosystem engineering and secondarily through interactions
between engineering and nutrients at the individual taxon level. The lack of nutrient effects
may also indicate that macrofaunal communities are not limited by primary production

and/or nutrient availability in the system.
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CHAPTER 7

FINAL SUMMATION

223



7.1 Conclusion

Axiid crustaceans are well known for their modification of abiotic and biotic processes
in benthic ecosystems (Wynberg and Branch 1991, Berkenbusch and Rowden 2003, and
). The intensity at which these engineers modulate resource flows and associated

benthic fauna has resulted in them receiving substantial research attention ( and
Pillay 2019). However, research to date has focused on particular species and how they
influence community organisation and ecosystem functioning. There has therefore been little
attention paid to contextual dependencies that are likely to influence the strength of their
engineering effects. A recent review by Pillay (2019) discussed in detail some of these
contextual process and dependencies on ecosystem engineering by thalassinidean
crustaceans. Such dependencies for axiid engineers encompass engineer traits and density,
sediment type, wave action, temperature, productivity and nutrients. It is in this context this
PhD contributes to growing our understanding of contextual processes and how they impact

biotic responses to ecosystem engineering by axiid crustaceans.

The environmental context of interest in this PhD dissertation was productivity and/or
nutrients levels in determining how benthic community respond to ecosystem engineering by
axiid sandprawn Callichirus kraussi. This engineer is a dominant member of macrofauna in
South African sandflats and estuaries with significant structuring effects on sympatric biota
( and and ). Broadly,
this PhD thesis aimed to ascertain how nutrient levels (as a contextual variable) interact with
sandprawns to determine macro- and meiofaunal community responses. Nutrient levels were
the focal contextual process in this PhD because variation in background nutrients across the
South African coastline is significant, with the west coast being dominated by strong

upwelling, which increases biological productivity. Within the west coast, upwelling is also
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seasonally variable, being strongest in summer. This PhD thesis was based on work carried
out in Langebaan Lagoon, which is a lagoonal system on the west coast of South Africa that is

dominated by sandprawns and subjected to seasonal upwelling.

7.2 Field observational study

In chapter 3 of this dissertation, | presented results from an observational study
testing the effects of upwelling on meiofaunal community structure in sandprawn-dominated
sandflats. The hypothesis tested was that community metrics, water column and sediment
chlorophyll-a (chl-a) would all be lower in winter (non-upwelling) but higher in summer in
response to upwelling. The findings of this study supported the hypothesis posed for the
water column but not sediment chl-a concentrations. Spatio-temporal variability in water
column chl-a concentrations was clear within the lagoon, with high chl-a values at stations
near the mouth compared to those in the upper reaches, with this trend generally being
magnified in summer than winter (Fig. 3.1). Results indicated that sites and seasons were
best explanatory variables for sediment chl-a at the sediment surface but not within the walls
of burrows produced by sandprawns (Table 3.2A, Fig. 3.2A-B). The refutation of sites and
seasons within sandprawn burrow-walls by the Likelihood Ratio Test (LRT) suggested that
these factors affected the sediment surface chl-a, but not that of burrow-walls. Interestingly,
chl-a levels at the sediment surface increased in winter compared to summer in 2015, which
was a reversion of the pattern observed for water column chl-a. This trend disappeared in
2016, with chl-a levels appearing similar between seasons (Fig. 3.2A-B). Chl-a concentrations
were generally negatively correlated with sandprawn abundance (Table 3.4), which could
explain to some degree the mismatch between water column and sediment surface chl-a

levels, given that sandprawns were more abundant in summer than winter. The finding that
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chl-a concentrations were negatively related to sandprawn abundance is consistent with
several previous studies that have reported substantial reductions in chl-a levels in response
to sediment reworking by burrowing axiid crustaceans ( and ,

and ).

Even though the community structure of meiofauna differed significantly between
seasons, the hypothesis that community metrics would be higher in summer in response to
upwelling was not upheld. Meiofaunal diversity metrics and individual morphotypes were
generally higher in winter relative to summer (e.g. abundance [Fig. 3.3C-D], Evenness [Fig.
3.3F], Shannon-Wiener diversity [Fig. 3.3G-H] and morphotypes [Fig. 3.4A-H]). Surprisingly,
sites and seasons were disapproved by the Likelihood Ratio Test (LRT) as predictor variables
for community metrics within sandprawn burrow-walls (Table 3.6A), which could indicate
that these factors were not important determinants of meiofaunal community patterns
within sandprawn burrows. This may indicate that finer-scale processes are more influential
in determining burrow meiofaunal community patterns. In contrast, sites and seasons did
influence some community metrics (e.g. evenness and Shannon-Wiener diversity) at the
sediment surface, suggesting that these variables play an important role in governing
meiofaunal assemblages in this microhabitat.

Correlations again indicated negative effects of increasing sandprawn abundance on
meiofaunal community metrics and morphotypes when summer and winter data were
combined and investigated annually (Table 3.9). These findings again accentuate the
importance of sandprawns in regulating meiofaunal communities, mainly through sediment
turnover and habitat (burrows) creation. This was not a surprising outcome, given that
sediment reworking by sandprawns has been shown to play an important role in structuring

benthic communities in marine littoral ecosystems worldwide (see review by and
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), with negative impacts observed on meiofauna in some cases ( and

). However, it must be emphasised that the negative correlations

between sandprawn abundance and meiofaunal community metrics and morphotypes were

site-specific, suggesting that sandprawn bioturbation impacts were not general, but
contingent on specific localized conditions.

In chapter 4, | tested the hypothesis that macrofaunal diversity metrics would be lower
in winter (non-upwelling) but higher in summer in response to upwelling. In this chapter, |
also hypothesized that community metrics would be negatively associated with increasing C.
kraussi densities due to sediment reworking during winter (non-upwelling season), but that
this trend would weaken or reversed during upwelling in summer as a result of enhanced
trophic resources counteracting sediment turnover effects. Although, the whole community
structure of macrofauna was strongly affected by the main and interactive effects of seasons
and sites, the hypotheses posed were not overwhelmingly supported by these findings.

There were limited responses of macrofaunal community metrics to sites and seasons
(Table 4.2A), which may indicate that the macrobenthic assemblages of Langabaan Lagoon
are not substantially regulated by spatio-temporal variability. However, at the species level,
seasons and sites emerged to be important for certain species (e.g. amphipod Ampelisca
palmata and crown crab Hymenosoma orbiculare, sandprawn C. kraussi, Fig. 4.2A - 4.21).
Sandprawn effects on macrofaunal species within seasons were clear, but only for certain
species, with their abundances generally being positively correlated with sandprawn
abundances (Table 4.7, Table 4.8). Interestingly, combined winter and summer data
examined per year showed that some of these species/taxa (e.g. amphipods A. palmata,
Griffithsia latipes and juvenile polychaetes) were negatively correlated with sandprawn

abundances, but this trend was site-specific (Table 4.9). Another interesting outcome of this

227



study was that dominant species (i.e. amphipods A. palmata, G. latipes and U. grimaldii,
polychaete N. latericeus, copepods and juvenile polychaetes, Fig. 4.2C-G) were generally
enhanced in winter seasons relative to summer. The abundance of C. kraussi (Fig. 4.2A) was
generally greater in summer throughout the duration of the study, which could explain
temporal patterns observed for dominant taxa.

Sandprawn effects on macrofaunal functional groups within seasons were minimal,
site-specific and mostly positive. However, when summer and winter data were integrated
and explored per year, impacts were much stronger, generally negatively influencing surface
deposit feeders, surface deposit feeders and predators, and suspension feeders in Oesterwal
North in 2015 (Fig 4.3B, 4.3D and 4.3E). On the other hand, in Oesterwal South most
functional groups were positively influenced by sandprawn abundances in 2016, except for
suspension feeders, which were negatively related to sandprawn abundances. In general,
findings for suspension feeders were consistent with those elsewhere in the literature that
show their susceptibility to sandprawn bioturbation, with sediment resuspension likely to

obstruct their filter feeding ( and and

Although the outcomes of chapters 3 and 4 did not generally overwhelmingly support
the hypotheses put forward, they did broaden understanding of the functioning of sandprawn
dominated sediments in the context of seasonal upwelling. Both macro- and meiofaunal
communities responded similarly to seasons and sandprawn abundances in this study, but
with responses generally being site-specific. An important difference in responses of these
benthic communities was that, at species or morphotype level, meiofauna were strongly

affected by sandprawn abundances in a negative manner, while for macrofauna, responses
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to sandprawn abundances were both positive and negative. This difference is likely due to
their distinctive biological traits.

Given the findings of the observational components (chapters 3 and 4), | conclude that
in Langebaan Lagoon sandflats, benthic community patterns are to a large extent regulated
by the strength of sandprawn bioturbation and that bottom-up processes associated with
upwelling are weak. This result was unexpected, but ecologically important, given the
position of Langebaan Lagoon within the Benguela current, which is regarded as one of the
most world’s productive upwelling system ( ). Upwelling
systems are well recognized world-wide for their influence on benthic fauna in marine shallow

water coastal ecosystem, generally by enhancing levels of trophic resources (

7.3 Field factorial experiment

The experimental approach on which chapters 5 and 6 of this PhD thesis was based
allowed for the main and interactive effects of sites, nutrient enrichment and sandprawn
densities to be tested on macro- and meiofaunal communities. The first general hypothesis
tested in this study was based on the grazer-reversal hypothesis, which is a well-known model
proposed by and ( ), which argues that the response of diversity to
disturbance would vary with productivity ( ), with a reversal of patterns likely at
the ends of a productivity spectrum. | therefore hypothesized that diversity metrics for macro-
and meiofauna should display the following responses with increasing sandprawn densities:
a linear-decreasing pattern at ambient nutrient levels, a unimodal hump-shaped pattern at
intermediate nutrient levels, and lastly a linear increase at the highest nutrient level (2N). The

second hypothesis examined in this study was that in the presence of sandprawns, meiofaunal
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diversity metrics should be reduced at the sediment surface and increased within the burrow-
walls, due to turned over sediment by sandprawns increasing surface instability and burrows
being enriched in trophic resources (e.g. chl-a).

One of the most surprising outcomes of the experiment was the unresponsiveness of
microalgal biomass (chl-a) to treatments (Table 5.1), with values being similar between
nutrients and sandprawn levels (Fig 5.2). This was an unexpected finding given that microalgal
biomass is generally known to be enhanced by nutrients in shallow water coastal habitats
( ). The lack of sandprawn
effects on chl-a concentrations was another surprising outcome of this investigation, given
that these results differed from a number of studies that have reported sandprawns to
negatively influence microalgal biomass in marine soft-sediment ecosystems ( and

and ). That being said,
other studies have also failed to detected effects of sandprawns on microalgal biomass
( and and ).

The overall community structure of meiofauna within burrow-walls (presented in
chapter 5) was significantly affected by the interaction between nutrient enrichment and
sites, while within the reference position (non burrowed areas), community structure was
significantly affected by the interaction between nutrients, sites and sandprawn densities
(Table 5.3). At the sediment surface, meiofaunal community structure was governed by the
main effects of sites and sandprawn densities. The hypothesis that the interaction between
nutrients and sandprawns would result in diversity metrics responding in the manner
predicted by the grazer-reversal models was not overwhelmingly supported by findings of this
chapter. However, results were nevertheless ecologically interesting, and shed light on the

interplay between sandprawn ecosystem engineering and nutrient levels in regulating the
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meiobenthos. Nevertheless, both decreasing and increasing patterns predicted by the grazer-
reversal model at low and high nutrient levels were detected for some community metrics.
For example, burrow-wall species richness (Fig 5.4A) and surface evenness (Fg.5.4C)
reductions occurred at the ambient nutrient treatments in Oesterwal North and South, while
burrow-wall evenness (Fig.5.3C) and Shannon-Wiener diversity (Fig. 5.3D) in Bottelary South
conformed to the increasing pattern predicted by the grazer-reversal hypothesis at highest
level of productivity.

Individual morphotypes of meiofauna displayed diverse responses to nutrients and
sandprawn densities but with a negative trend generally being prevalent (Fig.5.5A-D), with
trends deviating from the postulations of Proulx and ( ). Broadly, these results
agreed with other studies that have reported sandprawn densities to negatively affect
meiofaunal abundances ( and and

). It is worth noting that, sandprawn effects on meiofauna in this study were generally
strongest at densities of 120 ind.m?.

Despite detected effects of C. kraussi on meiofaunal diversity metrics and
morphotypes, there was no clear evidence of meiofauna being enhanced within burrow -walls
relative to sediment surfaces. This repudiates the hypothesis posed in this study that
meiofaunal abundances should be greater in burrow-wall environments compared to
sediment surface.

The results presented in chapter 6 indicate that macrofaunal community structure was
significantly affected by the interaction between nutrient treatments and sandprawn
densities, but also by sites (Table 6.1). However, this interaction did not appear to affect
macrofaunal community metrics. As a result, the hypothesis that the interaction between

nutrients and sandprawn densities should result in community metrics conforming to the
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grazer-reversal models of and ( ) was repudiated. With the exception
of abundance, which was affected by sites and sandprawn densities (60 ind.m™), macrofaunal
community metrics were unresponsive to treatments (Table 6.2A). The insensitivity of most
diversity metrics in this study could possibly be ascribed to the lack of response of microalgal
biomass to experimental treatments.

Although varied trends of increasing, decreasing and unimodal hump-shaped
responses were detected for macrofaunal taxa and functional groups, they did not
convincingly conform to the grazer-reversal models of and ( ) predicted
in this study. These findings agree with several studies that have previously examined
interactions between disturbance and productivity on communities and report little or no
support for the grazer-reversal models ( and ,

). While other studies suggest that inconsistent application of
diversity metrics is likely to cause discrepancies between findings, lack of consensus could
also be ascribed to nutrient enrichment having little influence on metrics.

Interestingly, the hypothesis that the abundance of suspension feeder should increase
in nutrient addition treatments against increasing sandprawn densities was upheld by these
results, but this was site-specific (Fig.6.5B). Burrowing deposit feeder abundance however,
was not enhanced in response to increasing sandprawn densities as hypothesized. The former
outcome is likely an indication of potential effects of productivity in reversing sandprawn
ecosystem engineering impacts for suspension feeders. Overall, | conclude that ecosystem
engineering by sandprawns modifies benthic community composition in Langebaan Lagoon
and that productivity plays a role mainly by interacting with sandprawns. However, this
interaction does not influence community patterns in a manner predicted by the grazer-

reversal models of and ( ). This therefore suggest that benthic
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communities of Langebaan Lagoon are structured mainly by sandprawn ecosystem
engineering and secondarily by interactions between ecosystem engineering and
productivity.

Overall, findings of this study provide important information that enhances
understanding of ecosystem engineering and nutrients in mediating biotic responses in
marine soft-sediment ecosystems. The main findings of this study are conceptualised in Fig
7.1, which is smiliar to heuristic models proposed by and (

), based on ghostshrimp and seagrass interactions. It was expected in my study that the
interaction between sandprawn densities and nutrient enrichment would interact to
influence macro-and meiofaunal communities. However, this was not the case in many cases,
with results additionally indicating a weak nutrient effect and a stronger sandprawn effect
overall. Based on this, it is probable that in sandprawn dominated habitats, engineering by
sandprawns outweighs nutrient effects (Fig 7.1). In non-engineered states, sediments are
likely to be characteristed predominantly by relatively undisturbed benthic habitats.
However, a shift to a sandprawn-dominated state, results in extensive habitat modification,
principally by sediment turnover and burrow construction. In this state, sandprawn
engineering is a dominant structuring force and nutrient availability is potentially weaker as

a driver of biotic assemblages.
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7.4 Perspective on future research

While this study has generated new knowledge on ecological processes occurring in
sandprawn-dominated ecosystems, limitations in this study have to be acknowledged, as they
provide considerations relevant to future research. A particularly important issue that needs
addressing is why nutrients had limited effects in this study. This may relate to sediment
characteristics, which influence porosity and nutrient-retention (

1998, Adaba ). Future research thus needs to understand
the role of sediment particle size in influencing nutrient retention and biotic responses. It
needs to be undertood that findings of this study may differ under conditions in which
sediments are finer, with a greater nutrient retention capacity ( ). Of course, where
possible, attention needs to be paid to ensuring that sample sizes are adequate to detect
responses. In my study, there were cases were data were highly variable, suggesting a need
for a larger sample size. Thus, expansion of future studies to increase spatial and temporal
replication is imperative, which apart from allowing for robust tests of hypotheses, also

improves ability to generalise findings and extrapolate to a wider set of ecological conditions.

234



e Oxygen
e Light/Temperature
e Food availability

| Presence of ecosystem engineer
(Callichirus kraussi)
e Processing of sediment

Absence of ecosystem engineer
e Low disturbance on |
substrate —
e No below and above I
ground structures

Modified subrate
e Extensive

ground structure

|
|
|
: maintenance of burrows
|
| mounds

|

. |

e Production of surface |
|

|

| |

| |

|

| e Predation (birds, fish and : _______________

| humans) | / \ ________
| N

| |

| |

|
|

e Construction and I_,: bioturbation | p. Persistent ecosystem
I e Added below- | | engineering impacts
|
I

e Intraspecific competition : ABOITC CONTROL | | BIOTIC CONTROL
e Recruitment | e Light/temperature | | e Interspecific
- | e Physical : : competition
| disturbance | | e Grazers
L e 4 e
Fig.7.1: Conceptual model illustrating the relative strength of ecosystem engineering by the burrowing sandprawn (Callichirus
kraussi) and nutrients in intertidal sandflats of Langebaan Lagoon. NB: error thickness denotes the perceived strength of engineering
and nutrients based on study findings. Stages 1 and 2 show non-engineered and engineered states respectively and expected effects
on sediments characteristics. In Stage 2, engineering strength outweighs the effects of nutrients in structuring benthic communities. 235

Abiotic and biotic processes influence engineer populations and productivity levels.



CHAPTER 8

References

236



Abrunhosa FA, Arruda DCB, Simith DJB and Palmeira CAM (2008) The importance of
feeding in the larval development of the ghost shrimp Callichirus major (Decapoda:
Callianassidae). Anais da Academia Brasileira de Ciéncias 80(3): 445-453.

Alongi DM (1985) Effect of physical disturbance on population dynamics and trophic
interactions among microbes and meiofauna. Journal of Marine Research 43: 351-
364.

Alongi DM (1986) Population structure and trophic composition of the free-living nematodes
inhabiting carbonate sands of Davies Reef, Great Barrier Reef, Australia. Australian
Journal of Marine and Freshwater Research 37(5): 609-619.

Altieri AH, Silliman BR and Bertness MD (2007) Hierarchical organization via a facilitation
cascade in intertidal cordgrass bed communities. American Naturalist 169: 195-206.

Alvarez |, Gomez-Gesteira M, de Castro M and Dias M (2008a) Spatio-temporal evolution of
upwelling regime along the western coast of the l|berian Peninsula, Journal of
Geophysics Research 113: C07020.

Amaro TPF, Duineveld GCA, Bergman MIJN, Witbaard R and Scheffer M (2007) The
consequences of changes in abundance of Callianassa subterranea and Amphiura
filiformis on sediment erosion at the Frisian Front (south-eastern North Sea).
Hydrobiologia 589: 273-285.

Anderson MJ (2017) Permutational Multivariate Analysis of Variance (PERMANOVA) Massey
University, Auckland, New Zealand Wiley StatsRef: Statistics Reference Online, ©
2014-2017 John Wiley & Sons, Ltd.

Andrews WR and Huttchings L (1980) Upwelling in the southern Benguela current. Progress

in oceanography 9: 1-81.

237



Aristegui J, Barton ED, Alvarez-Salgado XA, Santos M, Figueiras FG, Kifani S, Hernandez-Leon
S, Mason E and Demarcq H (2009) Sub-regional ecosystem variability in the Canary
Current upwelling. Progress Oceanographys 83: 33-48.

Armenteros M, Pérez-Garcia JA, Ruiz-Abierno A, Diaz-Asencio L, Helguera Y, Vincx M and
Decraemer W (2010) Effects of organic enrichment on nematode assemblages in a
microcosm experiment. Marine Environmental Research. doi:10.1016/j.marenvres.
2010.08.001.

Ask J, Rowe O, Brugle S, Stomgren M, Bystrom P and Andersson A (2016) Importance of
coastal primary production in the northern Beltic Sea. Ambio 45: 635-648.

Austen MC and Thrush SF (2001) Experimental evidence suggesting slow or weak response of
nematode community structure to a large suspension-feeder. Journal of Sea Research
46: 69-84.

Austen MC and Widdicombe S (1998) Experimental evidence of effects of the heart urchin
Brissopsis lyrifera on associated subtidal meiobenthic nematode communities. Journal
of Experimental Marine Biology and Ecology 222: 219-238.

Austen MC and Widdicombe S (2006) Comparison of the response of meio- and
macrobenthos to disturbance and organic enrichment. Journal of experimental
Marine Biology and Ecology 330: 96-104.

Awad AA, Griffiths CL and Turpie JK (2002) Distribution and endemicity patterns of benthic
marine invertebrates in South Africa applied to the selection of priority conservation
areas. Division Distribution 8: 129-145.

Badano El, Marquet PA and Cavieres LA (2010) Predicting effects of ecosystem engineering

on species richness along primary productivity gradients. Acta Oecologica 36: 46-54.

238



Baggett L, Heckt JR, Frankovich JL, Rankovich TA, Armitage AR and Fourqurean JW (2010)
Nutrient enrichment, grazer identity, and their effects on epiphytic algal assemblages:
field experiments in subtropical turtle grass Thalassia testudinum meadows. Marine
Ecology Progress Series 406: 33—-45.

Balmford A, Green RE and Jenkins M (2003) Measuring the changing state of nature. Trends
in Ecology and Evolution 18(7): 326—-330.

Barbier EB, Koch EW, Silliman BR, Hacker SD, Wolanski E, Primavera J, Granek EF, Polasky S,
Aswani S, Cramer LA, Stoms DM, Kennedy CJ, Bael D, Kappel CV, Perillo GME and Reed
DJ (2008) Coastal ecosystem-based management with nonlinear ecological functions
and values. Science 319: 321-323.

Barth JA, Menge BA, Lubchenco J, Chan F, Bane JM, Kirincich AR, McManus MA, Nielsen KJ,
Pierce SD and Washburn L (2007) Delayed upwelling alters nearshore coastal ocean
ecosystems in the northern California current. Proceedings of the National Academy
of Sciences 104(10): 3719-3724.

Bell SS and Hicks GRF (1991) Marine landscapes and faunal recruitment: a field test with
seagrasses and copepods. Marine Ecology Progress Series 73: 61— 68.

Benazzouz A, Mordane S, Orbi A, Chagdali M, Hilmi K, Atillah A, Pelegri JL and Demarcq H
(2014) An improved coastal upwelling index from sea surface temperature using
satellite-based approach — The case of the Canary Current upwelling system.
Continental Shelf Research 81: 38-54.

Berglund JU, Bamstedt UM and Andersson A (2007) Efficiency of a phytoplankton-based and
a bacteria-based food web in a pelagic marine system. Limnology and Oceanography

52:121-131.

239



Berkenbusch K and Rowden AA (1999) Factors influencing sediment turnover by the
burrowing ghost shrimp Callianassa filholi (Decapoda: Thalassinidea). Journal of

Experimental Marine Biology and Ecology 238: 283-292.

Berkenbusch K, Rowden AA and Probert PK (2000) Temporal and spatial variation in
macrofauna community composition imposed by ghost shrimp Callianassa filholi
bioturbation. Marine Ecology Progress Series 192: 249-257.

Berkenbusch K and Rowden AA (2003) Ecosystem engineering — moving away from ‘just-so’

stories. New Zealand Journal of Ecology 27(1): 67-73.

Berkenbusch K and Rowden AA (2007) An examination of the spatial and temporal
generality of the influence of ecosystem engineers on the composition of
associated assemblages. Aquatic ecology 41: 129-147.

Berkenbusch K, Ashley AA. Rowden and Myers TE (2007) Interactions between seagrasses and
burrowing ghost shrimps and their influence on infaunal assemblages. Journal of
Experimental Marine Biology and Ecology 341: 70-84

Becker RA and Cleveland WS (1996) S-PLUS Trellis Graphics User’s Manual. Seattle: Math Soft,
Inc, Murray Hill: Bell Labs.

Berlow EL (1997) From canalization to contingency: Historical effects in a successional rocky
intertidal community. Ecological monographs 67:435-460.

Bertness MD, Crain CM, Silliman BR, Bazterrica MC, Reyna V, Hildago F and Farina JK (2006)
The community structure of Western Atlantic Patagonian rocky shores. Ecological

society of America 76: 439-460.

240



Beukema J (1991) Changes in composition of bottom fauna of a tidal flat area during a period
of eutrophication. Marine Biology 111:292-301.

Biles CL, Parterson DM, Ford RB, Solan M and Raffaell DG (2002) Bioturbation, ecosystem
functioning and community structure. Hydrology and Earth System Sciences 6(6): 999—
1005.

Billen G (1978) A budget of nitrogen recycling in North Sea sediments off the Belgian coast.
Estuarine and Coastal Marine Science 7(2): 127-146.

Bishop MJ, and Kelaher MP (2007) Impacts of detrital enrichment on estuarine assemblages:
disentangling effects of frequency and intensity of disturbance. Marine Ecology
Progress series 341: 25-36.

Blackford J (1997) An analysis of benthic biological dynamics in a North Sea ecosystem model.
Journal of Sea Research 38: 213-230.

Blanchard GF, Guarini JM, Gros P and Richard P (1997) Seasonal effects on the relationship
between the photosynthetic capacity of intertidal microphytobenthos and
temperature. Journal of Phycology 33:723-728.

Blanchette CA, Wieters EA, Broitman BR, Kinlan BP and Schiel DR (2009) Trophic structure
and diversity in rocky intertidal upwelling ecosystems, A comparison of community
patterns across California, Chile, South Africa and New Zealand. Progress in
Oceanography 83: 107-116.

Bolam SG, Fernandes TF and Huxham M (2002) Diversity, biomass, and ecosystem processes
in the marine benthos. Ecological Monographs 72: 599—-615.

Bolton JJ and Levitt J (1987) The influence of upwelling on South African west coast seaweeds,

South African Journal of Marine Science 5(1): 319-325.

241



Bos AR, Bouma TJ, de Kort GLJ and Van Katwijk MM (2007) Ecosystem engineering by annual
intertidal seagrass beds: sediment accretion and modification. Estuarine Coastal and
Shelf Science 74: 344-348.

Bouma TJ, De Vries MB, Low E, Peralta G, Tanczos IC, van de Koppel J and Herman PMJ (2005)
Trade- offs related to ecosystem-engineering: a case study on stiffness of emerging
macrophytes. Ecology 86:2187-2199.

Bouma TJ, Olenin S, Reise K and Ysebaert T (2009) Ecosystem engineering and biodiversity in
coastal sediments: posing hypotheses. Helgoland Marine Research 63: 95-106.
Bourget E, De Guise J and Diagle G (1994) Scales of substratum heterogeneity, structural
complexity, and the early establishment of a marine epibenthic community. Journal

of experimental Marine biology and Ecology 181: 31-51.

Boyer KE, Kertesz JS and Bruno JF (2009) Biodiversity effects on productivity and stability of
marine macroalgal communities: the role of environmental context. Oikos 118: 1062—
1072.

Bracken MES, Dolecal RE and Long JD (2014) Community context mediates the top-down
versus bottom-up effects of grazers on rocky shores. Ecology 95(6):1458-63.

Branch GM, Branch M and Beckley LE (2010) Two oceans: a guide to the marine life of
southern Africa. Struik.

Branch GM and Pringle A (1987) The impact of the sand prawn Callianassa kraussi Stebbing
on sediment turnover and on bacteria, meiofauna and benthic microflora. Journal of
Marine Biology and Ecology 107: 219-235.

Branch GM and Branch B (1981) Living Shores of southern Africa. In Emsie du Plessis,

Charles de Villiers. 2018 edition. Struik, Cape Town.

242



Brown (1992) Spatial and seasonal variation in chlorophyll distribution in the upper 30 m of
the photic zone in the southern Benguela/Agulhas ecosystem. South African Journal
of Marine Science 12(1): 515-525.

Brun P, Vogt M, Payne MR, Cruber N, O’Brien CJ, Beutenhuis ET, Quere C Le, Leblanc K and
Luo Y-Wei (2015) Ecological niches of open ocean phytoplankton taxa: Niches of open
ocean phytoplankton. Limnology and Oceanography 60: 1020-1038.

Bucolo P, Sullivan MJ and Zimba PV (2008) Effects of nutrient enrichment on primary
production and biomass of sediment microalgae in a subtropical sea grass bed. Journal
of Phycology 44: 874-381.

Bustamante RH, Branch GM, Eekhout S, Robertson B, Zoutendyk P, Schleyer M, Dye A,
Hanekom N, Keats D, Jurd M and McQuaid C (1995) Gradients of intertidal primary
productivity around the coast of South Africa and their relationships with consumer
biomass. Oecologia 102: 189-201.

Cadée GC (2001) Sediment dynamics by bioturbating organisms. In: K. Reis (ed.), Ecological
Comparison of Sedimentary Shores. Ecological studies 151, Berlin, Heidelberg:
Springer-Verlag; Pp. 127-148.

Cahoon LB (1999) The role of benthic microalgae in neritic ecosystems. Oceanography and
Marine Biology 37: 47-86.

Cahoon LB and Nearhoof JE (1999) Sediment Grain Size on Benthic Microalgal Biomass in
Shallow Aquatic Ecosystems. Estuaries 22: 735-741.

Canal J, Laffaille P, Gilbert F, Lauzeral C and Buisson L (2015) Influence of temperature on
surface sediment disturbance by freshwater fish: A microcosm experiment. Annales

de Limnologie-International Journal of Limnology 51: 179-188.

243



Canning-Clode J, Kaufmann M, Molis M, Wahl M and Lenz M (2008) Influence of disturbance
and nutrient enrichment on early successional fouling communities in an oligotrophic
marine system. Marine Ecology 29: 115-124.

Capone DG and Hutchins DA (2013) Microbial biogeochemistry of coastal upwelling regimes
in changing ocean. Nature Geoscience 6: 711-717.

Cardinale BJ, Nelson K, Palmer MA (2000) Linking species diversity to the functioning of
ecosystems: on the importance of environmental context. Oikos 91: 175-183.
Cardinale BJ, Palmer MA and Collins SL (2002) Species diversity increases ecosystem

functioning through interspecific facilitation. Nature 415: 426—-429.

Carman KR, Fleeger JW and Pomarico SM (1997) Response of a benthic food web to
hydrocarbon contamination. Limnolongy and Oceanography 42:561-571.

Carr ME (2002) Estimation of potential productivity in eastern boundary currents using
remote sensing. Deep-Sea Research Part Il: Topical Studies in Oceanography 49: 59—
80.

Carr ME and Kearns EJ (2003) Production regimes in four Eastern Boundary Current systems.
Deep-Sea Research Partt Il: Tropical studies in Oceanography 50: 3199-3221.
Carvalho LRS, Loiola M and Barros F (2017) Manipulating habitat complexity to understand its
influence on benthic macrofauna. Journal of Experimental Marine Biology and

Ecology 489: 48-57.

Chamberlain SA, Bronstein JL and Rudgers JA (2014) How context dependent are species
interactions? Ecology Letters 17: 881-890.

Chavez FP and Messié M (2009) A comparison of eastern boundary upwelling ecosystems.

Progress in Oceanography 83: 80-96.

244



Chou ML, Yu JY and Loh TL (2004) Impacts of sedimentation on soft-bottom benthic
communities in the southern islands of Singapore. Hydrobiologia 515: 91-106.

Christie ND (1981) Primary production in Langebaan Lagoon. In: Day JH (Ed.) Estuarine
Ecology with Particular Reference to Southern Africa. AA Balkema, Cape Town; Pp.
101-115.

Clarke KR and Gorley RN (2006) Primer V6: Manual user/Tutorial. Primer-E Ltd. Plymouth
Marine Lab, United Kingdon; Pp. 190.

Cloern JE, Foster SQ and Kleckner AE (2014) Phytoplankton primary production in the world’s
estuarine coastal ecosystem. Biogeosciences 11: 2477-2501.

Cloern JE (1982). Does the benthos control phytoplankton biomass in South San Francisco
Bay? Marine Ecology Progress Series 9: 191-202.

Coblentz KE, Henkel JR, Sigel BJ and Taylor CM (2015) Influence of sediment characteristics
on the composition of soft-sediment intertidal communities in the northern Gulf of

Mexico. doi: 10.7717/peerj.1014.

Colin PL, Suchanek TH and McMurtry G (1986) Water pumping and particulate resuspension
by callianassids (Crustacea: Thalassinidea) at Enewetak and Bikini Atolls, Marshall
Islands. Bulletin of Marine Science 38: 19-24.

Connell JH (1978) Diversity in tropical rainforest and coral reefs. Science 199: 1302-1310.

Connell JH and Orias E (1964) The ecological regulation of species diversity. The American
Naturalist 98: 399-414.

Connor EF and McCoy ED (2001) Species-area relationships. In: Levin S (ed.) Encyclopedia of

Biodiversity. Acad. Press, London; Pp. 397-411.

245


https://www.ncbi.nlm.nih.gov/pubmed/?term=Coblentz%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=26157603
https://www.ncbi.nlm.nih.gov/pubmed/?term=Henkel%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=26157603
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sigel%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=26157603
https://dx.doi.org/10.7717%2Fpeerj.1014

Contardo-Jara V, Miyamoto JHS, da Gama BAP, Molis M, Wahl M and Pereira RC (2006)
Limited evidence of interactive disturbance and nutrient effects on the diversity of
macrobenthic assemblages. Marine Ecology Progress series 308: 37-48.

Contessa | and Bird FI (2004) The impact of bait-pumping on populations of the ghost shrimp
Trypaea australiensis Dana (Decapoda: callianassidae) and the sediment environment.
Journal of Experimental Marine Biology and Ecology 304: 75-97.

Cowie PR, Widdicombe S and Austen MC (2000) Effects of physical disturbance on an
estuarineintertidal community: field and mesocosm results compared. Marine Biology
136: 485-495.

Crain CM and Bertness MD (2006) Ecosystem engineering across environmental gradients:
Implications for conservation and management. Bioscience 56:211-218.

Crooks JA (2001) Assessing invader effects within changing ecosystems: historical and
experimental perspective on the role of the exotic mussel in an urban lagoon.
Biological Invasions 3: 23-36.

Crooks JA (2002) Characterizing ecosystem-level consequences of biological invasions: the
role of ecosystem engineers. Oikos 97: 153-166.

Crooks JA and Khim HS (1999) Architectural vs. biological effects of a habitat-altering, exotic
mussel, Musculista senhousia. Journal of Experimental Marine Biology and Ecology
240: 53-75.

Crowl TA, McDowell WH, Covich AP and Johnson SL (2001) Source: Ecology, Vol. 82, No. 3,
pp. 775-783.

Cummings E and Ruber E (1987) Copepod colonization of natural and artificial substrates in a

salt marsh pool. Estuarine, Coastal and Shelf Science 25: 637— 645.

246



Daly KL and Smith WO (1993) Physical-biological interactions influencing marine planktonic
production. Annual Review of Ecology and Systematics 24: 555-585.

Darwin C (1881) The Formation of Vegetable Mould, through the Action of Worms, with
Observations on their Habits. London: Murray.

Davis RA and Lee H (1983) Recolonization of sediment-associated microalgae and effects of
estuarine infauna on microalgal production. Marine Ecology Progress Series 11: 227-
232.

Dawson Jand Pillay D (2011) Influence of starfish grazing on lagoonal microalgal communities:
non-competitive mechanisms for unimodal effects on diversity. Marine Ecology
Progress Series 435: 75-82.

Day JH (1969) Marine life on the Southern African shores. Balkema, Cape Town; Pp. 300

Day JH (1981) The estuarine fauna. In: Day JH (ed.), Estuarine Ecology with Particular
Reference to Southern Africa. Cape Town, South Africa: Balkema; Pp. 147-78.

Dayton PK (1972) Toward an understanding of community resilience and the potential effects
of enrichments to the benthos at McMurdo Sound, Antarctica. In: Parker BC (ed.),
Proceedings of the Colloquium on Conservation Problems in Antarctica. Allen Press,
Lawrence, KS; Pp. 81-96.

de Brouwer JFC, de Deckere E and Stal LJ (2003) Distribution of extracellular carbohydrates
in three intertidal mudflats in Western Europe. Estuarine, Coastal and Shelf Science
56: 313-324.

De Léo FC and Pires-Vanin AM (2006) Benthic megafauna communities under the influence
of the South Atlantic Central Water intrusion onto the Brazilian SE shelf: a comparison
between an upwelling and a non-upwelling ecosystem. Journal of Marine Systems 60:

268-284.
247



De Troch M, Fiers F and Vincx M (2003) Niche segregation and habitat specialisation of
harpacticoid copepods in a tropical seagrass bed. Marine Biology 142: 345-355.

Dean RL and Connell JH (1987a) Marine invertebrates in an algal succession Ill. Mechanisms
linking habitat complexity with diversity. Journal of Experimental Marine Biology
and Ecology 109: 249-273.

Decho AW (1990) Microbial exopolymer secretions in ocean environments: their role(s) in
food webs and marine processes. Oceanography and Marine Biological: An annual
Review 28:73-153.

Decho AW and Castenholz RW (1986) Spatial patterns and feeding of meiobenthic
harpacticoid copepods to resident microbial flora. Hydrobiologia 131:87-96.

Decho AW and Fleeger JW (1988) Ontogenetic feeding shifts in the meiobenthic harpaticoid
copepod Nitocra lacustris. Marine Biology 97:191-197.

Deegan LA, Peterson BH, Golder H, Mciver CC and Miller MC (1997) Effects of fish density and
river fertilization on algal standing stock, invertebrate communities, and fish
production in an Arctic river. Canadian Journal of Fisheries and Aquatic Science 54:
269-283.

Diaz RJ and Rosenberg R (2008) Spreading dead zones and consequences for marine
ecosystems. Science 321: 926-929.

Dittmann S (1993) Impact of foraging soldier crabs (Decapoda, Mictyridae) on meiofaunain a
tropical tidal flat. Revista de Biologia Tropical 41: 627-637.

Dittmann S (1996) Effects of macrobenthic burrows on infaunal communities in tropical tidal

flats. Marine Ecology Progress Series 134: 119-130.

248



Dobbs FC and Gucker JB (1988) Callianassa trilobata (crustacea: Thalassinidea) influences
abundance of meiofauna and biomass, composition, and physiologic state of
microbial communities within its burrow. Marine Ecology Progress Series 45: 69-79.

Downing JA, Osenberg CW and Sarnelle O (1999) Meta-analysis of marine nutrient-
enrichment experiments: Variation in the magnitude of nutrient limitation. Ecology
80:1157-1167.

Duarte CT, Terrados J, Agawin NSR, Fortes MD, Bach S and Kenworthy WJ (1997) Response of
a mixed Philippine seagrass meadow to experimental burial. Marine Ecology Progress
Series 147: 285-294.

Duarte CM and Cebrian J (1996) The fate of marine autotrophic production. Limnology and
Oceanography 41: 1758-1766.

Duarte CM, Middelberg JJ and Caroca N (2005) Major role of marine vegetation on the oceanic
carbon cycle. Biogeoscience 2: 1-8.

Duarte LO and Garcia CB (2004) Tropic role of small pelagic fishes in a tropical upwelling
ecosystem. Ecological modelling 172: 323-338.

Dublin HT, Sinclair ARE and McGlade J (1990) Elephants and fire as causes of multiple stable
states in the Serengeti Mara woodlands. Journal of Animal Ecology 59: 1147-1164.

Duffy JE (2003) Biodiversity loss, trophic skew, and ecosystem functioning. Ecological Letters
6: 680-687.

Dumbauld BR and Wyllie-Echeverria S (2003) The influence of burrowing thalassinid shrimps
on the distribution of intertidal seagrasses in Willapa Bay, Washington, USA. Aquatic

Botany 77: 27-42.

249



Dworschak PC (2004) Biology of Mediterranean and Caribbean Thalassinidea (Decapoda).
In: Tamaki A (ed.), Proceedings of the Symposium on “Ecology of Large Bioturbators
in Tidal Flats and Shallow Sublittoral Sediments from Individual Behaviours to their
Role as Ecosystem Engineers’’. Nagasaki University, Nagasaki; Pp. 15-22.

Eckman JE, Duggins DO and Siddon CE (2003) Current and wave dynamics in the shallow
subtidal: implications to the ecology of understory and surface-canopy kelps. Marine
Ecology Progress Series 265: 45-56.

Eklof JS, Van der Heide T, Donadi S, van der Zee EM and O’Hara R (2011) Habitat-Mediated
Facilitation and Counteracting Ecosystem Engineering Interactively Influence
Ecosystem Responses to Disturbance. PLoS ONE 6: e23229.

Ellis J, Cumming V, Hewitt J, Thrush S and Norkko A (2002) Determining effects of suspended
sediment on condition of suspension bivalve (Atrina zelanica): results from a survey,
a laboratory experiment and field transplant experiment. Journal of
Experimental Marine Biology and Ecology 267: 147-174.

Espinosa F, Guerra-Garcia JM and Garcia-Gomez JC (2007) Sewage pollution and extinction
risk: an endangered limpet as a bioindicator? Biodiversity and Conservation 16: 377—
397.

Fairweather PG and Quinn GP (1995) Marine Ecosystems: hard and soft shores. State of the
Marine Environment Report for Australia.

Field J and Griffiths C (1991) Littoral and Sublittoral Ecosystems of Southern Africa. In A.
Mathieson A and Nienhuis P (eds), Ecosystems of the World 24: Intertidal and Littoral

Ecosystems. Elsevier, New York; Pp. 323-346.

250



Field JG and Shillington FA (2006) Variability of the Benguela Current system. The sea: the
global coastal ocean: interdisciplinary regional studies and syntheses. Harvard
University: Harvard University Press; Pp. 835-863.

Flach EC (1993) The distribution of the amphipod Corophium arenarium in the Dutch Wadden
Sea: relationships with the sediment composition and presence of cockles and
lugworms. Netherland Journal of Sea Research 31: 281-290.

Fonseca MS and Fisher JS (1986) A comparison of canopy friction and sediment movement
between four species of seagrass with reference to their ecology and restoration.
Marine Ecology Progress Series 29:15-22.

Forbes AT (1973b) An unusual abbreviated larval life in estuarine burrowing prawn
Callianassa kraussi (Crustacea: Decapoda: Thalassunidae). Marine Biology 22: 361-
365.

Forbes AT (1977) Breeding and growth of the burrowing prawn Callianassa kraussi
Stebbing (Crustecea: Decapoda: Thalassinidae). Zoologica Africana 12: 149-161.

Forbes AT (1978) Maintenance of non-breeding populations of the estuarine prawn
Callianassa kraussi (Crustacea, Anomura, Thalassinidea). Zoologica Africana 13: 33
- 40.

Ford H, Garbutt A, Ladd C, Malarkey J and Skov MW (2016) Soil stabilization linked to plant
diversity and environmental context in coastal wetlands. Journal of Vegetation Science
27:259-268.

Fox JW (2013) The intermediate disturbance hypothesis should be abandoned. Trends in
Ecology and Evolution 28: 86—92.

Fransisco P, Chavez P and Messie M (2011) Marine primary Production in Relation to Climate

Variability and Change. Annual Review of Marine Science 3: 227-26.
251



Fraschetti S, Gambi C, Giangrande A, Musco L, Terlizzi A and Danovaro R (2006) Structural and
functional response of meiofauna rocky assemblages to Sewage pollution. Marine
Pollution Bulletin 52: 540-548.

Fuchs R, Pinazo C, Douillet P, Fraysse M, Grenz C, Mangin A and Dupouy C ( 2013) Modelling
ocean lagoon interaction during upwelling processes in the South West of New
Caledonia. Estuarine, Coastal and Shelf Science 135: 5-17.

Gacia E, Granata TC and Duarte CM (1999) An approach to measurement of particle flux and
sediment retention within seagrass (Posidonia oceanica) meadows. Aquatic Botany
65: 255-268.

Gambi MC, Nowell ARM and Jumars PA (1990) Flume observations on flow dynamics in
Zostera marina (eelgrass) beds. Marine Ecology Progress Series 61: 159—-169.

Garcia-Robledo E, Bohorquez J, Corzo A, Jimenez-Arias JL, and Papaspyrou S (2016)
Dynamics of Inorganic Nutrients in Intertidal Sediments: Porewater, Exchangeable,

and Intracellular Pools. Frontier Microbiology 7: 761. Dio 10.3389/fmicb.2016.00761

Gattuso P, Gentili B, Duarte CM, Kleypas AJ, Middelburg JJ and Antoine D (2006) Light
availability in the coastal ocean: impact on the distribution of benthic photosynthetic
organisms and their contribution to primary production. Biogeosciences 3: 489.

Gazeau F, Smith SV, Gentili B, Frankignoulle M and Gattuso JP (2004) The European coastal
zone: Characterization and first assessment of ecosystem metabolism. Estuarine,
Coastal and Shelf Science 60: 673—694.

Gee WG and Or D (2002) Particle-Size Analysis. In: Dane J and Topp GC (eds), Methods of Soil

Analysis. Book Series: 5. Part 4. Soil Science Society of America. USA; Pp. 255-293.

252


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bohorquez%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27303370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Corzo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27303370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jimenez-Arias%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=27303370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Papaspyrou%20S%5BAuthor%5D&cauthor=true&cauthor_uid=27303370
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880585/
https://dx.doi.org/10.3389%2Ffmicb.2016.00761

Gerwing GT, Drolet D, Hamilton DJ and Barbeau MA (2016) Relative Importance of Biotic and
Abiotic Forces on the Composition and Dynamics of a Soft-Sediment Intertidal
Community. PLoS ONE 11 (1): e0147098. doi:10.1371/journal.pone.0147098.

Gerwing TG, Allen Gerwing AM, Mcdonald T, Cox K, Juanes F and Dudas SE (2017) Intertidal
soft-sediment community does not respond to disturbance as postulated by
intermediate hypothesis. Journal of Sea Research 129: 22-28.

Goudard A and Loreau M (2012) Integrating trait-mediated effects and Non-trophic
interaction in the study of biodiversity and ecosystem function. In: Ohgushi T,
Schmitz O and Holt RD (eds), Trait and mediated interaction. Cambridge, New York,
Cambridge university press; Pp. 418.

Gough L, Grace JB and Taylor KL (1994) The relationship between species richness and
community biomass: the importance of environmental variables. Oikos 70: 271-279.

Gonzalez-Rodriguez E, Trasvifia-Castro A, Gaxiola-Castro G, Zamudio L and Cervantes-Duarte
R (2012) Net primary productivity, upwelling and coastal currents in the Gulf of Ulloa,
Baja California, México. Ocean Science 8(4): 703-711.

Graf G and Rosenberg R (1997) Bioresuspension and biodeposition: A review. Journal of
Marine Systems 11: 269-278.

Graham WM and Largier JL (1997) Upwelling shadows as nearshore retention sites: the
example of northern Monterey Bay. Continental Shelf Research 17(5): 509-532.

Grant J (1986) Sensitivity of benthic community respiration and primary production to
changes in temperature and light. Marine Biology 90: 299-306.

Gray JS (1997) Marine biodiversity: patterns, threats and conservation needs. Biodiversity

and Conservation 6: 153—-175.

253



Gray JS (2002) Species richness of marine soft sediments. Marine Ecological Progress Series
244: 285-297.

Gray JS and Elliott M (2009) Diversity. In: Gray JS and Elliott M (eds), Ecology of Marine
Sediments, second edition. Oxford, New York; Pp. 52-57.

Griffiths C, Robinson TB, Lange L and Mead A (2010) Marine Biodiversity in South Africa: An
Evaluation of Current State of Knowledge. Plos ONE 5(8): 12008,
dio:10:1371/journal.pone.0012008.

Grizzle RE, Short FT, Newell CR, Hoven H and Kindblom L (1996) Hydrodynamically induced
synchronous waving of sea- grasses: ‘monami’ and its possible effects on larval mussel
settlement. Journal of Experimental Marine Biology and Ecology 206:165-177.

Guerrini A, Colangelo MA and Ceccherelli VU (1998) Recolonization patterns of meiobenthic
communities in brackish vegetated and unvegetated habitats after induced hypo-
xia/anoxia. Hydrobiologia 375/376: 73— 87.

Guisan A, Edward Jr TC and Hastie T (2002) Generalized linear and generalized addictive
models in studies of species distributions: setting the scene. Ecological Modelling
157: 89-100.

Hastings A, Byers JE, Crooks JA, Cuddington K, Jones CG, Lambrinos JG, Talley TS and Wilson
WG (2007) Ecosystem engineering in space and time. Ecology Letters 10: 153-164.

Hatcher A, Grant J and Schofield B (1994) Effects of suspended mussel culture (Mytilus spp.)
on sedimentation, benthic respiration and sediment nutrient dynamics in a coastal
bay. Marine Ecology Progress Series 115: 219-235.

Heckman T, Gegg K, Gegg A and Becht M (2014) Sample size matters: investigating the effects

of sample size on a logistic regression susceptibility model for debris flows. Natural

Hazards and Earth System Science 14: 259-278.
254



Heip C, Warwick RM, Carr MR, Herman PMJ, Huys R and Smol N (1988) Anaylsis of community
attributes of the benthic meiofauna of Frierfjord/Langesundfjord. Marine Ecology
Progress Series 56: 171-180.

Heip CHR, Goosen NK, Herman PMJ, Kromkamp J, Middelburg JJ and Soetaert K (1995)
Production and consumption of biological particles in temperate tidal estuaries.
Oceanography and Marine Biological: An annual Review 33:1-149.

Heneash AMM, Tadrose HRZ, Hussein MMM, Hamdona SK, Abdel-Aziz N and Gharib SM
(2015) Potential effects of abiotic factors on the abundance and distribution of the
plankton in the Western Harbour, south-eastern Mediterranean Sea, Egypt.
Oceanologia 57: 61-70.

Henninger TO and Froneman PW (2013) Role of the sandprawn Callichirus kraussi as an
ecosystem engineer in a South African temporarily open/closed estuary. African
Journal of Aquatic Science 38(1): 101-107.

Henry JL, Mostert SA and Christie ND (1977) Phytoplankton primary production in Langebaan
Lagoon and Saldanha Bay. Transection of Royal Society of South Africa 42: 383-398.

Herrera JL, Rosén G, Varela RA and Piedracoba S (2008) Variability of the western Galician
upwelling system (NW Spain) during an intensively sampled annual cycle: an EOF

analysis approach. Journal of Marine Systems 72: 200-217.

Hicks GRF and Coull BC (1983) The ecology of marine meiobenthic harpacticoid copepods

Oceanography and Marine Biology: Annual Review 21:67-175.

Hillebrand H (2003) Opposing effects of grazing and nutrients on diversity. Oikos 100:

592-600.

255



Hindell JS, Jenkins GP and Keough MJ (2001) Spatial and temporal variability in the effects of
fish predation on macrofauna in relation to habitat complexity and cage effects.
Marine Ecological Progress Series 224: 231-250.

Hines AH, Haddon AM and Wiechert LA (1990) Guild structure and foraging impact of blue
crabs and epibenthic fish in a subestuary of Chesapeake Bay. Marine Ecology
Progress Series 67: 105— 126.

Hjort J and Marmion M (2008) Effects of sample size on the accuracy of geomorphological
models. Geomorphology 102: 341-350.

Hooper DU and Dukes JS (2003a) Over yielding among plant functional groups in a long term
experiment. Ecology Letters 7(2): 95—-105.

Hu J and Wang X. H (2016) Progress on upwelling studies in the China seas, Reviews of
Geophysics 54: 653—-673.

Hubbell SP (2001) MacArthur and Wilson’s radical theory: In The unified neutral theory of
biodiversity and biogeography. Princeton University Press, Princeton, New Jersey; Pp.
3-29.

Hughes DJ, Atkinson RJA and Ansell AD (2000) A field test of the effects of megafaunal
burrows on benthic chamber measurements of sediment-water solute fluxes. Marine
Ecology Progress Series 195: 189- 199.

Hughes HA, Jarrett BE, Kimbro DL and Stachowicz JJ (2007) Reciprocal relationships and
potential feedbacks between biodiversity and disturbance. Ecology Letters 10: 849—

864.
Huston M (1994) Biological diversity: the coexistence of species on changing landscapes.

Cambridge University Press, Cambridge, UK.

256



Huston MA (1979) A general hypothesis of species diversity. American Naturalist 113: 81—
101.

Huston MA (2014) Disturbance, productivity and species diversity: empiricism vs. logic in
ecological theory. Ecology 95: 2382-2396.

Hutchinson GE (1993) A Treatise on Limnology. Vol. 4. The Zoobenthos. New York: John Wiley
& Sons.

Huxham M, Gilpin L, Mocognin M and Harper S (2006) Microalgae, macrofauna and sediment
stability: an experimental test of a reciprocal relationship. Marine Ecology
Progress Series. DOI: 10.3354/meps310055.

Huxham M, Roberts | and Briner J (2000b) A field test of the intermediate disturbance
hypothesis in the softbottom intertidal. International Review of Hydrobiology 85: 379—
394.

Hyndes GA and Lavery PS (2005) Does transported seagrass provide an important trophic link
in intertidal Soft-bottom ecosystem: Journal of Experimental Marine Biology and
Ecology 465: 41— 48.

Irwin AJ, Nelles AM and Kinkel ZV (2012) Phytoplankton niches estimated from field data.
Limnology Oceanography 57(3): 787-797.

Jackson AC, Murphy RJ and Underwood AJ (2009) Patiriella exigua: grazing by a starfish in an
overgrazed intertidal system. Marine Ecological Progress Series 376:153-163.

Jara CV, Miyamoto JHS, da Gama BAP, Molis M, Wahl M and Pereira RC (2006) Limited
evidence of interactive disturbance and nutrients effects on the diversity of
macrobethic assemblages. Marine ecology Progress Series 308:37-48.

Johnson KH, Vogt KA and Clark HJ (1996) Biodiversity and the productivity and stability of

ecosystems. Trends in Ecology and Evolution 11: 372-377.
257



Jones CG, Gutierrez JL, Byers JE , Crooks JA, Lambrinos JG and Talley TS (2010) A framework
for understanding physical ecosystem engineering by organisms. O/KOS 119: 1862—
1869.

Jones CG, Lawton JH and Shachak M (1994) Organisms as ecosystem engineers. O/IKOS 69:
373-386.

Jones CG, Lawton JH and Shachak M (1997b) Ecosystem engineering by organisms: Why
semantics matters. Trends in Ecology and Evolution 12: 275-275.

Kassen R, Llewellyn M and Rainey PB (2004) Ecological constraints on diversification in a
model adaptive radiation. Nature 431: 984-98.

Katrak G and Bird FlI (2003) Comparative effects of the large bioturbators, Trypaea
australiensis and Heloecius cordiformis, on intertidal sediments of western Port,
Victoria, Australia. Marine and Freshwater Research 54: 701-708.

Kelaher BP (2003) Changes in habitat complexity negatively affect diverse gastropod
assemblage in coralline algal turf. Oecologia 135: 431-441.

Kennedy AD (1993) Minimal predation upon meiofauna by endobenthic macrofauna in the
Exe estuary, South West England. Marine Biology 117: 311-319.

Kennelly SJ (1983) An experimental approach to the study of factors affecting algal
colonization in a sublittoral kelp forest. Journal of Experimental Marine Biology and
Ecology 68: 257-276.

Kershaw HM and Mallik AU (2013) Predicting plant diversity response to disturbance:
applicability of the intermediate disturbance hypothesis and mass ratio hypothesis.
Critical Reviews in Plant Sciences 32: 383-395.

Kinoshita K, Wada M, Kogure K and Furota T (2003) Mud shrimp burrows as dynamic traps

and processors of tidal-flat materials. Marine Ecology Progress Series 247: 159-164.

258



Kondoh M (2001) Unifying the relationships of species richness to productivity and
disturbance. Proceeding of the Royal Society of London B 268: 269-271.

Kovalenko EK, Thomaz SM and Warfe DM (2012) Habitat complexity: approaches and future
directions. Hydrology 685: 1-17.

Kristensen E, Jensen MH and Jensen KM (1997) Temporal variations in microbenthic
metabolism and inorganic nitrogen fluxes in sandy and muddy sediments of a tidally
dominated bay in the northern Wadden Sea. Helgolander Meeresunters 51: 295-320.

Kristensen K (2008) Mangrove crabs as ecosystem engineers: with emphasis on sediment
processes. Journal of Sea Research 59: 30—43.

Kristensen E, Penha-Lopes G, Delefosse M, Valdemarsen T, Quintana CO, Banta GT, et al
(2012) What is bioturbation? The need for a precise definition for fauna in aquatic
sciences. Marine Ecology Progress Series 446: 285—-302.

Kromkamp J, Peene J, van Rijswicjk P, Sandee A and Goosen N (1995) Nutrients, light and
primary production by phytoplankton and microphytobenthos in the eutrophic, turbid
Westerschedlde estuary (The Netherlands). Hydrobiologia 311: 9- 19.

La Rosa T, Mirto S, Mazzola A and Danovaro R (2001) Differential responses of benthic
microbes and meiofauna to fish-farm disturbance in coastal sediments. Environmental
Pollution 112: 427-432.

Lassau SA and Hochuli DF (2004) Effects of habitat complexity on ant assemblages. Ecography

27:157-164.
Lawton JH (1983) Plant architecture and the diversity of phytophagous insects. Annual Review

of Entomology 28: 23-39.

259



Lejart M and Hily C (2011) Differential response of benthic macrofauna to the formation of
novel oyster reefs (Crassostrea gigas, Thunberg) on soft and rocky substrate in the
intertidal of the Bay of Brest, France. Journal of Sea Research 65: 84-93.

Lenihan HS and Micheli (2001) Soft-sediment communities. In: Bertness MD, Gaines SD and
Hay ME (eds), Marine Community Ecology. Sunderland, MA: Sinauer Associates; Pp.
253-287.

Levin LA, Ekau W, Gooday AJ, Jorissen F, Middelburg JJ, Navig SWA, Neira C, Rabalais NN and
Zhang J (2009) Effects of natural and human-induced hypoxia on coastal benthos.
Biogeosciences 6: 2063—2098.

Levin SA (1992) The problem of pattern and scale in ecology. Ecology 73: 1943-1967.

Levinton JS and Stewart S (1982) Marine succession: the effect of two deposit-feeding
gastropod species on the population growth of Paranais litoralis Muller 1784
(Oligochaeta). Journal of Experimental Marine Biology and Ecology 59:231-241.

Liess A, Lange K, Schulz F, Piggott JJ, Mattaei CD and Tonwnsend CR (2009) Light, nutrients
and grazing interact to determine diatom species richness via changes to productivity,
nutrient state and grazer activity. Journal of Ecology 97: 326-336.

Link JS, Yemane D, Shannon LJ, Coll M, Shin Y, Hill L and Borges MDF (2010) Relating marine
ecosystem indicators to fishing and environmental drivers: an elucidation of
contrasting responses. Journal of Marine Science 67: 787—-795.

Little C (2000) The biology of soft shores and estuaries. Oxford University Press, New York.

Lodge DM, Kershner MW, Aloi JE and Covich AP (1994) Effects of an omnivorous crayfish
(Orconectes rusticus) on a freshwater littoral food web. Ecology 75: 1265-1281.

Lohrer AM, Thrush SF and Gibbs MM (2004a) Bioturbators enhance ecosystem function

through complex biogeochemical interactions. Nature 431(7012): 1092—-1095.
260



Lohrer D and Hancock N (2004b) Marine soft sediments: more diversity than meets the eye.
Water and Atmosphere 12: 26-27.

Lu L, Grant J and Barrell J (2008) Macrofauna spatial pattern in relation to environmental
variables in the Richbucto estuary, New Bruswick, Canada. Estuaries and coasts 31:
994-1005.

Lutjeharms JRE, Cooper J and Roberts M (2000) Upwelling at the inshore edge of the Agulhas
Current. Continental Shelf Research 20: 737-761.

Lutjeharms JRE, Meyer AA, Ansorge 1), Eagle GA and Orren, MJ (1996) The nutrient
characteristics of the Agulhas Bank. South African Journal of Marine Science 17: 253—
274.

Maclntyre HL, Geider RJ and Miller DC (1996) Microphytobenthos: The ecological role of the
“secret garden” of unvegetated, shallow-water marine habitats. Distribution,
abundance and primary production. Estuaries 19: 186-201.

Mackey R and Currie D (2001) The diversity—disturbance relationship: Is it generally strong
and peaked? Ecology 82: 3479-3492.

Marcelli M, Piermattei V, Madonia A and Mainardi U (2014) Design and Application of New
Low-Cost Instruments for Marine Environmental Research. Sensors 14: 2334.

Mason E, Colas F, Molemaker J, Shchepetkin F, Troupin C, McWilliams JC and Sangra P (2011)
Seasonal variability of the Canary Current: A numerical study. Journal of Geophysics
Research 116: C06001.

Matias MG, Underwood AJ and Coleman RA (2010) Effects of structural diversity and identity

of patches of habitat on diversity of benthic assemblages. Austral Ecology 35:743-751.

261



McCoy ED and Bell SS (1991) Habitat structure: the evolution and diversification of a complex
topic. In: Bell SS, McCoy ED, Mushinsky HR (eds) Habitat structure: the physical
arrangement of objects in space. Chapman and Hall, New York; Pp. 3-27.

McCreadie JW and Adler P (2012) The roles of abiotic factors, dispersal, and species
interactions in structuring stream assemblages of black flies (Diptera: Simuliidae).
Aquatic Biosystems 8: 14

Menge BA (2000) Top-down and bottom up community regulation in marine rocky intertidal
habitats. Journal of Experimental Marine Biology and Ecology 250(1):257—-89.

Menge BA (2003b) The overriding importance of environmental context in determining the
outcome of species deletion experiments. In: Karieva P and Levin SA (eds), The
importance of species: perspectives on expendability and triage. Princeton University
Press, Princeton, N.J; Pp. 16-43.

Menge BA, Blanchette C, Raimondi P, Freidenburg T, Gaines S, Lubchenco J, Lohse D,
Hudson G, Foley M and Pamplin J (2004) Species interaction strength: Testing model
predictions along an upwelling gradient. Ecological Monographs 74: 663-684.

Menge BA, Lubchenco J, Ashkenas LR and Ramsey F (1986) Experimental separation of effects
of consumers on sessile prey in the low zone of a rocky shore in the Bay of Panama:
direct and indirect consequences of food web complexity. Journal of Experimental
Marine Biology and Ecology 100: 225-269.

Menna M, Faye S, Poulain PM, Centurioni L, Lazar A, Gaye A, Sow B and Dagorne D (2016)
Upwelling features off the coast of the north—western Africa in 2009-2013.
Bollettino di Geofisica Teorics ed Applicata 57: 71-86.

Merino M and Moreal-Gomez MA (2009) Ocean Currents and their Impact on Marine Life. In:

Duarte CM (ed.), Marine ecology. Encyclopedia of Life Support Systems: 52-74.
262



Mermillod-Blondin F and Rosenberg R (2006) Ecosystem engineering: the impact of
bioturbation on biogeochemical processes in marine and freshwater benthic habitats.
Aquatic Science 68: 434-442.

Meyer AA, Lutjeharms JRE and de Villiers S (2002) The nutrient characteristics of the Natal
Bight, South Africa. Journal of Marine Systems 35. 11-37.

Meysman FJR, Middelburg JJ and Heip CHR (2006) Bioturbation: a fresh look at Darwin’s last
idea. Trends in Ecology and Evolution 21: 688—-695.

Michener WK, Blood ER, Bildstein KL, Brinson MM and Gardner LR (1997) Climate change,
hurricanes and tropical storms, and rising sea level in coastal wetlands. Ecological
Applications 7: 770-801.

Miller AD, Roxburgh SH and Shea K (2011) How frequency and intensity shape diversity—
disturbance relationships. Proceedings of the National Academy of Science (USA)
108: 5643-5648.

Miller LP and Gaylord B (2007) "Barriers to Flow: The Effects of Experimental Cage Structures
on Water Velocities in High-energy Subtidal and Intertidal Environments" Journal of
Experimental Marine Biology and Ecology 87: 215-228.

Michalet R, Brooker RW, Cavieres LA, Kikvidze Z, Lortie CJ, Pugnaire Fl, Valiente-Banuet A and

Callaway RM (2006) Do biotic interactions shape both sides of the humped-back

model of species richness in plant communities?. Ecology letters 9(7): 767-773.

Micheli F (1993) Feeding ecology of mangrove crabs in North Eastern Australia: mangrove
litter consumption by Sesarma messa and Sesarma smithii. Journal of Experimental

Marine Biology and Ecology 171: 165-186.

263



Mittelstaedt E (1991) The ocean boundary along the northwest African coast: circulation
and oceanography properties at the sea surface. Progress in Oceanography 26: 307-
355.

Molino JF and Sabatier D (2001) Tree diversity in tropical rain forests: a validation of the
intermediate disturbance hypothesis. Science 294: 1702—-1704.

Monterio PMS and Largier JL (1999) The thermal stratification in Saldanha Bay (South Africa)
and subtidal, density-driven exchange with the coastal waters of the Benguela
upwelling system. Estuarine Coastal and Shelf Science 49: 877-890.

Moore KA (2004) Influence of seagrasses on water quality in shallow regions of the lower
Chesapeake Bay. Journal of Coastal Research 45: 162—-178.

Morgan (2014) Behaviorally Mediated Larval Transport in Upwelling Systems. Advances in
Oceanography 3642: 14-17.

Mork E, Sjoo GL, Karutsky N and Maclanahan TR (2009) Top-down and bottom-up regulation
of macroalgal community structure on a Kenyan reef. Estuarine Coastal and Shelf
Science 84:331-336.

Morris L and Keough MJ (2003) Variation in the response of intertidal infaunal invertebrates
to nutrient additions: field manipulations at two sites within Port Phillip Bay, Australia.
Marine Ecology Progress Series 250: 35—49.

Movyo RK, Pillay D and Baeza JA (2017) Symbiont-mediated shift in sandprawn behaviour:
Implication for ecosystem function in marine soft-sediment ecosystems. Journal of
Experimental Marine Biology and Ecology 486: 296—304.

Naiman RJ, Johnston CA and Kelley JC (1988) Alteration of North American streams by beaver.

Bioscience 38: 753—762.

264



Nel P and Branch GM (2013) Assessment of the abundance and distribution of burrowing
sandprawns and mudprawns (Callichirus and Upogebia species) in Langebaan Lagoon,
South Africa, African Journal of Marine Science 35(2): 195-208.

Nel P and Branch GM (2013) The effect of Bait Collectors on Stocks of Callichirus
kraussi and Upogebia Species in Langebaan Lagoon. African Zoology 49(1): 30-43.
2014.

Ni Longphuirt S, Ragueneau O, Chauvaud L, Martin S, Jean F, Thouzeau G and Leynaert, A
(2009) Diurnal heterogeneity in silicic acid fluxes in shallow coastal sites: causes and
implications. Estuarine, Coastal and Shelf Science 82: 495-502.

Nielsen KJ (2003) Nutrient loading and consumers: agents of change in open-coast
macrophyte assemblages. Proceedings of the National Academy of Sciences 100(13):
7660-7665.

Nozais C, Perisinotto R and Mundree S (2001) Annual cycle of microalgal biomass in a South
African temporarily-open estuary: nutrient versus light limitation. Marine ecology
progress series 223: 39-48.

Nybakken JW and Bertness MD (2005) Marine Biology. San Francisco, CA: Pearson/Benjamin
Cummings.

Nykjaer L and Van Camp L (1994) Seasonal and inter annual variability of coastal upwelling
along northwest Africa and Portugal from 1981 to 1991, Journal of Geophysics
Research 99: (14): 197-208.

Nystrom P, Bronmark C and Graneli W (1996) Patterns in benthic food webs— a role for
omnivorous crayfish. Freshwater Biology 36: 631-646.

O’Brien AL, Volkenborn N, van Beusekom J, Morris L and Keough MJ (2009) Interactive effects

of porewater nutrient enrichment, bioturbation and sediment characteristics on

265



benthic assemblages in sandy sediments. Journal of Experimental Marine Biology and
Ecology 371(1): 51-59.

O'Connor NE and Donohue | (2013) Environmental context determines multi-trophic effects
of consumer species loss. Global Change Biology 19: 431-440.

Olafsson E (2003) Do macrofauna structure meiofauna assemblages in marine soft-sediment
bottoms? A review of experimental studies. Vie Milieu 53(3): 249-265.

Olafsson E and Ndaro SGM (1997) Impact of the mangrove crabs Uca annulipes and Dotilla
fenestrata on meiobenthos. Marine Ecology Progress Series 158: 225-231.

Olff H and Ritchie ME (1998) Effects of herbivores on grassland plant diversity. Trends in
Ecology and Evolution 13: 261-265.

Oliveira EC, Osterlund k and Mtolera MSP (2005) Marine Plants of Tanzania: A guide to the
seaweed and seagrasses. Botany Department, Stockholm University Sweden.

Padisak J (1993) The influence of different disturbance frequencies on the species richness,
diversity and equitability of phytoplankton in shallow lakes. Hydrobiologia 249: 135—
156.

Palmer MA (1988) Dispersal of marine meiofauna: a review and conceptual model
explaining passive transport and active emergence with implications for recruitment.
Marine Ecological Progress Series 48: 81— 91.

Papaspyrou S, Gregersen T, Cox RP, Thessalou-legaki M and Kristensen E (2005) Sediment
properties and bacterial community in burrows of the ghost shrimp Pestarella
tyrrhena (Decapoda: Thalassinidea). Aquatic Microbial Ecology 38: 181-190.

Passarelli C, Olivier F, Paterson DM, Meziane T and Hubas C (2014) Organisms as cooperative

ecosystem engineers in intertidal flats. Journal of Sea Research 92:92-101.

266



Paterson DM and Hagerthey SE (2001) Microphytobethos in contrasting coastal ecosystems:
biology and dynamics. In: Reise K (ed.) Ecological comparisons of sedimentary shores.
Ecological studies, Vol 151, Springer-Verlag, Berlin; Pp. 276-293.

Pauly D and Christensen V (1995) Primary production required to sustain global fisheries,
Nature 374: 255-257.

Pennington JT, Mahoney KL, Kuwahara, VS, Kolber DD, Calienes R and Chavez F (2006) Primary
production in the eastern tropical Pacific: a review. Progress Oceanography
69:285-317.

Peterson CH (1977) competitive organization of the softbottom macrobenthic communities
of Southern california lagoons. Marine Biology 43: 343-359.

Pillay D (2019 Ecosystem Engineering by Thalassinidean Crustaceans: Response Variability,
Contextual Dependencies and Perspectives on Future Research. Diversity 11(4):

64; https://doi.org/10.3390/d11040064

Pillay D, Branch GM and Steyn A (2010) "Unexpected effects of starfish grazing on sandflat
communities following an outbreak." Marine Ecology Progress Series 398: 173-182.

Pillay D and Branch GM (2011) Bioengineering effects of burrowing thalassinidean shrimps
on marine soft-bottom ecosystems. Oceanography and Marine Biology: an Annual
Review 49: 137-192.

Pillay D, Branch GM, Dawson J and Henry D (2011) Contrasting effects of ecosystem
engineering by the cordgrass Spartina maritima and sandprawn Callianassa kraussi in
a marine-dominated lagoon. Estuarine, Coastal and Shelf Science 91: 169-176.

Pillay D, Branch GM and Forbes AT (2007a) Experimental evidence for the effects of the
thalassinidean sandprawn Callianassa kraussi on macrobenthic communities. Marine

Biology 152: 611-618.
267


https://doi.org/10.3390/d11040064

Pillay D, Branch GM and Forbes AT (2007b) Effects of Callianassa kraussi on microbial
biofilms and recruitment of macrofauna: a novel hypothesis for adult-juvenile
interactions. Ecological Progress Series 347: 1-14.

Pillay D, Branch GM and Forbes AT (2007c) The influence of bioturbation by the sandprawn
Callianassa kraussi on feeding and survival of the bivalve Eumarcia paupercula and the
gastropod Nassarius kraussianus. Journal of Experimental Marine Biology and Ecology
344: 1-9.

Pillay D, Branch GM and Forbes AT (2008) Habitat change in an estuarine embayment:
anthropogenic influences and a regime shift in biotic interactions. Marine Ecology
Progress Series 370: 19-31.

Pillay D, Branch GM and Steyn A (2009) Complex effects of the gastropod Assiminea globulus
on benthic community structure in a marine-dominated lagoon. Journal of
Experimental Marine Biology and Ecology 380: 47 - 52.

Pillay D, Williams C and Whitfield AK (2012) indirect effects of bioturbation by the burrowing
sandprawn Callichirus kraussi on a benthic foraging fish, Liza richardsonii. Marine
Ecological Progress Series 453:151-158.

Pinckney J and Sandulli R (1990) Spatial autocorrelation analysis of meiofaunal and microalgal
populations on an intertidal sandflat: scale linkage between consumers and
resources. Estuarine, Coastal and Shelf Science 30:341-353.

Pitta P, Giannakourou A, Divanauh P and Kentouri M (1998) Planktonic food in marine
mesocosms in the eastern Mediterranean: Bottom-up or top-down regulation?
Hydrobiologia 363: 97-105.

Posey MH, Alphin T and Cahoon L (2006) Benthic community responses to nutrient

enrichment and predator exclusion: influence of background nutrient concentrations

268



and interactive effects. Journal of Experimental Marine Bioliology and Ecology 330:
105-118.

Posey MH, ALPHIN T, Cahoon L, Linduis D and Becker ME (1999) Interactive effects of nutrient
additions and predation on infaunal communities. Estuaries 22: 785-792.

Posey MH, Alphin T, Cahoon LB, Linduis DG, Mallin MA and Nevers MB (2002) Top-down
versus bottom-up limitation in benthic infaunal communities: direct and indirect
effects. Estuaries 25: 999-1014.

Posey MH, Powell C, Cahoon L and Lindquist D (1995) Top-down vs. bottom-up control of
benthic community composition on an intertidal tide flat. Journal of Experiential
Marine Biology and Ecology 185: 19-31.

Power ME, Tilman D, Estes JA, Menge BA, Bond WJ, Mills LS, Daily G, Castilla JC and
Lubchenco J Paine RT (1996) Challenges in the quest for keystones. Bioscience 46:
609-620.

Power M (1997a) Ecosystem engineering by organisms: Why semantics matters—reply.
Trends in Ecology and Evolution 12: 275-276.

Power M (1997b) Estimating impacts of a dominant detritivore in a neotropical stream. Trends
in Ecology and Evolution 12: 47-49.

Power ME (1992) Top-down and bottom-up forces in food webs: Do plants have primacy?
Ecology 73: 733-746.

Proulx M and Mazumder A (1998) Reversal of grazing impact on plant species richness in
nutrient-poor vs. nutrient-rich ecosystems. Ecologia 79: 2581-2592.

Puccinelli E, McQuaid CD and Noyon M (2016) Spatio-Temporal Variation in Effects of

Upwelling on the Fatty Acid Composition of Benthic Filter Feeders in the Southern

269



Benguela Ecosystem: Not All Upwelling Is Equal. PLoS ONE 11(8): e0161919.
doi:10.1371/journal.pone.0161919.

Quintana CO, Bernardino AF, de Maraes PC, Valdemasern T and Sumida PYG (2015) Effects of
coastal upwelling on the structure of macrofaunal communities in SE Brazil. Journal
of Marine Systems 143: 120 —129.

Quintana CO, Moraes PC, Yoshinaga MY and Sumida PYG (2014) Microbial biomass response
to different quantities and sources of organic matter in Brazilian coastal sediments.

Marine Ecology. http://dx.doi.org/10.1111/maec.12182.

Raffaelli D and Hawkins SJ (2012) Intertidal ecology. Springer Science & Business Media.

Raffaelli D, Bell E, Weithoff A, Matsumoto A, Cruz-Motta JJ, Kershaw P, Parker R, Parry
D and Jones M (2003) The ups and downs of benthic ecology: consideration of scale,
heterogeneity and surveillance for benthic-pelagic coupling. Journal of Experimental
Marine Biology and Ecology 285—-286: 191-203.

Reich PB, Tilman D, Isbell F, Mueller K., Hobbie SE, Flynn DFB and Eisenhauer N
(2012) Impacts of biodiversity loss escalate through time as redundancy
fades. Science 336: 589-592.

Reusch TBH, Bostrom C, Stam WT and Olsen JL (1999) An ancient eelgrass clone in the Baltic
Sea. Marine Ecology Progress Series 183:301-304.

Reusch TBH and Chapman ARO (1995) Storm effects on eelgrass (Zostera marina L.) and blue
mussel (Mytilus edulis L.) beds. Journal of Experimental Marine Biology and Ecology
192:257-271.

Rhoads DC and Young DK (1970) The influence of deposit-feeding organisms on sediment

stability and community trophic structure. Journal of Marine Research 28: 150-178.

270


http://dx.doi.org/10.1111/maec.12182

Rocha GRA, Rossi-Wongtschowski CLDB, Pires-Vanin AM and Jarre-Teichmann A (2003)
Seasonal budgets of organic matter in Ubatuba shelf system, SE Brazil. I. Planktonic
and benthic components. Oceanologica Acta 26: 487-495.

Roughgarden J, Pennington T and Alexander S (1994) Dynamics of the Rocky Intertidal Zone
with Remarks on Generalization in Ecology. Philosophical Transection of the Royal
Society B 343: 79-84.

Rosemond D, Mulholland PJ and Brawley SH (2000) seasonally shifting limitation of stream
periphyton: response of algal populations and assemblage biomass and productivity
to variation in light, nutrients and herbivores. Canadian Journal of Fisheries and
Aquatic Sciences 57: 66-75.

Rosenberg R (2001) Marine benthic faunal successional stages and related sedimentary
activity. Scientia marina 65: 107-119.

Rossi V, Feng M, Pattiaratchi C, Roughan M and Waite AM (2013) On the factors influencing
the development of sporadic upwelling in the Leeuwin Current system, Journal of
Geophysics Research Oceans 118: 3608-3621.

Rowden AA, Jones MB and Morris AW (1998) The role of Callianassa subterranea (Montagu)
(Thalassinidea) in sediment resuspension in the North Sea. Continental Shelf

Research 18: 1365—-1380.

Rowden AA and Jones MB (1993) Critical evaluation of sediment turnover estimates for
Callianassidae (Decapoda: Thalassinidae). Journal of Experimental Marine Biology
and Ecology 173: 265-272.

Ruggiero RG and Fay JM (1994) Utilization of termitarium soils by elephants and its ecological

implications. African Journal of Ecology 32: 222-232.
271



Rzeznik-Orignac J, Boucher G, Fichet D and Richard P (2008) Stable isotope analysis of food
source and trophic position of intertidal nematodes and copepods. Marine Ecology
Progress Series 359:145-150.

Sadchatheeswaran S, Branch G and Robinson T (2015) Changes in habitat complexity resulting
from sequential invasions of a rocky shore: implications for community structure.
Biological Invasions 17: 1799-1816.

Santos PJP, Botter-Carvalho ML, do Nascimento-Junior AB, Marinho RGC, Carvalho PVVC and
Valenca PMC (2009) Responses of estuarine meiofauna assemblage to effects of
fertilization enrichment used in the sugar cane monoculture. Pernambuco, Brazil.
Brazilian Journal of oceanography 57(1): 43-55.

Sarkar D (2008) Lattice: Multivariate Data Visualisation with R. Springer, New York. ISB 979-

0-387-75968-5.

Schouten MW, de Ruijter WPM and van Leeuwen PJ (2002) Upstream control of Agulhas ring
shedding. Journal of Geophysical Research: 107(C8), doi: 10.1029/2001JC000804.

Schratzberger M and Warwick RM (1998) Effects of the intensity and frequency of organic
enrichment on 2 estuarine nematode communities. Marine Ecology Progress Series
164: 83-94.

Schumann EH, Perrins CA and Hunter IT (1982) Upwelling along the South Coast of the Cape
Town, South Africa. South African Journal of Science 78: 238 — 242.

Sellanes J, Quiroga E, Neira C and Gutiérrez D (2007) Changes of macrobenthos composition
under different ENSO cycle conditions on the continental shelf off central Chile.
Continental Shelf Research 27: 1002—-1016.

Shaefer A and Shaefer P (1993) Lagoon: A companion to the west Coast national park. Yoshi

publishing, Cape Town; Pp. 89.
272



Shea K, Roxburgh SH and Rauschert ESJ (2004) Moving from pattern to process: coexistence
mechanisms under intermediate disturbance regimes. Ecology Letters 7: 491-508.

Sheil D and Burslem DFRP (2013) Defining and defending Connell's intermediate disturbance
hypothesis: a response to Fox. Trends in Ecology and Evolution 28: 571-572.

Shin RTS and Cheung SG (2010) Effects of nutrient enrichment on intertidal macrobenthic
community in subtropics: A field manipulation experiment. In: Carolann D and Webber
(eds), Eutrophication, Ecological Effects, Sources, Prevention. Chapter 1. Nova science
publisher Inc. City University of Hong Kong.

Siebert T and Branch GM (2005a) Interactions between Zostera capensis, Callianassa kraussi
and Upegebia Africana: deductions from field surveys in Langebaan Lagoon, South
Africa. African Journal of Marine Science 27: 345-356.

Siebert T and Branch GM (2005b) Interactions between Zostera capensis and Callianassa
kraussi: influences on community composition of eelgrass and sandflats. African
journal of marine science 27: -357-373.

Siebert T and Branch GM (2006) Ecosystem engineers: Interactions between eelgrass
Zostera capensis and the sandprawn Callianassa kraussi and their indirect effects on
the mudprawn Upogebia Africana. Journal of Experimental Marine Biology and
ecology 338: 253-270.

Siebert T and Branch GM (2007) Influences of biological interactions on community structure
within seagrass beds and sandprawn-dominated sandflats. Journal of Experimental
Marine Biology and Ecology 340: 11-24.

Smith TJ, Boto KG, Frusher SD and Giddins RL (1991) Keystone species and mangrove forest
dynamics—the influence of burrowing by crabs on soil nutrient status and forest

productivity. Estuarine, Coastal and Shelf Science 33: 419-432.
273



Snelgrove PVR (1999) getting to the bottom of marine biodiversity: sedimentary habitats
— ocean bottoms are the most widespread habitat on Earth and support high
biodiversity and key ecosystem services. Bioscience 49: 129-138.

Snelgrove PVR, Blackburn TH, Hutchings PA and Alongi DM (1997) The importance of marine
sediment biodiversity in ecosystem processes. Ambio 26: 578-583.

Sogard SM (1989) Colonization of artificial seagrass by fishes and decapod crustaceans:
importance of proximity to natural seagrass. Journal of Experimental Marine Biology
and Ecology 133:15- 37.

Sorte CJB, Iba’nez |, Blumenthal DM, Molinari NA, Miller LP, Grosholz ED, Diez MJ, D’ Antonio
CM, Olden ID, Jones SJ and Dukes JS (2013) Poised to prosper? A cross-system
comparison of climate change effects on native and non-native species performance.
Ecology Letters 16: 261-270.

Sousa WP (1979) Disturbance in marine intertidal boulder fields: the non-equilibrium
maintenance of species diversity. Ecology 60: 1225-1239.

Stachowicz JJ, Graham M, Bracken MES and Szoboszlai Al (2008b) Diversity enhances cover
and stability of seaweed assemblages: The role of heterogeneity and time. Ecology 89:
3008-3019.

Stanzel C and Finelli C (2004) The effects of temperature and salinity on ventilation behavior
of two species of ghost shrimp (Thalassinidea) from the northern Gulf of Mexico: a
laboratory study. Journal of Experimental Marine Biology and Ecology 312: 19 — 41.

Stieglitz T, Ridd P and Miller P (2000) Passive irrigation and functional morphology of

crustracean burrows in a tropical mangrove swamp. Hydrobiologia 421: 69-76.

274



Stockwell D and Townsend Peterson A (2002) Effects of sample size on accuracy of species
distribution models. Ecological Modelling 148: 1-3.

Suchanek TH (1983) Control of seagrass communities and sediment distribution by
Callianassa (Crustacea, Thalassinidea) bioturbation. Journal of Marine Research 41:
281-298.

Suchanek TH and Colin PL (1986) Rates and effects of bioturbation by invertebrates and fishes
at Enewetak and Bikini atolls. Bulletin of Marine Science 38: 25-34.

Suchanek T (1992) Extreme biodiversity in the marine-environment-mussel bed communities
of Mytilus californianus. Northwest Environmental Journal 8: 150-152.

Sueiro MC, Bortolus A, and Schwindt E (2011) Habitat complexity and community
composition: relationships between different ecosystem engineers and the associated
macroinvertebrate assemblages. Helgoland Marine Research 65: 467-477.

Sueiro MC, Schwindt E, Mendez MM and Bortolus A (2013) Interactions between ecosystem
engineers: A native species indirectly facilitates a non-native one. Acta-Oecologia 51.:
11-16.

Sugden H, Lenz H, Molis M, Wahl M and Thomason JC (2008) The interaction between
nutrient availability and disturbance frequency on the diversity of benthic marine
communities on the north-east coast of England. Journal of Animal Ecology 77: 24—
31.

Sullivan MJ (1981) Effects of canopy removal and nitrogen enrichment on a Distichlis spicata-
edaphic diatom complex. Estuarine, Coastal and Shelf Science 13(2): 119-129.

Sundback K (1986) What are the benthic microalgae doing on the bottom of Laholm Bay?

Ophelia 4: 273-286.

275



Sundback K and Snoeijs P (1991) Effects of nutrients enrichment on microalgal community
composition in a coastal shallow-water sediment system: an experimental study.
Botanica Marina 34: 341-358.

Sutherland TF, Levings CD, Petersen P and Piercey B (2007) The use of meiofauna as indicators
of benthic organic enrichment associated with salmonid aquaculture. Marine Pollution
Bulletin 54:1249-1261.

Svensson JR, Linderbergarth M, Jonsson PR and Pavia H (2012) Disturbance-Diversity models:
what do they really predict and how are they tested? Proceedings of Royal Society B
279: 2163-2170.

Svensson R, Lindegarth M, Siccha M, Lenz M, Molis M, Wahl M and Pavia H (2007) Maximum
species richness at intermediate frequencies of disturbance: consistency among levels
of productivity. Ecology 88: 830-838.

Tania HF, Cedric B, Dominique S, Catherine B and Laurent B (2015) Assessing phytoplankton
realized niches using a French National Phytoplankton Monitoring Network.
Estuarine, Coastal and Shelf Science 159: 15-27.

Taniguchi H and Tokeshi M (2004) Effects of habitat complexity on benthic assemblages in a
variable environment. Fresh water Biology 49: 1164-1178.

Tews J, Brose U, Grim V, Tielborger K, Wichmann MC, Schwager M and Jeltsch F (2004) Animal
species diversity driven by habitat heterogeneity/diversity: the importance of
keystone structures. Journal of Biogeography 31: 79-92.

Thayer CW (1979) Biological bulldozers and the evolution of marine benthic communities.
Science 203: 458-461.

Thongtham N and Kristensen E (2003) Physical and chemical characteristics of mangrove crab

(Neoepisesarma versicolor) burrows in the Bangrong mangrove forest, Phuket,

276



Thailand; with emphasis on behavioural response to changing environmental

conditions. Vie Milieu 53: 141-151.

Thornton DC, Dong LF, Underwood GJ and Nedwell DB (2002) Factors affecting
microphytobenthic biomass, species composition and production in the Colne Estuary
(UK). Aquatic Microbiology and Ecology 27: 285-300.

Thrush RF, Coco G and Hewitt JF (2008) Complex positive connections between functional
groups are revealed by neural network analysis of ecological time series. The American
Naturalist 171: 669-67.

Tilman GD, Lehman CL and Thomson KT (1997) Plant diversity and ecosystem productivity:
theoretical considerations. Proceedings of the National Academy of Sciences USA,
94: 1857-1861.

Tokeshi M and Arakaki S (2012) Habitat complexity in aquatic systems: fractals and beyond.
Hydrology 685: 27-47.

Underwood GJC (2001) Microphytobenthos. Encyclopedia of Ocean Sciences: 1770-

1777.

Underwood GJC and Kromkamp J (1999) Primary production by phytoplankton and
microphytobenthos in estuaries. In: Nedwell DB and Raffaelli DG (eds), Advances in
ecological research. San Diego: Academic Press; Pp. 93-153.

Underwood GJC and Paterson DM (1993) Seasonal changes in diatom biomass, sediment
stability and biogenic stabilization in the Severn Estuary. Journal of Marine Biology
73: 871-88.

Underwood GIJC and Paterson DM (1995) The measurement of microbial carbohydrate

exopolymers from intertidal sediments. Limnology Oceanography 40:1243-1253.
277



Van der Heide T, Smolders AJP, Rijkens BGA, van Nes EH and van Katwijk MM (2008)
Toxicity of reduced nitrogen in eelgrass (Zostera marina) is highly dependent on
shoot density and pH. Oecologia 158: 411-419.

Van der Zee EL, Tielens E, Holthuijsen S, Donadi S, Eriksson BK, van der Veer HW, Piersma T,
OIff H and Van der Heide T (2015) Habitat modification drives benthic trophic diversity
in an intertidal Soft-sediment ecosystem: Journal of Experimental Marine Biology and
Ecology 465: 41-48.

Van Nimwegen RE, Kretzer J and Cully JF (2008) Ecosystem engineering by colonial
mammal: How prairie dogs structure rodent communities. Ecology 89(12): 3298-
3305.

Van Nes EH, Amaro T, Scheffer M and Duineveld GCA (2007a) Possible mechanisms for a
marine benthic regime shift in the North Sea. Marine Ecology Progress Series 330: 39-
47.

Vargas CA, Escribano R and Poulet S (2006) Phytoplankton food quality determines time
windows for successful zooplankton reproductive pulses. Ecology 8: 2992-2999.

Venables WN and Ripley BD (2002) Morden Applied Statistics with S. Fourth Edition. Springer,
New York. ISBN 0-387-95457-0.

Violle C, Pu ZC and lJiangm L (2010) Experimental demonstration of the importance of
competition under disturbance. Proceedings of the National Academy of Science. USA
107:12925-12929.

Virnstein RW (1977) The importance of predation by crabs and fishes on benthic infauna in

Chesapeake Bay. Ecology 58: 1199-1217.

278



Volkenborn N and Reise K (2006) Lugworm exclusion experiment: responses by deposit
feeding worms to biogenic habitat transformations. Journal of Experimental Marine
Biology and Ecology 330: 169-179.

Volkenborn N, Hedtkamp SIC, van Beusekom JEE and Reise K (2007a) Effects of bioturbation
and bioirrigation by lugworms (Arenicola marina) on physical and chemical sediment
properties and implications for intertidal habitat succession. Estuarine, Coastal and
Shelf Science 74: 331-343.

Volkenborn N, Polerecky L, Wethey SD, DeWitt TH and Woodin SA (2012) Hydraulic activities
by ghost shrimp Neotrypaea californiensis induce oxic-anoxic oscillations in
sediments. Marine Ecological Progress Series 455: 141-156.

Wallace JB and Webster JR (1996) The role of macroinvertebrates in stream ecosystem
function. Annual Review of Entomology 41: 115-139.

Ward LG, Kemp WM and Boynton WR (1984) The influence of waves and seagrass
communities on suspended particulates in an estuarine embayment. Marine
Geology 59:85 —108.

Ware DM (1992) Production characteristics of Upwelling systems and the trophic dynamics
role of Hake. South African Journal of Marine Science 12 (1): 501-513.

Warren JH (1990) The use of open burrows to estimate abundances of intertidal estuarine
crabs. Australian Journal of Ecology 15: 277-280.

Warren PH and Spencer M (1996) The effects of habitat size and productivity on food web
structure in small aquatic microcosm. Oikos 75: 419-430.

Warwick RM (1984) Species size distributions in marine benthic communities. Oecologia 61:

32-41.

279



Waslenchuk DG, Matson EA, Zajak RN, Dobbs FC and Tramontano JM (1983) Geochemistry
of burrow waters vented by a bioturbating shrimp in Bermudian sediments. Marine
Biology 72: 219-225.

Webb AP and Eyre BD (2004) Effect of natural populations of burrowing thalassinidean shrimp
on sediment irrigation, benthic metabolism, nutrient fluxes and denitrification.
Marine Ecology Progress Series 268: 205-220.

Wetzel RG (1975) Limnology. Saunders College Publishing, Philadelphia: 287-354.

Whitfield AK (1992) A characterization of southern African estuarine systems. South African
Journal of Science 18: 89-103.

White DS, Klahr PC, Robbins JA (1987) Effects of temperature and density on sediment
reworking by Stylodrilus heringianus (Oligochaeta: Lumbriculidae). Journal of Great
Lakes Research 13: 147-156.

Widbom B and Elmgren R (1988) Responses of benthic meiofauna to nutrient enrichment of
experimental marine ecosystems. Marine ecology Progress Series 42: 257-268.

Wild C, Hoegh-Guldberg O, Naumann M, Colombo-Palotta MF, Ateweberhan M and Fitt WK
(2011) Climate change impedes scleractinian corals as primary reef ecosystem
engineers. Marine and Freshwater Research 62: 205-215.

Wilson FS (1990) Temporal and spatial patterns of settlement: a field study of molluscs in
Bogue Sound, North Carolina. Journal of Experimental Marine Biology and Ecology
139: 201-220.

Wilson SD and Tilman D (2002) Quadratic variation in old-field species richness along
gradients of disturbance and nitrogen. Ecology 83: 492-504.

Wilson WH (1991) Competition and predation in marine soft-sediment communities. Annual

Review of Ecology and Systematics 21: 221-241.
280



Wiltse WI, Foreman KH, Teal JM and Valiela | (1984) Effects of predators and food resources
on the macrobenthos of a salt marsh creek. Journal of Marine Research 42:933-942.

Wiltshire KH (1992) The influence of microphytobenthos on oxygen and nutrient fluxes
between eulittoral sediments and 764 C. Barranguet associated water phases in the
Elbe Estuary. In: Colombo, G. et al. (eds), Proceedings of the 25th EMBS, Fredensborg.
Denmark; Pp. 63-70.

Wolfrath B (1992) Field experiments on feeding of European fiddler crab Uca tangeri. Marine
ecology progress series 90:39-43.

Wotton (2011) EPS (Extracellular Polymeric Substances), silk and chitin: vitally important
exudates in aquatic ecosystems. Journal of the North American Benthological Society

30(3): 762-769.

Wootton JT (1998) Effects of disturbance on species diversity: a multitrophic perspective.
American Naturalist 152: 803—825.

Worm B, Lotze HK, Hillebrand H and Sommer U (2002) Consumer versus resource control of
species diversity and ecosystem functioning. Nature 417: 848- 851.

Wright JP, Flecker AS and Jones CG (2003) Local versus landscape controls on plant species
richness in beaver meadows. Ecology 84: 3162—-3173.

Wright JP and Jones CG (2006) The Concept of organisms as ecosystem engineers ten years
on: Progress, Limitations, and Challenges. Bioscience 56: 203-209.

Wynberg R and Branch GM (1994) Disturbance associated with bait-collection for sandprawns
(Callianassa kraussi) and mudprawns (Upogebia africana): Long-term effects on the

biota of intertidal sandflats. Journal of Marine Research 52: 523-558.

281



Wynberg RP and Branch GM (1997) Trampling associated with bait-collecting for prawns
Callianassa kraussi Stebbing: effects on the biota of an intertidal sandflat.
Environmental Conservation 24: 139-148.

Yee SH, Willig MR and Moorhead DL (2005) Tadpole shrimp structure macroinvertebrate
communities in playa lake microcosms. Hydrobiologia 541: 139-148

Zuur AF, Leno EN and Elphick CS (2010) A protocol for data exploration to avoid common

statistical problem. Method Ecology and Evolution 1: 3-14.

282



CHAPTER 9

APPENDIX

283



9.1 Pore-water nutrients
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Fig 9.1: Variation in sediment pore-water nutrients from the experimental trial determining nutrient

levels that were used for the in situ field experiment.

9.2 Generalised linear models used in this thesis

GLM models are defined as:

g(Ely]) = 8o + Sk Bk X« (equ.2.1)

where g (.) represents link function = equivalent to an assumed relationship between the
predator variable and response variable, E[y] is the expected value of the response variable y
and Bo + Sk Bk Xk represent the linier predictor, in which the 80 is grouped with the sum of
predictor variables (Xx) and the regression coefficients (6«). In the case of the adopted
generalised linear model approach for the experimental study, both Gaussian and negative
binomial distributions were applied. The Gaussian distribution was used with an identity link
where data were in the form of normal distribution, whereas the negative binomial was
applied with a log-link function for non-normal distribution data, which was in the form of

proportions and presence/absence.

284



Gaussian distribution can be defined as:

Yi ~ N (w;, 0°)

(equ.2.2)

E(Yi) = uiand var (Yin) = 0?, where Yi is a response variable assumed to be normally

distributed with a mean p; and variance o? (Zuur et al. 2009).
The equation for the binomial distribution can be simplified as:
YiNB (T[ir ni)

E(Y;) = m; Xxn;andvar(Y;) = m; Xxn; X (1 —m;)

, Where the response variable E(Y;) is expected to be binomially distributed with the

(equ.2.3)

(equ.2.4)

probability of m; and n; as independent trials. In case of the proportional data, n; equals the

total number of trials while for the presence/ absence data n; equals 1.

Table.9.1: List of macofaunal functiomal groups

Species name Common name Functional group
Urothoe grimaldii Burrowing amphipod Deposit feeders-burrowers
Griffithsia latipes Spade foot ampipod Deposit feeders-burrowers
Paratylodiplax edwardsii Sandflat crab Deposit feeders-burrowers
Notomastus latericeus Club worm Deposit feeders-burrowers
Orbinia angrapequensis Woolly worm Deposit feeders-burrowers
Betaeus jucundus Commensal Shrimp Deposit feeders-burrowers
Spiroplax spiralis three legged crab Deposit feeders-burrowers
Ceratonereis erythraeensis estuarine nereid worm Deposit feeders-burrowers

Perinereis nuntia vallata

Deposit feeders-burrowers

Heterocum africanum Sandbankcumacean

Deposit feeders-burrowers

Upogebia Africana Estuarine mud prawn

Deposit feeders-burrowers

Arabella iricolor

Deposit feeders-burrowers

C. Kraussi Deposit feeders-burrowers
Ostracods Seed shrimp Deposit feeders-surface
Euclymene spp Bamboo worm Deposit feeders-surface
Sipunculindea peanut worm Deposit feeders-surface

Tellimya trigona

Deposit feeders-surface

A.gracilis Slender tenaid Deposit feeders-surface
Gastrosaccus psarumodytes surf mysid Deposit feeders-surface
Marphysa elitueni Estuarinewonder-worm Predators and scaverngers-burrowers
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Glycera tridactyla

Glycerine worm

Predators and scaverngers-burrowers

Nephtys spp

Nephty's sand worm

Predators and scaverngers-burrowers

Predator and scavenger- surface

Predator and scavenger- surface

Cirolana hirtipes

Hairy-legged cirolanid

Predator and scavenger- surface

Hymenosoma orbiculare

Crown crab

Predator and scavenger- surface

Excirolana natalensis

Natal beach louse

Predator and scavenger- surface

Nassarius Kraussianus

Tick shell

Predator and scavenger- surface

Volvarina capensis

Cape marginella

Predator and scavenger- surface

Eurydice barnardi

Predator and scavenger- surface

Ampelisca palmata

four-eyed amphipod

Suspension feerds-surface

Carditella rugosa

Rough false cockle

Suspension feerds-surface

Tellimya trigona

dwarf triangular clam

Suspension feerds-surface

Thelepus spp

Tangle worm

Suspension feerds-surface

Nebalia capensis

Cape leaf shrimp

Suspension feerds-surface

Euphausia Lucens

Suspension feerds-surface

Kellia rotunda

Suspension feerds-surface

Copepods Suspension feerds-surface
Protomella capensis Suspension feerds-surface
Assiminea globulus Grazers
Idotea balthica (grazer) Grazers
Exosphaeroma truncatitelson Grazers

Protomella capensis

Waxy screw shell

filter feeder- burrowers
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9.3 Scatterplots
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Fig 9.2: The relationship between burrow-wall chl-a concentrations and sandprawn

abundances in Oestewal South based data per season (winter 2015).
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Fig 9.3: Relationships between chlorophyll-a concentrations and sandprawn abundances in Oesterwal North (ON) and South (OS) based on

combined summer and winter data per year (2015 and 2016). NB: Y axis scales are different to show the trend in the data.
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Fig 9.4: Relationships between meiofaunal community metrics and sandprawn abundances in

Oesterwal South (OS) based on data per season.
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Fig 9.5 A: Relationships between meiofaunal community metrics and sandprawn abundances in Oesterwal North (ON) based on combined

summer and winter data per year (2016).
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combined summer and winter data per year (2016). NB: Y axis scales are different to show the trend in the data.
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Fig 9.7B: Relationships between burrow-wall meiofaunal morphotypes and sandprawn abundances in Oesterwal North (ON) based on combined

summer and winter data per year (2016). NB:Y axis scales are different to show the trend in the data.

296



i)
o 500
S~
§ 400
€t

g 300
2 E
35
-‘%5 200
T
o
S 100
()
e 0
(@)
“ 200
@]
[o]0]
>
o 150
C o
T C
T g
S € 100
Q2 ©
T Cc
S 3 5
o
+—
O
£
9] 0
=2

Sediment surface
e
e
°
° °
ee [ ]
[ ] 00 . .
e © 2505 0 o o
0 5 10 15 20
Sandprawn abundance (ind.core™)
Burrow-wall
°
)
)
°®
L)
° 1)
efe oo oo, 8 o
5 10 15 20

Sandprawn abundance (ind.core™)

Copepod abundances/g of

sendiment

50

40

30

20

10

0

0

Burrow-wall
[
[
[
' [ [
eee o0 o0 e °
5 10 15

Sandprawn abundance (ind.core™)

20

Fig 9.7C: Relationships between meiofaunal morphotypes and sandprawn abundances in Oesterwal South (OS) based on combined summer and

winter data per year (2015). NB: Y axis scales are different to show the trend in the data.

297



800
600
400
200

0

Copepod abundances/g
of sediment

20 80
[0)

2 70
©

T + 60
S &

3 g 50
S5 40
5 8

L o 30
[

£ 20
€

© 10
e 0

o
']
. L]
.
[ ] [ ]
. e  ®ecele 84 & 4
0 5 10 15 20 25
Sandprawn abundance (ind.core™)

0 5 10 15 20

Sandprawn abundance (ind.core™)

25

Nematode abundances/g

Ostracod abundances/g

of sediment

of sediment

600

400

200

14
12
10

o N B O

e
o®
°
s .
e ¢ e
e * 5
(] ) °
°® L4 .
5 10 15 20

Sandprawn abundance (ind.core™)

(]
(]
°
L) ° °
. o o
° e o o
[
L L L L
5 10 15 20

Sandprawn abundance (ind.core)

25

25
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Fig 9.10A: Relationships between macrofaunal species abundances and sandprawn abundances in Oesterwal North (ON) and South (OS) based

on data per season. NB: Y axis scales are different to show the trend in the data.
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Fig 9.11A: Relationships between macrofaunal species/morphotype abundances and sandprawn abundances in Oesterwal North (ON) and

Oesterwal South (0OS) based on combined summer and winter data per year (2015 and 2016). NB: Y axis scales are different to show the trend

in the data.
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Fig 9.11 B: Relationships between macrofaunal species abudances and sandprawn abundances in Oesterwal North (ON) and Oesterwal South

(OS) based on combined summer and winter data per year (2015 and 2016). NB: Y axis scales are different to show the trend in the data.
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Fig 9.12: Relationships between macrofaunal functional group abundances and sandprawn abundances in Oesterwal North (ON) and Oesterwal

South (OS) based on data per season. NB: Y axis scales are different to show the trend in the data.
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Fig 9.13A: Relationships between macrofaunal functional group abundances and sandprawn abundances in Oesterwal North (ON) and Oesterwal

South (OS) based on combined summer and winter data per year (2015).
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Fig 9.13B: Relationships between macrofaunal functional group abundances and sandprawn abundances in Oesterwal South (OS) based on

combined summer and winter data per year (2016). NB: Y axis scales are different to show the trend in the data.
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