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Abbreviations

x

In a photosynthetic context, in denotes the initial gradient of
increase of photosynthetic output per unit of light.

anova

R function to perform an F-statistic on factors in a previously

specified “Im”,
esis (F-stat of log likelihoods) test on a pair of nested models.

gls”, or “Ime” model, or to perform a hypoth-

1. In statistical context it denotes regression parameters where
Po represents the general intercept and f3s,...,[3p represent re-
gression estimates for explanatory variables xi, ..., Xp.

2. In a photosynthetic context it denotes photoinhibition.

BST

Biomass specific turbidity (turbidity generated by 1g C.
volutator).

Chla

Chlorophyll-a concentration

Cv, Cvol

Factor indicating Corophium volutator presence/absence in
Chapter 3 or treatment in Chapter 4.

cPAR

Centralised values of PAR (see PAR) within the experimental
or treatment context.

cTemp

Centralised values of temperature which the experimental or
treatment context.

D or (SD)

Simpson’s diversity index

AF,

The % change in Fo from starting measurement at each core in
Chapter 6.

ANH4*

Change in ammonium concentration (overlying water) over a
specified period in Chapters 3, 4, and 5.

APO#*

Change in phosphate concentration (overlying water) over a
specified period in Chapters 3,4, and 5.

Ex

The light level (in PAR) at which the increase in photosynthet-
ic output per unit PAR ceases to be linear.

Es

The light level (in PAR) at which the maximum photosynthet-
ic output per unit PAR occurs.

fBm

Feeding biomass of C. volutator in the MP treatments in Chap-
ter 3

fID

Identity of macrofauna actually present in the tank in Chapter
4.

ForF

Minimum fluorescence of non-dark adapted cells (see Glossa-
ry or Chapter 2.4.2.3 for further explanation).

Fo, F35,F§

Minimum fluorescence (general) or specifically after 15 or 5
minutes dark adaption (see Glossary or Chapter 2.4.2.3 for fur-
ther explanation). Normally the first one is used because dark
adaptation times usually explained in text of each chapter

Fm, F'm

Maximum fluorescence of dark adapted material or non-dark




adapted material (See Glossary or Chapter 2.4.2.3 for further
explanation).

E,/E,,AF/FE,

Genty factor or maximum photosynthetic efficiency (made at
the same dark adaptation time as specified for the correspond-
ing Fo measurement) and ambient photosynthetic efficiency of
non-dark adapted material, respectively (See Glossary or
Chapter 2.4.2.3 for further explanation).

e~N(1,0)

Errors (from statistical model) follow a normal distribution

e~N(u,0%*V)

Errors (from statistical model) follow a normal distribution
adjusted by a variance-covariance to account for non-
independence or non-homogeneity (see “V”)

GB Shorthand for Guardbridge fieldsite

glm R function for “Generalized Linear Model”

gls R function for “Generalized Least Squares Model”

hr hour

ID Macrofauna treatment (factor) in Chapter 4.

i Primary index describing a change in data record. Meanings
defined for all models in the summary of models table in sta-
tistical analysis section of each chapter.

Intcpt Intercept in statistical regression

i Secondary index describing a change in data record. Mean-
ings defined for all models in the summary of models table in
statistical analysis section of each chapter.

Im R function for “Linear Model”

Ime R function for “Linear Mixed Effects Model”

-InD The negative log of the Simpson diversity index

HD Hediste diversicolor

mnNHq4* Mean phosphate concentration in an experimental unit (over-
lying water) over experimental period in Chapters 3 and 4

mnPO4* Mean ammonium concentration in an experimental unit (over-
lying water) over experimental period in Chapters 3 and 4

mnTurb Mean turbidity in an experimental unit (overlying water) over
experimental period in Chapters 3 and 4

MA Macrofauna absent treatment in Chapters 3 and 4.

Mb Macoma baltica

MP Macrofauna presence treatment (factor and level within factor)
in Chapters 3 and 4.

ntu Nephelopetric turbidity units

oW Overlying water column

Index describing a change in PAR (chapter 6 only)




PAR Photosynthetically active radiation measured in umol photons
m s, where photons are of A =400 — 700 energy.

PM Paper mill field site

%LA Proportion of light attenuation (light loss, Chapter 4) between
incident light at top of water column and at the sediment bed.

%Live Proportion of cells alive in fixed live assemblage counts

%PAR Proportion of incident light to water surface penetrating to
sediment

PW Porewater

s second

SW Seawater

SR Species richness (number of taxa)

t Index describing a change in time of record. Meanings de-
fined for all models in the summary of models table in statisti-
cal analysis section of each chapter.

tempAM/tempPM | Temperature in overlying water in morning and evening.

rETR, rETRmax Relative electron transport rate or maximum relative electron
transport rate (See Glossary or Chapter 2.4.2.3 for further ex-
planation).

RLC Rapid light curve described by 3 parameter (a, b, and ¢) non-
linear equation (See Glossary or Chapter 2.4.2.3 for further ex-
planation).

\% In statistical context, variance-covariance matrix, meaning any

modification to overall variance (0?), including correlations,

random effects, or weights (as factors or covariates).




Abstract

Corophium volutator (Pallas) fit the criteria of ‘ecosystem engineers’ as defined by
Jones and colleagues (1994, 1997): they are widely distributed within and across
North Atlantic estuaries, are often present in intertidal soft sediment in vast num-
bers, and build semi-permanent burrows in the sediment matrix, which they irri-
gate continuously. Previous studies have demonstrated that C. volutator burrow-
ing and feeding not only modifies the sediment biogeochemistry but can also mod-
ify the overlying water biogeochemistry (during immersion). C. volutator activities
have also been shown to be detrimental to microphytobenthic (MPB) biofilms in
the immediate vicinity of the burrows. As MPB are the stabilizing force in the es-
tuary, the decimation of biofilm destabilizes the habitat for all the organisms colo-
nising it. However, several aspects of C. volutator ecology remain unclear. First,
previous studies on the effect of C. volutator on local (within burrow proximity)
MPB diversity have not presented a clear signal as to whether they increase or de-
crease biodiversity or established whether there is preferential survival amongst
MPB taxa with certain cell shapes and sizes or lifestyles. Second, as it has been es-
tablished that C. volutator have the potential to change the water column, it is pos-
sible for them to effect MPB populations remotely (outwith burrow proximity). It
is therefore of interest to determine the effects they have, whether such an effect
can be achieved within a tidal period, and whether these effects can change MPB

biomass, behaviour or diversity over time.

A series of controlled mesocosm experiments were carried out to quantify those
effects of C. volutator on the water column which were likely to impact MPB sur-
vival, to determine whether those effects were specific to C. volutator or common to
deposit-feeding bioturbators, to determine to what degree they could be achieved
within a single immersion period, and to separate the effects of C. volutator on MPB

bulk (chlorophyll-a in top 5 mm) and photosynthesizing (fluorescing) biomass and



diversity both ‘locally” and ‘remotely’.  The results of the first 3 experiments con-
sistently showed that C. volutator substantially increased the resuspension of sedi-
ment to the overlying water column and that the resulting turbidity could reduce
light penetration to the sediment by as much as 50% within one immersion period.
Results of nutrient fluxes were less consistent and clear within and between exper-
iments but there was some suggestion that increased bioirrigation increased inor-
ganic nitrogen flux to the overlying water column in accordance with previous
studies. The effects of C. volutator on local and remote MPB biomass (bulk and sur-
face) and diversity varied between experiments but, broadly speaking: (1) bulk
biomass was unaffected, reduced locally, or increased remotely; (2) surface bio-
mass was reduced both locally and remotely; and (3) community diversity (Simp-
son’s diversity index) was consistently unaffected, both locally and remotely. Be-
cause increased water column turbidity is the most distinctive calling card of C.
volutator but is only likely to affect the photosynthetically active (surface) MPB bi-
omass during immersion, a controlled laboratory experiment was designed to ex-
amine the extent to which turbidity could influence MPB migratory behaviour and
photosynthetic activity. MPB bulk migration was shown to be driven by site-
specific, entrained rhythms of light availability and spatial variation in light avail-
ability only drove micro-cycling in the photic zone during the immersion period.
So, in the absence of C. volutator, or any other turbidity producing phenomenon
(deep water columns, high flow rates, physical disturbance, etc.), MPB will remain
at the surface to photosynthesize during immersion and the productivity during
this period is determined by total light intensity and exposure hours (or ‘light
dose’). Therefore, the proximity and size of C. volutator populations to a site is like-
ly to be influential in determining local productivity patterns of MPB. In addition,
differences in MPB assemblage composition were shown to influence the biofilm
productivity but what drives changes in MPB assemblage composition is still un-

clear and requires further investigation.
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The primary aim of this thesis is to determine whether the engineering activities
of bioturbating sediment-dwelling invertebrates have resource modifying con-
sequences that can potentially exert natural selective pressure on the primary
producers of mud and sandflats — microphytobenthic (MPB) organisms — and
thereby, ultimately, back on themselves. Evidence of the potential for selection
will be sought from ecological consequences only — there will be no genetic
component to this work and no attempt at measuring an evolutionary response.
As a result of this investigation the relationship between MPB biomass and di-

versity will also be examined.

1.1 Ecosystem engineering, classical evolutionary theory and niche

construction

The ever accelerating rates of species loss from the biosphere in the last century
has made “does biodiversity matter?” the most important and pressing ques-
tions for ecologists to answer (Wilson 1992). Wilson answered with a resound-
ing ‘yes’ primarily for the reason that we evolved within a biotic matrix and it is
this matrix to which we are suited and on which our lives depend; in his words
“...our bodily functions are finely adjusted to the idiosyncratic environment al-
ready created” (Wilson 1992). Everything from the oxygen we breathe to the
soil we need to grow our food is a biological construct. While we like to imag-
ine that we can recreate this matrix by simply re-engineering it to suit our
needs. However, the reality of this happening is still distant, whilst our ability
to destroy the mechanisms that already exist and that we do not fully under-
stand is considerable. Therefore, ecologists over the past two decades have
pragmatically focused on elucidating (1) the ecosystems that exist and the fun-
damental mechanisms or processes by which they operate, (2) what parts of

those processes are biotic and abiotic, (3) what organisms perform the biotic
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functions within each ecosystem, and (4) to price these functions as ecosystem
services that humans currently receive “for free” but that would be lost if an
ecosystem process collapses. This fourth objective is the most important and
one on which ecologists and economists have had to co-operate in order to pre-
sent ecology in the language and framework to which voters, consumers and
policy-makers respond ( i.e. economics). However, in order to achieve this ul-
timate objective, ecologists must lay the foundations specified by the first three

objectives.

The realization that biota do not just inhabit the environment but help create it
is not new: in his last published book, Darwin (1881) described how earth-
worms did not just live in soil but helped create it by digesting and excreting
plant debris. However, this idea did not become part of the classical evolution-
ary framework until Dawkins (1982) argued that a change of physical habitat,
which is brought about by an organism’s physiology and behaviour, and as
such is genetically guided as either of those organismal characteristics, is, by
logical extension, part of the engineering species’ phenotype. But even though
endorsed by both Darwin and Dawkins, neither niche construction nor the ex-
tended phenotype became core aspects of ecological theory for another decade.
Ecologists already inherently understood that biodiversity was fundamental to
ecosystem stability and resilience (Townsend et al 2000; McCann 2000). How-
ever, because their theoretical models conceptualized only the trophic portion
of the ecosystem and lacked the engineering and habitat creating aspect of bio-
logical life, evaluation of the stability of those models did not corroborate those
beliefs (Gardner & Ashby 1970; May 1972; McCann 2000). Instead, mathemati-
cal evaluation of the stability of trophic ecosystem models determined that
complex ecosystems were less stable than simple ones (Gardner & Ashby 1970;

May 1972).



Chapter 1: General Introduction 5

The gap between ecologists” belief in ecosystem stability and resilience increas-
ing with increasing complexity and the lack of stability demonstrated by
mathematical evaluation, as well as the gap between evolutionary theory and
ecological theory, is partly due to the fact that the ecosystem functions of spe-
cies were not included in conceptual frameworks of ecosystems (McCann 2000;
Odling-Smee 2003?). Jones et al (1994, 1997) drew attention to the paucity of
ecological research studying how organisms modulate flows of energy and mat-
ter, and create habitat, for other organisms, which they called ‘ecosystem engi-
neering’, but it is only recently that ecologists have started to consider whether
ecosystem engineering might have evolutionary consequences (e.g. Loreau,
2010). So Odling-Smee and colleagues (2003) have reformulated the classical
evolutionary model so that instead of just emphasizing genetic inheritance, by
which genes successful in a given the environment continue in the gene pool, it
also emphasizes ‘ecological inheritance’, whereby the environmental conditions
wrought by organisms like earthworms are inherited by subsequent earthworm

generations as well as by all the other soil-dwellers (Figure 1.1).
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Figure 1.1: How the concept of Niche Construction modifies classical evolu-
tionary theory by binding genetic and ecological inheritance (redrawn with

authors’ permission from Odling-Smee et al 2003)
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In a nutshell, by modifying environmental resources or building physical struc-
ture, organisms can construct their own environmental niches where none ex-
isted, or modify them, and can thereby transform the pattern of natural selec-

tion on other organisms in their environment.

Ecological inheritance has important evolutionary and ecological ramifications,
and thereby important ramifications for conservation science. In analyses of the
temporal dynamics of two hypothetical diallelic loci, one which influences the
niche-constructing ability of the organism with respect to a resource and the
other of which confers fitness with respect to the same resource, it was demon-
strated that, at least theoretically, niche-constructing genes can generate selec-
tion that can oppose the external source of selection (Laland et al 1999). So the
selective pressure exerted by the engineered resource (by the niche-constructing
gene) can counteract and overcome the pressure exerted by the non-engineered
resource on the fitness-conferring gene so that the one gene is effectively alter-
ing the selection of the other, thereby influencing the rate and direction of the
population’s evolution (Laland et al 1999). Applying this niche-construction
modelling concept to symbiotic nitrogen-fixation in plants, Kylafis & Loreau
(2008) demonstrated that niche constructing genes influencing the attraction of
symbionts allowed the persistence plants that would otherwise have gone ex-
tinct in a nutrient poor environment. The ecological importance of niche con-
struction is underpinned by many empirical studies (Thayer 1979; Shachak et al
1987; Jones & Shachak 1990; Irlandi & Peterson 1991; Seabloom & Richards
2003; Lill & Marquis 2003). In one such study an animal which played no vital
trophic role in its environment nevertheless had a profound impact of the as-
semblage composition in its environment (Lill & Marquis 2003). A combined
empirical and modelling examination of benthic marine assemblages demon-
strated that the loss of an active bioturbator from a habitat would result in a
cascade of local extinctions of other taxa (Solan et al 2004). Based on the evi-

dence from these and other studies, Boogert and colleagues (2006) argue that
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the important ecological concept of “keystone” species should be reformulated
to include not just taxa that are vital to the trophically important in a system,
but also the dominant habitat creator or resource modifier of that ecosystem.
Criteria by which important ecosystem engineers can be identified are: (1) the
amount of time the taxa engages in the engineering activity is large, (2) the av-
erage high population density of the taxa is high, (3) the distribution of the taxa
is extensive, (4) their longevity (as a population) in the areas they colonize is
long, (5) the durability of their constructs is relatively long, and (6) the number
of resource flows that their activity modulates is high, as is the number of other
species these resource flows affect (Jones et al 1994, 1997). These factors scale up

to determine the impact of ecosystem engineering.
1.2 The physical environment of the estuaries

Estuaries are not stable environments and, in geological terms, they are not
long-lived (Dyer 1997). Rather they are constantly changing in morphology and
shifting their position in the landscape due to constant deposition, erosion, and
resuspension of sediment, changing water flows from land to sea, weather pat-
terns, and changes in sea level (Dyer 1997). In addition to being unstable, estu-
aries are environments of extremes: huge gradients in salinity (5 — 35 psu), ex-
posure (fully immersed to fully exposed), sedimentology (clay to boulders) and
nutrient availability (nutrient poor overlying seawater to nutrient rich sedi-
ment, riverine input, and runoff) occur over relatively small geological tempo-
ral and spatial scales (seconds — years and mm to km) (McLusky 1971; Dyer
1997).

1.2.1 Estuarine morphology, salinity, and tidal range

The morphology of an estuary is forged by a combination of the volume and
flow rate of the river, the geology and topography of the land through which it
cuts, and the wave and tidal currents of the surrounding ocean (Dyer 1997;

Brown et al 1999). There are three general types of estuaries: “drowned river
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valleys”, flooded during the Flandrian transgression, have large width:depth
ratios and are V-shaped in topography and cross-section; “fjords” are steep,
rocky, and have very small width:depth ratios and are rectangular in topogra-
phy and cross-section; “bar-built estuaries” are drowned river valleys where
ocean currents have deposited so much sand at the mouth of the river that the
mid-sections of these estuaries tend to be shallow with low flow rates and ex-
tensive sand- and mudflats and marshes (Dyer 1997 and references therein).
Additional estuary types are intermediates or combinations of these. Deltas are
river valleys where the river has such a high volume and sediment load that it
overcomes the marine processes (inundation and sedimentation). Estuaries and
deltas are thought to evolve into one another over time depending on whether
progradation processes (land accretion due to fluvial sediment and organic con-
tent) or transgression processes (land submersion due to sea encroaching)

dominate (Dyer 1997 and references therein).

Estuaries are also classified by their salinity structure: highly stratified salt
wedge estuaries, fjords, partially mixed estuaries, and well-mixed estuaries
(Dyer 1997; Brown et al 1999). Salinity structure is affected by topography and
by the dominance of river flow to tidal flow. Vertical structure is created by
density differences between fresh river water and seawater: less dense river
water flows downstream over more dense seawater (Dyer 1997). Horizontal
structure is created by the Coriolis force: in the northern hemisphere river wa-
ter runs towards the right which pushes the seawater to the left (Dyer 1997).
The more river flow dominates the tidal flow (as in deltas) and the deeper the
estuary (as in fjords), the more stratification there will be in the water column
(Dyer 1997; Brown et al 1999). The more tidal flow dominates over river flow
the more mixing will occur in the water column (Dyer 1997). Tidal flows in-
crease the energy within the estuarine system, which is dissipated by friction
against surfaces, which in turn causes turbulent eddies, which act as ‘mixers’.

The difference between a partially mixed and fully mixed (homogenized) estu-
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ary is mostly determined by the magnitude of tidal range relative to water
depth (Dyer 1997). So smaller, shallower rivers will have more mixed water
columns than larger, deeper rivers given the same tidal range. Global patterns
of water movement, caused by lunar cycles interacting with centrifugal force
due to the Earth’s rotation, and the Earth’s land-sea bulks, determine the vol-
ume of the tidal standing wave that pushes seawater up the estuary against the
riverine flow (Brown et al 1999). In the UK, the South and West tend to have
the highest tidal ranges (> 3 m), the tidal ranges along the eastern seaboard from
Aberdeen to Norfolk facing the North Sea are in the 3 m vicinity, and tidal
ranges in northern Scotland and N. Ireland are about 2 m (Brown et al 1999).
Most UK coasts experience semi-diurnal tides: there are roughly 2 high tides
and 2 low tides within a 24 hour period whose maximum ranges vary with
neap (smallest) and spring (largest) tides (when the Moon is furthest and near-
est from that point on Earth, respectively). Localized variations in tidal heights
occur due to the interaction between tidal range in the area and the topography

of the estuary (Dyer 1997; Brown et al 1999).

1.2.2 Sediment dynamics

As mentioned above, a water column consists of different layers and there is
friction between different moving fluid layers (e.g. layers of water with slightly
different densities, or a layer of water over a solid surface). This friction is also
called ‘shear stress’ and is enacted on each surface by the layer moving directly
above it (Dyer 1997; Brown et al 1999). Laminar flow is like a vector (i.e., it has a
single direction) that is horizontal to sediment bed and streamlines around par-
ticles within it (Brown et al 1999). Turbulent flow contains a vertical component
which creates movement in multiple directions (in 3 dimensions) at multiple
velocities within the net direction of flow (Brown et al 1999). Shear stress is
highest at the sediment bed and, as its effect diminishes through successively
higher layers of water. The interaction of the flowing water with the bed results

in bed shear stress which represents the friction of the flow against the bed. The
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maximum layer of water (measurable reduction in velocity) affected by bed
shear stress is called the ‘boundary layer’. Because the sediment bed is not a
perfectly flat and solid surface, the horizontal component of flow can push
sediment particles that are higher than mean sediment surface along the sedi-
ment bed and the vertical component can cause the lifting of particles off the
sediment bed. The amount shear stress required to shift a sediment particle off
its position on the sediment bed is called ‘critical shear stress” and the mean ve-
locity in boundary layer required to generate critical shear stress is the “critical

shear velocity’. Mean critical shear velocity varies with sediment composition.

Individual sediment particles are characterized by their mean diameter (in ad-
dition to substance and shape). From largest to smallest these size groups are:
boulders (> 256 mm ), gravel (2 — 256 mm), very coarse (< 2 mm) to very fine (>
63 um) sand, silt (2 - 63 um) and clay (< 2 pm) (Wentworth 1922). Bulk sedi-
ment is often can be characterized by its sand:silt:clay ratio; it is referred to as
‘mud’, ‘muddy sand’, ‘sandy mud’ or ‘sand” with decreasing clay and increas-
ing sand content (Folk 1954). Clay is probably the most important element be-
cause it is cohesive: individual particles of clay stick together to due a combina-
tion of electrostatic attraction and surface tension (Brown et al 1999). Therefore,
sediment with > 5 — 10 % clay is called ‘cohesive sediment’ and requires much
higher critical shear stress to displace than non-cohesive sediment (Brown et al
1999). The movement of sediment from its position in the sediment bed is the
process of erosion. Erosion is not linear with velocity, it increases (non-linearly)
with increasing grain size but decreases (non-linearly) with increasing clay con-
tent (Brown et al 1999). Sediment rolling along the sediment bed is known as
bed load, and sediment no longer in contact with the sediment bed is known as

suspended load (Brown et al 1999).

Once suspended, larger grain sizes sediment out of the water column more

readily (in slower mean velocity) than smaller grain sizes. This sedimentation
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is also known as deposition. Finally, in still water, where no erosion is occur-
ring, sediment within the bed begins to sink under its own weight, this process,
by which the sediment is effectively ‘de-watered’, is known as ‘compaction’

(Brown et al 1999).

1.2.3 Zonation

The biological component of soft sediment changes with shore height which de-
termines local exposure time. In estuaries, shore height is determined both by
distance from the central channel and distance from the coast. However, these
two variables do not just determine exposure time but also determine salinity
and nutrient levels in the pore water and overlying estuarine water which are
very important to all organisms. Another structuring feature in estuaries is dis-
tance from rivulets of run-off that run directly into the estuary, often perpen-
dicular or oblique to the central channel. Salinity decreases and nutrient levels
generally increase with distance from the shore while the reverse is true for dis-
tance from river or rivulets. River water generally has much higher nutrient
loads than seawater due to run-off from fertilized agricultural land, gardens
and golf courses so distance from rivers and rivulets affect nutrient status of the
pore water. Distance from the shore and central channel also largely deter-
mines grain size as sand tends to be imported from the sea, and is therefore
more abundant in the outer reaches of the estuary, and silt and clay is imported
from the land via the river and is therefore, more abundant nearer the river and
the coast. However, patterns in sediment grain size across the estuary vary de-
pending upon local hydrodynamics (Chocholek 2012). Grain size is an impor-
tant assemblage defining factor for both benthic invertebrate communities

(Meadows 1964; Green 1968) and benthic diatom communities (Ribeiro 2010).

1.3 Nutrient cycles and estuaries

Life on earth is comprised of six major elements, hydrogen, carbon, nitrogen,

oxygen, sulphur, and phosphorus, and the biogeochemical cycles of the first 5
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of these elements are linked via electron transfer (redox) reactions that occur in
the biological component of the earth’s chemistry (Falkowski & Godfrey 2008).
The C, N, S, and P cycles, and the role of estuaries in them, are briefly described
below. H and O cycles are not discussed separately, as H and O are the drivers
of the C, N and S cycles by being the sources of protons and electrons for the
redox reactions. Finally, because a large part of this thesis is concerned with

diatoms, the silicon cycle is also briefly discussed.

1.3.1 The carbon cycle

There are 4 reservoirs of carbon in the global carbon cycle: the atmosphere, the
hydrosphere, the terrestrial biosphere and the lithosphere (Holmen 1992). In
the non-biogenic ‘slow carbon cycle’, which existed prior to the evolution of life,
carbon cycled between only 3 reservoirs: CO: from the atmosphere dissolved in
the oceans and over millennia becomes carbonate mineral in rocks which was
eventually re-released into the atmosphere following volcanic eruptions
(Purves et al 1992; Falkowski & Godfrey 2008). This cycle still occurs but
movement of carbon between reservoirs is accelerated by the fixation of organic
carbon by primary producers, movement through the food chain and deposi-
tion in terrestrial and marine sediment thereafter. With the evolution of oxy-
genic photosynthesis, estimated at 3.8 bya, atmospheric carbon from CO: be-
came a vital resource (Holland 2006; Buick 2008). The proliferation of primary
producers in the hydrosphere made carbon levels increase, while carbon levels
in the atmosphere decreased between 2.45 — 1.85 bya (Holland 2006; Buick 2008;
Kasting & Siefert 2010). =~ When the terrestrial biosphere began to form at
around 0.5 — 0.3 bya, carbon from the atmospheric and hydrological reservoir
(Strother et al 2010). Today it is estimated that global net primary production of
organic carbon is about 104.9 petagrams C yr? of which approximately half is of
marine origin and the other half is terrestrial (Field et al 1998). However, while
all the organic carbon in the terrestrial environment is respired, a tiny propor-

tion (1 %) of the carbon fixed in the oceans does not get respired, sinks to the
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ocean floor, and eventually is locked in the lithosphere (until released in vol-
canic eruptions or fossil fuel burning). Therefore, it is marine photosynthesis
that has generated the surplus in O: that has maintained modern O:levels and it
is the lithosphere that is the greatest carbon sink even though it does not se-
quester carbon and fluxes from the other three compartments are tiny (Holmen
1992; Falkowski & Godfrey 2008; Bendall et al 2008; Kasting & Siefert 2010). It is
uncertain what proportion of global marine carbon fixation originates in estuar-
ies but coastal and estuarine areas are some of the most productive in the
oceans so it is likely to be a substantial proportion (Field et al 1998). Global
MPB carbon fixation has been estimated at 0.34 — 0.5 petagrams C yr! (Cahoon
2006) which is only a tiny fraction of total global estimate (above) and yet it
supports an ecosystem vital to the rest of the ocean as well as the terrestrial bio-

sphere (Costanza et al 1997).

1.3.2 The nitrogen cycle

Dissolved inorganic nitrogen is one of the most important nutrients required by
primary producers. The nitrogen cycle (Figure 1.2) begins with inorganic nitro-
gen (ammonium — NHY) fixation from inert atmospheric N2 by specialized ni-
trogen fixing bacteria, a reaction which requires anoxic conditions (Dexter Dyer
2003). Most nitrogen is fixed by specialized cells called heterocysts, containing
the catalysing enzyme nitrogenase, in cyanobacterial colonies (Kasting & Siefert
2002). However, dissolved inorganic nitrogen also enters the estuary from agri-
cultural and urban run-off and sewage discharge (Herbert 1982). NH} tends to
build up in anoxic regions of the sediment (Nealson 1997) because under oxy-
genic conditions nitrifying bacteria (aerobes) oxidize ammonium to nitrite
(NO3) (Dexter Dyer 2003). In addition, NH; becomes adsorped to clay particles
in the sediment (which has a slight negative charge) and becomes buried over
time (Rysgaard et al 1999) but increased salinity in incoming seawater causes
the desorption of NH} whereupon it is dissolves into the porewater or overlying

water.
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Figure 1.2 A: A simplified version of nitrogen evolution where anoxic reactions are
drawn in red and oxic reactions in black (drawn from Dexter Dyer 2003 and Herbert
1982). B: Generalized schematic of NH} and NO; distribution with depth in the
sediment

NO; is further oxidized to nitrate (NO3) by other nitrifying bacteria. NO3 and
NO3 (referred to together as NOy), and NHY can all be be used as a nutrients by
primary producers, although it has been suggested that they prefer NH; be-
cause they tend to block the release of NHf from the sediment more than NOy
(Sundback & Graneli 1988; Andersen & Kristensen 1988; Rizzo 1990; Feuillet-
Girard et al 1997). Therefore, NO; is more readily available in oxygenic parts of
the estuary, surface sediment and overlying water column, especially in winter
(Herbert 1982; Henriksen et al 1980, 1983; Rysgaard et al 1995; Nealson 1997;
Sundback et al 2000; SEPA 2006) and is less toxic to animals. Denitrification is
the process by which anaerobic bacteria (although some can perform nitrate re-
duction in oxygenic conditions) reduce NO3 is reduced to N2 and while it is fa-
cilitated by anaerobes, it takes place along the border with oxygenated sedi-
ment (Nealson 1997; Pelegri et al 1994). NOy and NH are taken up by primary
producers and converted into organic nitrogen (in amino and nucleic acids) and
it is organic forms of nitrogen that enter the animal food chain. Thus animal
excreta are nitrogenous as are the remains of all dead organisms; benthic inver-
tebrates excrete nitrogen as NHf (Henriksen et al 1980). Following decomposi-

tion (of dead organisms), organic nitrogen is recycled back into dissolved inor-
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ganic nitrogen (DIN = NO; and NH}) by ammonifying (nitrate reducing) bacte-
ria (Herbert 1982; Dexter Dyer 2003). Primary producers generally use DIN as
nitrogen source although, at least in freshwater, they have been shown to be
able to utilize organic nitrogen (urea and amino acids) as well (Berman &
Chava 1999). So by recycling biological nitrogen and bypassing the reduction
to N2 the nitrogen cycle is shortened. However, even with the biogenic sub-
cycling of DIN within a system, nitrogen remains the most limiting nutrient to
primary production in marine systems (Ryther & Dunstan 1971; Herbert 1982;
Malcolm & Sivyer 1997).

1.3.3 Other important cycles

Three other important nutrients to primary producers are phosphates, sul-
phates and silicon. The sulphur cycle is similar to the nitrogen cycle in that it
has solid, aqueous, and gaseous phases in its cycle, it is transformed from its
various different forms by the redox reactions in bacterial photosynthesis and
respiration, and one common form can be toxic to animals. Like nitrogen, sul-
phur is also an abundant element and but unlike nitrogen, its required state
(S0%7) for primary producers is abundant relative to requirement so it is
unlikely to ever be a limiting nutrient (Purves et al 1992). It is released to the
crust by volcanic eruptions, is absorbed by terrestrial and marine primary pro-
ducers following precipitation or gaseous absorption by the ocean, and is re-
turned to the earth sediment by sedimentation of inorganic and organic mole-
cules (Purves et al 1992). Its importance in estuarine ecology is that primary
producers require an oxidised version sulphate (S0%) while the reduced ver-
sion (H2S) is toxic to animals in high concentrations. H-:S is produced by sul-
phate reducing bacteria (SRB) living in the anoxic depths of the sediment which
use sulphate as a terminal electron acceptor to respire organic carbon (Dexter
Dyer 2003). Similarly to NH, H2S concentration increases with depth in the
sediment but some drifts up the concentration gradient towards the surface lay-

ers where it is used by purple and green sulphur bacteria as a proton source for
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non-oxygenic photosynthesis, thereby re-oxidizing it to SO3~, which is also used

by oxygenic photosynthesizers at the surface (Dexter Dyer 2003).

Phosphorous is vital to all organisms as it is required for both ATP and
NADPH-H, the energy releasing molecules of all living cells. Phosphorous ex-
ists in mineral form bound to rocks and sediment, especially with iron oxides,
and does not go through a gaseous stage in its cycle (Purves et al 1992; Malcolm
& Sivyer 1997). It is released from terrestrial and marine rocks by physical ero-
sion and becomes dissolved in the water in the form of phosphate ions (P0O;™)
which will re-associate with sediment particles (especially clay) under oxic con-
ditions (Malcolm & Sivyer 1997) unless sequestered by primary producers. At-
tached to sediment particles or within organic material, it becomes buried by
sedimentation and sediment compaction, which will lead to its eventual re-
mineralization. However, under anoxic conditions in the lower sediment, some
PO;* becomes desorped from sediment particles and dissolves in pore water
(Malcolm & Sivyer 1997). Disturbance of the sediment is thought to release dis-
solved phosphate from the sediment (Malcolm & Sivyer 1997) and thus phos-
phates are also cycled biogenically with all systems. However, while phosphate
is considered the primary limiting factor to photosynthesis in freshwater sys-
tems, in estuarine and marine systems, while still present in only very low
quantities (< 4 umol L?), it is comparatively abundant to the amount required

by living organisms (Ryther & Dunstan 1971).

Finally, silicon is an extremely abundant element in the earth’s crust and is
found various different kinds of silicates such as quartz or, more commonly, in
conjunction with aluminium, or in its dissolved form silicic acid. As with
phosphates, the weathering of terrestrial and marine rocks releases silicates into
water and it does not have a gaseous component in its cycle: following sedi-
mentation out of the water column, it either re-dissolves in porewater and

fluxes out of the sediment along the concentration gradient or is buried (Mal-
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colm & Sivyer 1997). Silicates, like phosphates, are replenished in oceanic sur-
face waters by upwelling (Malcolm & Sivyer 1997). Again, the recycling of bio-
genic silica (opal from diatom frustules) by-passes this larger cycle and means
that silicon stores become temporarily localized within a system (Carbonell et al
2009). Dissolution of biogenic silicon occurs faster in higher salinities and fol-
lowing removal organic material (Roubeix et al 2008) so estuarine diatoms,
which are regularly immersed in seawater and grazed upon by all estuarine
deposit feeders, are not likely to become silicate limited prior to becoming CO:

or DIN limited.

1.3.4 Nutrient status

While nutrients are important and necessary for primary production, excess nu-
trient tend to have a deleterious effect on MPB diversity and animal biomass
and diversity (Smith et al 1999). Oligotrophic, mesotrophic and eutrophic refer
to the nutrient status of an estuary (or any body of water): oligotrophic refers to
low dissolved nutrient in overlying water, thought to be ‘normal’ for more pris-
tine, pre-industrial habitats, and eutrophic refers to very high (~10 fold higher
than oligotrophic) dissolved nutrient levels in overlying water (Smith et al 1999;
Hessen 1999). Eutrophication is the process by which waters become more nu-
trient rich (generally in terms of N and P concentration) due to external loading,
usually due to due to human activity (Smith et al 1999). The trend for increased
fertilisation of the land due intensification of agriculture has led to a 10 fold in-
crease of anthropogenic N input into the North Atlantic (Haworth et al 1996
Smith et al 1999). The deleterious effects of eutrophication are that fecund, fast
growing, species of micro- and macrophytes ‘bloom” at the expense of general
diversity in primary producers (Smith et al 1999; Paerl 2006). In marine sys-
tems, phytoplanktonic blooms have the unfortunate characteristic that they of-
ten involve species that produce toxins harmful to other marine life (Smith et al
1999; Paerl 2006). Common macroalgal indicators of eutrophication are Entero-

morpha species which form deep and extensive mats on intertidal sand- and
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mudflats, and tend to smother the MPB and some invertebrates underneath
(Raffaelli 2000). A knock-on effect caused by gluts of organic carbon availabil-
ity is that they are followed by an increase in bacterial decomposition within the
sediment, and the increased respiration in the sediment means oxygen levels in
the overlying water and surface sediment are rapidly depleted leading to mass
die offs in invertebrate infauna and vertebrate water inhabitants (Smith et al
1999; Paerl 2006). These types of problems have been reported from coastal ma-
rine and estuarine ecosystems worldwide (Howarth et al 1996; Smith et al 1999;

Paerl 2006; and references in each).

1.4 Residents of temperate estuaries

Dyer (1997) speculates that estuaries have been crucial environments in the evo-
lution of life: the environments where organic life and the subsequent oxygena-
tion of the atmosphere began and where marine animals evolved into the earli-
est terrestrial forms. However, animal diversity is relatively low in temperate
estuaries and McLusky (1971) suggests that this is partially due to the fact it is
still relatively early in their evolutionary history — today’s estuaries are not
likely to be more than 3000 years old. Also, very few animals from the sur-
rounding marine and terrestrial environments would have been able to colonize
estuaries due to the extreme range of environmental conditions that must be
tolerated (McLusky 1971). Nevertheless, there is huge biodiversity in estuaries

but it is mostly in the form of prokaryotes and protists.

1.4.1 Eubacteria

Of all organisms only the Eubacteria (bacteria hereafter) are traditionally de-
scribed by their hugely diverse physiology and function rather than by their
morphology (Nealson 1997; Dexter Dyer 2003). They are the original and ulti-
mate ecosystem engineers and responsible for the Earth’s oxygenated atmos-
phere and they still control most biogeochemical cycles (Falkowski et al 2008).

Estuarine sediment bacteria are gram negative and non-pathogenic, and, with
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the exception of cyanobacteria and green sulphur bacteria, which are each in
their own phylogenetic group, they are all proteobacteria («, 3, v, and d) (Dex-
ter Dyer 2003). The major functional groups of bacteria in an estuarine sedi-
ment column are like those that can be seen in a Winogradsky column: photo-
trophs, chemotrophs, nitrifiers (ammonia oxidisers), denitifiers (nitrate reduc-
ers), sulphur oxidizers, and sulphate reducers (Nealson 1997; Dexter Dyer
2003). However, it should be noted that bacteria display a remarkable func-
tional plasticity in their metabolisms (Nealson 1997). For example purple non-
sulphur bacteria will photosynthesize when light is available but can become

heterotrophic in the absence of light (Nealson 1997).

Cyanobacteria are not only the oxygenic phototrophs of the estuarine system
but are also the nitrogen-fixers (Dexter Dyer 2003). They live in the photic zone
at the sediment surface and when presence in large quantities can be recognized
by a blue-green colouration of the sediment and common estuarine genera are
Merismopedia, Oscillatora, and Lyngbya. Also in the photic zone are the sulphide
oxidizers, purple (y-proteos) and green sulphur bacteria which are photosyn-
thetic but use H:S rather than H20 as proton source, evolving SO3~, and prefer
anaerobic conditions (Dexter Dyer 2003). Common genera of purple and green
sulphur bacteria in estuarine mud are Chromatium and Chlorobium, respectively,
and Chromatium are especially easy to distinguish due to their distinctive ma-
genta colouring (Dexter Dyer 2003). GSB are often found in deeper layers than
the purple because they prefer high HxS concentrations (Dexter Dyer 2003).
Purple (a- or B-proteos) non-sulphur bacteria have the same colouring as PSB
but oxidize organic molecules rather than H:S for protons; Rhodobacter (or) and
Rhodocyclus (B) can be found in anoxic estuarine mud (Dexter Dyer 2003). Fi-
nally, there are chemolithoautotrophic (they use chemical bond energy rather
than sunlight) sulphur-oxidizing bacteria such as Beggiatoa which can be distin-
guished as a white dust or long white filaments near the PSB (Dexter Dyer

2003); Beggiatoa do not oxidize H:S into SO5~ but into elemental S. Heterotro-
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phic bacteria include nitrifying bacteria (B-proteos) like Nitrosomonas (NH3 oxi-
dized to NO3) and Nitrobacter (NO; oxidized to NO3), which use nitrogenous
compounds as energy sources to respire organic carbon (Nealson 1997; Dexter
Dyer 2003). Anoxic denitrifying bacteria like Aeromonas, Vibrio, and Klebsiella
reduce nitrates back to NH; or N2 by using nitrates as final electron acceptor
instead of oxygen (Herbert 1982). Anaerobic sulphate reducing bacteria (o-
proteos) on the other hand use SO3~ as terminal electron acceptors and their
tield marks are the black, sulphurous mud frequently found in areas with very
small grain size (Dexter Dyer 2003). In addition to these main groups there are

also Fe, Mn, and CH: oxidizers and reducers (Nealson 1997).

1.4.2 Primary producers

In addition to cyanobacteria, oxygenic photosynthesis in estuaries is carried out
by protists, algae, and marine angiosperms. Although only 7 - 15 % of global
primary production is carried out in estuarine and coastal areas, these ecosys-
tems are vital to oceanic primary and secondary production (Gattuso et al 1998;

Field et al 1998).

1.4.2.1 Protists

Single-celled photosynthesising eukaryotes include chlorophytes, rhodophytes,
heterokontophytes, haptophytes, dinophytes, and euglenophytes (van den
Hoek et al 1995). They live in the water column (phytoplankton), attached to
solid substrata (epiliths) or plants (epiphytes), and in surface sediment (phyto-
benthos) (van den Hoek 1995; Round 1981). This thesis is primarily concerned
with the latter category, which, together with cyanobacteria, are grouped as
“microphytobenthos” (MPB). Mud- and sand-dwelling MPB mostly consist of
cyanobacteria, diatoms (Division Heterokontophyta, Class — Bacillariophyceae)
and Euglenids (Division Euglenophyta). MPB, benthic microalgae, and biofilm
are a blanket terms which include a huge diversity of different organisms of dif-

ferent biologies and ecologies which is perhaps why such a wide variety of dif-
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ferent, and often contradictory, behaviour and physiology are described for

them (Admiraal 1984; Underwood 2005).

All oxygenically photosynthesizing organisms are thought to have evolved
from a single endosymbiosis event where a heterotroph engulfed a cyanobacte-
rial cell which became the progenitor of green and red algae and land plants
(Armbrust 2009). The main photosynthetic pigment of this cyanobacteria, and
all its descendents, is green chlorophyll-a but the main accessory pigment in a
species can change the colour of the cells (van den Hoek ef al 1995). In cyano-
bacterial cells the main accessory pigments are phycobilins which are blue and
give cyanobacteria their characteristic blue-green colour. In chlorophytes
(green algae) it is chlorophyll-b which is also green, and in rhodophytes (red
algae) it is phycoerythrin, which is red, and also phycobilins (van den Hoek et al
1995). A secondary endosymbiotic event is thought to have occurred in which a
red algal cell (and perhaps also a green algal cell) was engulfed by a different
heterotroph and became the progenitor of the brown algae such as diatoms
(Armbrust 2009). The brown colour comes from the accessory pigment
fucoxanthin and a diatom biofilm on the sediment surface looks brown or olive,
depending on the relative abundance of diatoms:cyanobacteria:euglena (chlo-

rophyll-a + -b) (Figure 1.3).

Figure 1.3: MPB blooms on the sediment surface. On the left, evolved Oz bubbles
can be seen on the surface of the biofilm.

Diatom cells are housed within a glass basket of hydrated silicate (S5iO2.nH-0)

constructed of two halves (valves), similar to the two halves of a petri dish, but
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bound together into a case by several girdle bands (see Glossary). According to
a molecular clock analysis, the first diatoms evolved 240 — 135 mya and centric
diatoms are thought to have evolved before pennate diatoms (Figure 1.4) as
they appear first in the geological record (Medlin 2006). Nomenclatural rank-
ings vary from source to source, i.e.. sometimes diatoms are a division and
sometime they are a class but it is the structural order within this grouping that
is important rather than the nomenclatural order (van den Hoek et al 1995;
Round et al 1990; Medlin 2006). Originally, the Bacillariophyceae were thought
to have two clades, the centric (Coscinodiscophyceae) and pennate, and the
pennates were further subdivided into the araphid (Fragilariophyceae) and
raphid (class Bacillariophyceae) diatoms (Round et al 1990). However, current
molecular evidence points to 3 clades rather than 2 clades, where radial centrics
(Coscionodiscophyceae) are separated by one further clade from the raphid,
araphid and the bi- or multipolar centrics (Medlin 2006). Most centric diatoms
live in the water column, so the majority of phytoplankton in the oceans con-
sists of centric diatoms. However, with the exception of a few benthic Coscino-
discophycidae like Melosira spp. and sedimented phytoplankton, microphyto-
benthos come from the grouping — the Pennales (order) — containing raphid
and araphid pennates. Araphid pennates were likely the earliest descendents of
centric groups, however, it is unclear whether monoraphid or biraphid pen-

nates evolved first.

Pennate valves are organised around a central (or marginal) sternum which ei-
ther has a raphe slit or not (Figure 1.4). The raphe slits are used to exude strand
of mucus of extracellular polymeric substances (EPS) that stick onto sediment
particles and allow the diatom to slide along the central axis (Admiraal 1984;
van den Hoek et al 1995; Round et al 1990; Consalvey 2005). Alternatively, exu-
date is used to create mucilage sheaths which diatoms can slide up and down
in. Therefore, diatoms with raphes on both valves (biraphid) are mobile,

monoraphid diatoms are semi-mobile, and araphid diatoms are immobile. Mo-
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bile diatoms are generally free-living in the sediment matrix and are referred to
as ‘epipelic’, whereas semi- or non-motile diatoms live attached to sediment
particles (epipsammic), or macrophytes and plants (epiphytic) or rocks

(epilithic) (Round et al 1981, 1990).

BE Weinmann

Figure 1.4: 3 Cleaned diatom valves at 1250x (LM) magnification. The centric
valve (centre) is from a Thallasiosira sp., the pennate raphid (top left) is a Navi-
cula, and the rapheless valve (top right) is from the pennate monoraphid gen-
era Achnanthes. The raphe is hardly visible on the Navicula but the central and
terminal nodules (see Appendix 1) indicate its presence.

Mobility was an important innovation to diatoms living in the estuarine inter-
tidal as the movement of water with the tides inevitably resuspends sediment
and muddy sediment is indicative of low flow rates and the lower the flow in
the overlying water, the more sediment is deposited at the surface if the sus-
pended load is high (Brown et al 1999). In addition, the finer the sediment the
more light attenuates with depth and therefore the narrower the photic zone
(Maclntyre et al 1995). It is therefore hardly surprising that muddy sediments
(where flow is slowest and sedimentation highest) are dominated by epipelic
diatoms whereas sandy areas are dominated by epipelic diatoms (Admiraal
1984; Round et al 1981; MacIntyre et al 1995). All photosynthetic organisms
have polysaccharide storage and in diatoms this is the major reserve but both
cyanobacteria and diatoms can also store energy in lipid form and droplets of
oil can be seen inside living cells (van den Hoek et al 1995). However, in addi-

tion to motility and energy storage, another adaptation to living in light-limited
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environments is that several diatom species have evolved the ability to grow in
the dark by feeding heterotrophically on organic substances and these hetero-
trophic capacities are most frequent among the mud-living species where or-

ganic content is high but the photic zone is narrow (Admiraal & Peletier 1979).

Pelagic and benthic diatoms account for 20 % world carbon fixation (Armbrust
2009), so it is important to understand their ecology and how they respond to
changes in resource availability. Studies on freshwater benthic and pelagic
communities and marine phytoplanktonic communities, which are more nu-
merous than benthic estuarine and marine studies, have shown that changing
limiting nutrient and turbidity levels changes microalgal biomass and composi-
tion (Grover 1989; Pan & Lowe 1994; Smith 1996; Naymik et al 2005; Passy 2007,
2008; Finkel et al 2009; Licurzi & Gomez 2009; Duarte et al 2000; Vidal & Duarte
2000). Increased availability of DIN and phosphate, adsorbed on the surface of
sediment particles, in turbid systems can compensate for the loss of light and
benefit smaller, epipsammic species of diatoms that inhabit the understory of
benthic biofilms (Burkholder 1996). From a theoretical point of view, bioturba-
tion could be interpreted as a source of intermediate disturbance, which could
increase niche availability and thereby increase species diversity (Townsend et
al 2000), although there is so far no empirical evidence for this from either fresh

water or marine MPB communities.

It is not unusual for intertidal diatoms to be tolerant of a very broad range of
light, salinity, and nutrient ranges (Underwood & Provot 2000; Defew et al 2002,
2004). However, although they exhibit large tolerances to salinity, it has been
shown that differences in salinity can induce morphological changes within
taxa, so that assemblages at different salinities may look different even if they
are not taxonomically different (Leterme et al 2010). Some controlled experi-
ments on intertidal MPB biofilms maintained under different nutrient regimes

have not demonstrated profound changes in MPB assemblage composition
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(Sundbéack & Snoeijs 1991; Hagerthey et al 2002), but others have found that
some species are negatively affected by increased nutrient concentration (Un-
derwood et al 1998). However, the effect of nutrients on assemblage composi-
tion can be idiosyncratic to starting conditions: the effect of nutrients on as-
semblage structure can vary depending on the whether the assemblages had
come from eutrophic or oligotrophic assemblages (Hagerthey et al 2002). Field
studies, have shown differences in assemblage compositions along nutrient
gradients. A coastal study in Sylt (Germany) larger diatoms dominated eutro-
phic areas and smaller semi-motile diatoms dominated oligotrophic areas
(Agatz et al 1999) and an estuarine study in SE England demonstrated clear dif-
ferences in taxa abundances at different salinity and nutrient levels (Under-
wood et al 1998). Comparisons of bottom-up (nutrients) / top-down (grazer) ef-
fects on MPB assemblage diversity have demonstrated that the effects of grazers
are not necessarily consistent at different nutrient levels (Hagerthey et al 2002;
Hillebrand et al 2000). Also, the effect of grazers on MPB community composi-
tion appears to depend on the grazer: general deposit feeders do not appear to
feed preferentially, therefore dominant species are removed more so than rare
species (Smith et al 1996, Hagerthey et al 2002) whereas gastropods preferen-
tially graze on upright species, leaving the prostrate species thereby enhancing
survival of small epipsammic species and slightly increasing overall diversity
(Hillebrand et al 2000; Hagerthey et al 2002). With respect to light levels, dia-
toms have been shown to be able to last for well over a week in complete dark-
ness due to their ability to horde nitrates and use them for nitrate respiration
(Kamp et al 2011). However, a shift to smaller diatoms has also been found to
accompany a shift of natural populations to oligotrophic and lower light condi-
tions of a tidal, laboratory system (Defew et al 2002). Intuitively, the decreased
energy input should decrease overall biomass and favour motile diatoms,
which can migrate fastest to the sediment surface but they found it had no ef-

fect on biomass or species richness, although there was decreased diversity due
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to a shift to smaller sized diatoms following 2 weeks of incubation in the labora-
tory (Defew et al 2002). This suggested that smaller cell sizes were more com-
petitive in situations of lower light and nutrient availability (Defew et al 2002).
In a follow-up experiment, they (Defew et al 2004) found that the response of
MPB assemblage diversity was temperature dependent: at lower temperatures
(10 °C and 18 °C) species richness, evenness, and diversity were higher after
three weeks at low light than at high light whereas the reverse was true at high
temperatures (25 °C). As there are so few estuarine and coastal benthic studies,
and the data is highly variable and noisy, there is as yet no clear understanding

of diatom ecology.

1.4.2.2 Macrophytes and angiosperms

Unlike oceanic photosynthesis, which is carried out almost entirely by micro-
phyte, estuarine and coastal areas also have large and important macroalgal,
halophyte and sea grass constituents (Gattuso et al 1998). Multicellular brown
and green algae such as Fucus, Ulvae, Enteremorpha spp. are very common in
north Atlantic estuaries. Fucus and Ulvae are generally found in rocky or mus-
sel-dominated areas as they require holdfasts, whereas Enteromorpha are found
in small quantities all over estuaries but found in large quantities on eutrophic
mud flats (Raffaelli 2000). The most important grasses commonly found in es-
tuarine and coastal zones are eel grass (Zostera spp.), which grow in beds on
mud and sand flats (Wilkie 2011), and salt-marsh angiosperms (Spartina and
Puccinellia spp.), which are a particularly important habitat type and provide
food and shelter for other plants, like the succulent halophytes Salicorna spp.
(marsh samphire), but also for terrestrial animals like insects (Boorman 2003,

O’Connor et al 2011).

1.4.3 Invertebrates

Most of the adult animal inhabitants of the mud flat are invertebrates: nema-

todes, oligochaetes, polychaetes, gastropods, bivalves, and crustaceans. Inver-
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tebrates that can be sieved out of the sediment through a 0.5 mm? mesh are re-
ferred to as ‘macrofauna’ to distinguish them from ‘meiofauna’, which cannot
be sieved out through a 0.5 mm? mesh (eg. nematodes and larva or juvenile in-
dividuals of any species). Body sizes of macrofauna vary substantially from the
tiny gastropods Hydrobia ulvae, which have approximately 1 mm body lengths,
to bivalves M. baltica, which vary between 1 — 7 cm, and large polychaetes like
Hediste diversicolor, which can have a body length of up to 20 cm in Eden estuary

specimens (Figure 1.5).

F
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Figure 1.5: H. diversicolor surrounded by H. ulvae, and M. baltica (from
marLIN web page).

While a few species, such the common mussel Mytilus edulis and the mud snail
H. ulvae are mostly surface dwellers, most species burrow into the sediment
thereby changing the sediment structure (Jones & Jago 1993). Burrowing styles
are classified as: biodiffuser, gallery diffuser, regenerator, upward-conveyer,
downward conveyer, and bio-irrigator (Jones & Frid 2009). Biodiffusers (M. bal-
tica and other bivalves, C. volutator, H. diversicolor) move sediment around in a
random directions and in small increments whereas bio-irrigators (eg. C. voluta-
tor) and gallery diffusers (eg. H. diversicolor) actively irrigate a burrows by
drawing surface water through it (Jones & Frid 2009). The distinction between
bio-irrigators and gallery diffusers are that bio-irrigators, like C. volutator, main-
tain a single burrow (U-shaped burrows in Figure 1.6) whereas gallery-diffusers
like H. diversicolor, maintain a network of burrows (Figure 1.6) (Jones & Frid

2009). Upward-and downward- conveyers are animals which are either ori-
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ented head-up or head-down in the sediment and therefore deposit sediment
from the head area to the other end (Jones & Frid 2009). Regenerators also
move sediment from lower depths to the sediment surface (eg. Arenicola marina)
but do not necessarily have stationary orientation like upward-conveyors (Jones
& Frid 2009). Burrowing depths also vary substantially from 2 mm (H. ulvae) to

20 cm (H. diversicolor).

Figure 1.6: A macrofauna assemblage of M. baltica, C. volutator, H. diversicolor,
A. marina, H. ulvae, and M. edulis (from left to right). Different burrowing
depths are approximate and not to scale. Maximum depth of H. diversicolor is

about 20 cm.

Feeding mode classifications include: deposit-feeder, active suspension feeder,
passive suspension or ‘filter’ feeder, scavenger, predator (Jones & Frid 2009).
Deposit feeders ingest sediment whole and extract organic molecules from
them, thereby effectively ‘cleaning’ the sediment (C. volutator, H. ulvae, H. diver-
sicolor, M. baltica). Active and passive suspension feeders remove particles from
the water column, digest the organic content and deposit the remains at or near
the sediment surface; active suspension feeder generate their own currents to

move water through their feeding apparatus (eg. C. volutator and H. diversi-
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color), whereas passive suspension feeders require water flow to trap particles
(eg. M. edulis). Scavengers and predators eat either dead animals in the sedi-
ment or actively hunt other animals, respectively. Many species exhibit multi-
ple feeding modes; for example H. diversicolor can feed as a deposit- and active
suspension feeder, scavenger, and predator. Additional information is given

below on C. volutator biology and ecology due to its prominence in this thesis.

1.4.3.1 Corophium volutator

BE Weinmann

Figure 1.7: Clockwise from top left: C. volutator male (with long 2" antennae, front
and centre) with female to the right (similar body length but short 2°¢ antennae), large
columnar “chimneys” built under deoxygenated conditions, single C. volutator in U-
shaped burrow in dried sediment, and C. volutator in invading another’s burrow

Corophium volutator (Pallas) is one of the most ubiquitous and abundant organ-
isms living on North Atlantic estuarine mudflats throughout the year (Green
1968; McLusky 1968; Henriksen et al 1980; Hylleberg & Henriksen 1980; Mur-
doch et al 1986; de Deckere 2000, Gerdol & Hughes 1994b, Moller & Riisgard,
2006). They are patchily distributed throughout most estuaries and have a very

wide substratum and salinity tolerance, although the highest concentrations

are generally found around the mid-shore, 5 — 30 %o salinity, and in finer sedi-
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ment types (muddy sand, sandy mud, mud) which have higher water and or-
ganic content and are less well oxygenated (Meadows 1964; McLusky 1968,
1970; Murdoch 1986). Abundance of C. volutator fluctuates drastically over the
year in all studies but the months in which lowest and highest abundance occur
are particular to each estuary; they generally increase when annual MPB and
plankton blooms occur and in some estuaries decrease dramatically when mi-
gratory birds arrive to feed in the summer (Murdoch et al 1986; Daborn et al
1993; personal observations 2008 — 2009). Peak estimates of 10,000 — 100,000 of
individuals m? have been reported at various North Atlantic locations but
overwintering populations often drop down to one to five thousand m?
(McLusky 1968; Henriksen et al 1980; Hylleberg & Henriksen 1980; Murdoch et
al 1986; Daborn et al 1993; Gerdol & Hughes 1994b; de Deckere 2000; Moller &
Riisgard 2006). Average abundance (in individuals m) at the Guardbridge site
in the Eden estuary tends to be highest in late spring, early summer when eggs
have hatched but flocks have not yet arrived: ~9200 (32.5 g) in early May and
~2000 (7.8 g) in late July (from 2008, Table 2.3).

C. volutator build permanent narrow, U-shaped burrows to about 5 cm sediment
depth through which they keep a steady flow of overlying water circulating, by
rhythmic beating of their pleopods (Meadows & Reid 1967, Gerdol & Hughes
1994a, Moller & Riisgard 2006). This current is not only required to pass oxy-
genated water over the gills but also facilitates feeding: sediment scraped into
the burrow from the surface is resuspended in the burrow along with phyto-
plankton from the overlying water column and flows through a makeshift bas-
ket, formed by the bristles on the setae of the 1%t and 2" gnathopods, which fil-
ters out particles greater than 4 — 7 um (Meadows & Reid 1967; Nielsen & Ko-
foed 1982, Icely & Nott 1985 and references therein). If these particles, organic
and inorganic, are between 4 (or 7) and 63 pm they are ground by the mandi-
bles and swallowed (Nielsen & Kofoed 1982, Icely & Nott 1985 Murdoch 1986).

Particles larger than 63 um are manipulated differently: diatoms, bacteria and
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EPS are scraped off the surface with the bristles on the setae of the gnathopods
and passed to the mouthparts, a feeding style known as ‘epipsammic browsing’
(Nielsen & Kofoed 1982). This makes C. volutator quite versatile: they can filter
feed during immersion if concentrations of phytoplankton are sufficiently high
and switch to deposit feeding (i.e., scraping sediment off the surface) during
emersion or if phytoplankton concentrations during immersion are low (Gerdol
& Hughes 1994a; Moller & Riisgard 2006). The actual nutritional content from
the sediment and phytoplankton is thought to be predominantly from diatoms
and EPS although bacteria are also readily consumed and assimilated but
probably do not account for a large percentage of the energy budget (Gerdol &
Hughes 1994a and references therein). While it has been suggested that C. vo-
lutator probably gets some of its nutrition from plant detritus in the sediment
(Icely & Nott 1985, Murdoch 1986, Stuart et al 1985), physiological experimental
evidence shows that cellulase concentrations in C. volutator guts is negligible
and that survival rates of animals on a Spartina diet are very low compared to
those on diatom diet (Agrawal 1963; Barlocher 1988; Stuart et al 1985). In addi-
tion, field experiments have shown that C. volutator abundance decreases with
increasing macroalgal mat coverage (Raffaelli 2000 and references therein), and
heterogeneous microcosm experiments (Dyson et al 2007) have shown that C.
volutator avoids sediment containing macroalgal pigment (powdered Entere-
morpha). C. volutator are probably forced to avoid macroalgal mats not only be-
cause they provide little sustenance but also interfere with the amphipod’s
feeding apparatus (Rafaelli 2000 and references therein). From their laboratory
feeding experiments, Gerdol and Hughes (1994a) estimated that adult amphi-
pods feeding on surficial biofilms consumed an average of approximately 4000
diatoms an hour. Meller and Riisgard (2006) investigated suspension feeding in
C. volutator and found that pumping rate increased with body size and tem-
perature and filtration rates varied between 0.9 — 19.4 m® m? d?. Feeding is

more or less continuous and coarse material is ejected in the faeces within 4 — 24
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minutes of ingestion but fine material not until 24 — 48 hours (Icely & Nott
1985). Researchers have not found many diatom frustules in either C. volutator
gut contents nor faeces from which they surmised that diatoms were ground
down by the mandibles prior to ingestion (Murdoch et al 1986; Icely & Nott
1985; Gerdol & Hughes 1994a). Therefore, when faeces and detritus expelled

from the burrow by the ventilation current it should be low in organic content.

Individuals crawling across the mud surface at emersion are usually adult
males either looking for an empty burrow or a female to mate with (Meadows
& Reid 1966). Sexually mature individuals are generally between 5 and 12 mm
and males can usually be recognised by exceptionally long 2"¢ antennae which
can make up half their body length (Meadows & Reid 1966; ). Unlike most
crustaceans, C. volutator do not have different body forms at different live stages
or a pelagic dispersal phase; fertilized eggs are maintained in a brood pouch in
the female from which offspring crawl out as miniature versions of adults and
burrow immediately nearby (Neal & Avant 2006). However, given their vora-
cious feeding rate, dispersal is a necessity to avoid competition between closely
related individuals. From their study in the Ythan estuary Lawrie and Raffaelli
(1998) found that while very few C. volutator were found in the water column
during the majority of immersion tides the few that were caught were usually
large males; however, on the occasional nocturnal intermediate tide large num-
bers of juveniles (< 4 mm) were caught in plankton nets. They reasoned that the
swimming activity of large males is probably for reproduction with unrelated
females but that it is the mass movement of juveniles that maintains the patchi-
ness of C. volutator distributions within estuaries. Meadows (1964, 1967)
showed that C. volutator will repeatedly sink out of the water column to exam-
ine sediment and will generally choose to settle in fine sand or mud which is
better burrowing material and where MPB reach higher densities reach much

higher concentrations than in coarse sand.
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1.3.4 Vertebrates

Estuaries are important nursery grounds for many coastal fish — 90 % of world
fish catch is from estuarine and coastal zones (Gattuso et al 1998). They are also
important feeding grounds for migratory birds which feed on invertebrate in-
fauna (reference). Abundance of plankton, fish, and invertebrates also attract
marine mammals (Figure 1.9). Finally most remains of the earliest human civi-
lizations are found around estuaries (McLusky 1971; Dyer 1994) and to this day

37% world population within 100 km of an estuary or coast (Gattuso et al 1998).

1.5 Ecosystem functions in soft sediments

While organisms inhabiting soft sediments in estuarine and coastal systems per-
form many vital ecosystem functions, below are brief introductions to four that

are important in this thesis.

1.5.1 Carbon fixation and degradation

Carbon fixation in estuarine mudflats is carried out by MPB. Estuaries and
coastal zones account for 14 — 30 % of oceanic primary productivity (Gattuso et
al 1998), which represents approximately half of global carbon fixation (Field et
al 1998). However, it is is compartmentalized between very different microsys-
tems (grasses, macrophytes, MPB and phytoplankton) and determining which
compartments contribute most to net ecosystem productivity (NEP) is complex
(Gattuso et al 1998). MPB on estuarine and coastal mud- and sandflats are esti-
mated to contribute less net primary productivity than pytoplanktonic, macro-
phytic- and plant-dominated (salt-marsh) systems (Underwood & Kromkamp
1999; Gattuso et al 1998), in fact net primary production from estuarine mud
flats is negative (Gattuso et al 1998). However, at the same time, in shallow es-
tuarine areas, MPB production can account for 30 — 70 % of total estuarine pri-
mary production (Gazeau et al 2005) and MPB biomass specific productivity is

more temporally stable and overall higher in mudflats than salt marshes
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(Pinckney & Zingmark 1993a). Most primary production is consumed in situ by
bacteria and primary consumers. Many invertebrates (eg. C. volutator, H. diver-
sicolor, and M. baltica) have multiple feeding modes and will feed alternately on
phytoplankton and sediment MPB and detritus depending on which is more
available (Budd 2008; Budd & Rayment 2001; de Goij & Luttikhuizen 1998;
Green 1968; Meadows & Reid 1966; Mgller & Riisgard 2006). Deposit-feeding
bioturbators are important to decomposition and mineralization of organic
compounds (Hylleberg & Henriksen 1980; Andersen & Kristensen 1991; Aller &
Aller 1998) and it is estimated that 90 % of sedimentary re-mineralization of
nutrients occurs in relatively shallow coastal water (Gattuso et al 1998). In addi-
tion, invertebrate grazers in intertidal areas are an important food source for

fish and shore birds (Green 1968; Raffaelli & Milne 1987; Gattuso et al 1998).

1.5.2 Oxygenation uptake of sediment

Primary producers are the ecosystem engineers that generate Oz but often this
penetrates the sediment no deeper than 2 mm (Kristensen 2000; Glud 2008) be-
neath which anoxic bacteria sequester organic carbon often producing waste
products that, in high concentrations, are toxic to animals (Nealson 1997; Dexter
Dyer 2003). Burrowing infauna increase the oxygen uptake of the sediment for
two reasons: (1) they must bring oxygen down from the surface to breathe, and
(2) their feeding activity redistributes sediment and the mixing action also in-
creases O2 concentrations (Kristensen 2000; Jones & Frid 2009). The depth to
which O: penetrates the sediment varies with the burrowing style, depth and
intensity of the organism (Kristensen 2000). Gallery diffusers such as H. diversi-
color (Figure 1.8) tend to oxygenate the sediment most, followed by bio-
irrigators like C. volutator, whereas biodiffusers such as M. baltica oxygenate the
sediment the least (Andersen & Kristensen 1988; Andersen & Kristensen 1991;
Pelegri et al 1994; Rysgaard et al 1995; Kristensen 2000; Mermillod-Blondin et al
2004; Michaud et al 2005).
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Figure 1.8: This mesocosm contained sieved mud and H. diversicolor.
Oxygenated sediment is generally lighter in colour than anoxic sediment,
the black specs are from Fe reactions with H:S and indicate the presence
of SRB. Individuals can be seen shooting out of their burrows to feed on
tish food placed at the water surface.
Meiofauna and less mobile or active burrowers depend on ecosystem engineer-
ing of active bioturbators to create suitable habitat, so the loss of certain key bio-

turbators can result in a cascade of species losses in the affected area (Solan et al

2004).

However, Oz uptake of the sediment is also increased, predominantly by bio-
irrigators and gallery diffusers, because they increase bacterial activity (Har-
grave 1970; Mermillod-Blondin et al 2004, 2005) including processes such as ni-
trification and denitrification (Serensen J 1978; Henriksen et al 1980; Pelegri &
Blackburn 1994; Pelegri et al 1994, 1995; Rysgaard et al 1995; Michaud et al 2006)
and ammonification (Aller & Aller 1998).

1.5.3 Nutrient release from sediment to overlying water

As NH} and PO3}* are more concentrated in the sediment than in the overlying
water, they diffuse along their concentration gradient into the overlying water
but can be blocked in light conditions as they are sequestered by photosynthe-
sizing MPB at the sediment surface (Henriksen et al 1980, 1983; Andersen &
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Kristensen 1988; Sundback & Graneli 1988; Rysgaard et al 1995; Rizzo 1990;
Feuillet-Girard et al 1997). However, gallery diffusers, bio-irrigators and feed-
ing macrofauna tend to increase the release of these nutrients to the overlying
water (1) because they are depleting the MPB biomass at the sediment surface
by feeding on them, (2) because they disturb the sediment surface which means
NH} and PO3* tends to become desorped from sediment particles either due to
higher salinity or due to the disturbance itself (Malcolm & Sivyer 1997; Rys-
gaard et al 1999), and (3) because increased sediment — water interface of the
burrows increases the diffusive surface area (Henriksen et al 1980, 1983; Ander-
sen & Kristensen 1988; Rysgaard et al 1995; Emmerson et al 2001; Mermillod-
Blondin et al 2004; Michaud et al 2006; Ieno et al 2006; Bulling et al 2010). How-
ever, total DIN fluxes to the overlying water can also decrease and become
negative due to increased nitrification and denitrification within the sediment

(Pelegri & Blackburn 1994; Pelegri et al 1994, 1995).

1.5.4 Benthic - pelagic sediment exchange

While sediment exchange is largely due to physical processes such as fluvial
and marine deposition and physical erosion, ecosystem engineers make very
important contributions to this and can vastly increase and decrease the deposi-
tion, accretion, resuspension and erosion of sediment (Widdows et al 2000, 2004;
Widdows & Brinsley 2002; Wood & Widdows 2002). Broadly speaking, pri-
mary producers increase sediment stability and thereby accelerating prograda-
tion and primary consumers decrease sediment stability by increasing resus-
pension and erosion, thereby accelerating transgression (Paterson 1989; Daborn
et al 1993; Daborn et al 1993; Jones & Jago 1993; Dyer 1994; Gerdol & Hughes
1994b; Paterson et al 1999, 2000; Tollhurst et al 1999, 2006; Christianson et al
2000; de Deckere et al 2000, 2001; Biles et al 2002; Maynard et al 2011). However,
passive and active suspension feeders can also increase sediment accretion

(Luckenbach 1986; Jones & Jago 1993; Murray et al 2002).
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MPB organisms produce EPS, which binds sediment particles together and de-
creases its erodibility (Paterson 1989; Daborn et al 1993; Paterson et al 1999, 2000;
Tollhurst et al 1999, 2006). However, in addition to the “armouring” the sedi-
ment against eroding water flow, EPS also increases the stickiness of the sedi-
ment thereby has the potential to increase sediment accretion (Lubarsky 2011).
Marine grass beds tend to increase sediment accretion by slowing down flow
rates in overlying water, thereby increasing particle deposition and their root
systems help anchor accumulated sediment to prevent it being dragged back
out to sea with the ebbing tide (Christianson et al 2000; Maynard et al 2011;
Wilkie 2011). On the other hand grazers not only increase the erodibility of the
sediment surface because they remove the biofilm but also by active resuspen-
sion (Daborn et al 1993; Jones & Jago 1993; Gerdol & Hughes 1994b; de Deckere
et al 2000, 2001; Biles et al 2002). However, invertebrates who aggregate in beds
above the sediment surface (eg. M. edulis, Lanice conchilega) act similarly to
grasses in that they increase sediment accretion by reducing overlying water
flow rates, remove particles from the water column, digest the organic content
and deposit the remaining sediment particles on the sediment surface which, in
the case of M. edulis, are anchored by byssus threads (Figure 1.9) (Jones & Jago
1993; Saurel 2008; Murray et al 2002). However, animal tubes can also have the
opposite effect, i.e. they can increase erodibility of sediment depending on the

density of the aggregation (Luckenbach 1986; Murray et al 2002).

Figure 1.9: Mussel mounds in the Eden central channel (with harbour seals and

swans in the foreground).
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1.6 Aims of this thesis

1. To determine whether C. volutator has significant engineering effects on the
overlying water column which can modify resources to MPB and therefore

affect MPB biomass and/or assemblage composition.
Chapter 3 (Experiment 1) hypotheses:
Ho3.1: C. volutator has no significant effect on the water column at any biomass.

Ho3.2: C. volutator has no significant effect on MPB biomass, locally or re-

motely.

Ho3.3:  C. volutator has no significant effect on MPB assemblage composition,

locally or remotely.

2. To determine whether macrofauna with different bioturbation and feeding
modes (C. volutator, H. diversicolor, M. baltica) have similar engineering effects
on the overlying water column and therefore differentially modify resources to

MPB and thereby changing MPB biomass and/or assemblage composition.
Chapter 4 (Experiment 2) hypotheses:

Ho4.1: Bioturbation by Corophium, Hediste, and Macoma produces similar modi-

fications to the overlying water column.

Ho4.2: Corophium, Hediste, and Macoma feeding and bioturbation only effects
MPB biomass in the sediments in which they are present and cannot remotely

affect MPB biomass remotely via resource modification in the water column.

Ho4.3: Corophium, Hediste, and Macoma feeding and bioturbation only effects
MPB assemblage composition in the sediments in which they are present and
cannot remotely affect MPB biomass remotely via resource modification in the

water column.
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Ho4.4: There is no relationship between MPB biomass and biodiversity.

3. To determine whether significant changes to the overlying water column can
be achieved within a single immersion and how the effects therefore differen-
tially modify resources to MPB and thereby changing MPB biomass and/or as-

semblage composition.
Chapter 5 (Experiment 3) hypotheses:

Ho5.1: Turbidity created by Corophium in one average tidal period is a simple

proportion (6/168 h) of what is generated over a week.

Ho5.2: DIN release from sediment modified by Corophium in one average tidal

period is a simple proportion (6/168 h) of what is released over a week.

Ho5.3: Phosphate release from sediment modified by Corophium in one average

tidal period is a simple proportion (6/168 h) of what is released over a week.
Ho5.4: Surface compaction is not modified by Corophium.

4. To determine whether differences in water column turbidity can effect MPB

migration and productivity.

Chapter 6 (Experiment 4) hypotheses:

Ho6.1: MPB bulk migration is triggered by changes in tidal state
Ho6.2: MPB bulk migration is triggered by changes in irradiance

Ho6.3: MPB productivity is negligible during emersion
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Chapter 2: General Methods
2.1 The field site

The Eden estuary (Figure 2.1) was the source of all sediment, fauna and
microphytobenthos for the experiments undertaken in this PhD project. It is a
small estuary and lies just north of St Andrews, Fife, in southeast Scotland.
Downstream of Guardbridge the estuary contains about 6.3 km? of sand- and
mudflats along the central channel (average depth at high spring tide is 3 -4 m,
maximum depth of 9 m), small patches of salt marsh along the northern and
southern mean high water line, mussel bed mounds along the central channel,
as well as small eel grass beds dispersed across the estuary (Chocholek 2012).
The Eden is a mesotidal, bar-built estuary with an average tidal range of about
3.3 m (Brown et al 1999; Chocholek 2012). As it is a bar-built estuary (see Chap-
ter 1.2.1), most of the estuary (except the outermost region between the out
head and Rere’s Wood) is shallow with low flow rates and rarely experiences
wave crash conditions. Sediment grain size and organic content generally
change inversely to each other: the larger the grain size of the sediment the
poorer it is in organic content. The general sediment trend in the Eden is of
grain size decrease with distance from the coast and, therefore, a concomitant
increase in organic content; however, there are patches of mud in sandy areas
and as well as sandbanks located as far upstream as the Guardbridge due to lo-
cal hydrological patterns. Salinities all along the estuary during immersion are
more or less 33 — 35 psu, although porewater salinities can be substantially low-
er (at paper mill ~ 15 — 25 psu) but vary greatly over the tidal period and with
rainfall. Unfortunately, there is no published information on the flow rates
over the mudflats during immersion although they are expected to be low (Biles

2002).
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Figure 2.1: The Eden Estuary (Fife, Scotland) lies just North of St Andrews. The Paper
Mill (PM) site lies on the north bank of the main channel. The Guardbridge site (GB)
lies underneath the bridge and along the flats of the southeast bank.

The Eden estuary was declared a Site of Special Scientific Interest (SSSI site 596)
in 1971 by the Nature Conservancy under the National Parks and Access to the
Countryside Act 1949 which, following devolution, was maintained by Scottish
Natural Heritage for the Scottish Executive (Register of Scotland 2011). The ci-
tation specifies the protection of the salt marsh, sand dunes, alder-willow swamp
woodland (uppermost section), mudflats and the migrating birds that feed on
them. For the same reasons, it, together with the much larger Firth of Tay to the
north, is also on the Ramsar Convention list of wetlands of international im-
portance (Ramsar Convention site UK13018). The importance of their migrat-
ing bird populations, such as the common redshank (Tringa totanus), pink-
footed goose (Anser brachyrynchus), greylag goose (Anser anser), and bar-tailed

godwit (Limosa lapponica), has designated the two estuaries a Special Protection
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Area in 2000 and because they are also a popular haul out site for common
seals, Phoca vitulina, they are designated as a Special Area of Conservation
(Scottish Natural Heritage 2006). SPAs and SACs are part of the Europe-wide
‘Natura sites” threatened habitat and species protection scheme. Management
of both sites are ultimately under Scottish Natural Heritage but they actually
locally managed; the Eden estuary is managed by the Eden Estuary Manage-
ment Committee which is a consortium made up of local government, sur-

rounding land owners, and interest groups.

The outer Eden estuary (as presented in Figure 2.1) is flanked by golf course
fairways and agricultural and pasture land on the south shore, has a paper mill
and Guardbridge village on its western shore and RAF Leuchars airbase on its
northern shore. Effluents from fertilized fairways, agricultural land and pas-
tures, and the human populations are likely to increase nitrate and phosphate
input into the estuary, and indeed most MPB blooms found in the Eden are
seen along the rivulets of run-off or along the central channel at low tide (per-
sonal observation). Marine systems have been shown be limited by nitrates ra-
ther than phosphates and hence are far more sensitive to nitrate pollution
(Ryther & Dunstan 1971). The 2005 report for the European Framework Water
Directive (SEPA 2005) states that while direct discharge of effluent generally
declined across the UK in the 1990s with improved sewage treatment (SEPA
2005), the Eden estuary had “exceptionally high” riverine nitrate concentrations
but due to the low residence time and high dilution factor during immersion
tide the Eden estuary (sediment and overlying water) is not classified as a “Ni-
trate Vulnerable Zone”. The NVZ classification criteria are vague because ni-
trate pollution levels that are not as well studied and understood as phosphate
pollution levels in freshwater; so NVZ assessment criteria are a combination of
measured nitrate levels and observed possible primary and secondary response

to nitrate increase (such as chlorophyll-a levels and dissolved oxygen levels, re-
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spectively). In Scotland, only the Ythan estuary is classified as a NVZ although
most large rivers and most of the East coast ground water is considered of NVZ
status. The only other source of pollution (with the exception of noise pollution
from the RAF base) to the Eden estuary is the Guardbridge paper mill which,
while operational, had a treatment plant to mitigate residues, and shut down
several years ago, prior to which it was only sporadically active for a several
years. Paper mill effluent is a mixture of many substances (carbohydrates,
lignins, organic acids, boiler ash, etc) whose presence in the water column re-
duces the photosynthetic output due to shading and whose bacterial break-
down increases the biochemical oxygen demand (BOD) and in the sediment
and water column and results in overall depleted oxygen levels, and, in addi-
tion, they release to the chlorinated organic substances (AOX) which have been
shown to be toxic to marine and freshwater life in many studies (Colodey and
Wells 1992). While there are multiple studies on the damage to life due to
working mills, the length of time taken for recovery from the sum of environ-
mental impacts following mill closure is sketchy and largely unknown

(Colodey and Wells 1992).

PM

Figure 2.2: The two field sites used in this project: the Paper mill site (PM) on the north
shore of the estuary (looking towards the shore) and the Guardbridge site (GB) on the
southeast shore of the Eden estuary.
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Experimental sediment and organisms were collected at two sites: the paper
mill site, for experiments Chapters 3 — 5 and the Guardbridge site for experi-
ments in Chapter 6 (labeled PM & GB, respectively, in Figure 2.2). The mid-
shore at the paper mill site had a deep mud layer (~15 cm) covering rock and
debris which is likely to have very high level of bioturbation as the light grey
oxidised sediment layer was usually about 5 cm deep and was dominated by
Corophium volutator with some Nereis diversicolor and Macoma baltica but hardly
any Hydrobia ulvae. The midshore was very flat and MPB blooms were seen on-

ly in sporadic patches.

The low shore slopes quite steeply (4% incline) towards the central channel and,
in the first 2 years of this project, was dominated by dark, rich MPB biofilms
and had a sparse macrofauna population, and had a very thin (< 1 cm) pale lay-
er covering black, sulphurous mud beneath. At the end of the summer 2009
these blooms on the lower shore ceased and have not been encountered in any-
thing like their previous abundance since. Blooms are now more patchy and
sporadic, although the oxidized sediment layer is still not as deep as on the flat-
ter mid-shore. During immersion the mid shore is covered with approximately
2 - 3 m of turbid water (Chocholek 2012; personal observation). The Guard-
bridge site, on the southeast bank of the Eden has a very shallow, <3 cm, mud
layer covering rocks and debris and interspersed with boulders and patches of
Fucus sp. This site is dominated by N. diversicolor, with a moderate population
of H. ulvae and very few C. volutator. MPB blooms are patchy and are visible
first on top and around the bases of rocks (with < 2mm layers of fine mud on
them) and around the outlines Fucus patches and, later in the tide, along the ex-
posed sediment. During immersion, the flow at this site is moderate and the

water is calm, less than a meter deep, and quite clear.
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2.2 Sediment sampling and characterisation

2.2.1 Sediment sampling

Macrofauna cores

Sediment cores (SA = 84 cm? depth = 15 cm) for macrofaunal biomass estima-

tion in a 20 x 20 m quadrat at the paper mill site.

Contact cores

Contact cores are taken by inserting a bicompartmental stainless steel cup (Ford
& Honeywill 2002) onto the sediment surface, pouring liquid nitrogen into the
top compartment which then freezes the sediment in the bottom compartment

(SA =25 cm?, depth =2 mm).
Mini-cores

The tips were removed from plastic syringes with flat plastic plungers (Becton-
Dickson Discardit™ II) to create mini-corers for sediment sampling for subse-

quent organic and inorganic content, chlorophyll-a  extraction,

microphytobenthic assemblage descriptions, or pore-water sampling (Table 2.1,

20, 2, 5, and 20 ml syringes, respectively).

Table 2.1: Sampling syringe sizes for sediment mini-cores

Syringe volume (mL)

Syringe diameter (mm)

Surface Area (mm?)

20 20 314
5 12 113
2 8.5 57

2.2.2 Grain size

Grain size was determined by Coulter Counter LS20 which gives the percent
distribution of particles in 92 bins (increasing in 10% increments) of particle di-
ameters from 0.345 to 2000 um. Particle diameter bins can be characterized ei-

ther as clay (0.5 — 3.9 um), silt (3.9 — 62.5 pm), or sand (62.5 — 2000 um) accord-
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ing to the Wentworth scale (Wentworth 1922). Percent volume in each bin was
summarized to the total percentage of clay, silt, and sand in the sediment, alt-
hough it should be noted that as all sediments were sifted through a 500 mesh
to remove macrofauna prior to all experiments so the largest sand particle could

only be 500 um (or medium sand).

2.2.3 Sediment organic and inorganic content

To determine the water and organic content of sediment a sample was collect-
ed, usually, with a known surface area and, preferably, with a starting weight
of at least 2g). The sample was weighed (wet weight), dried either by freeze
drier (= 12 h) or oven (=48 h at ~ 60 °C), reweighed (dry weight), combusted in
a muffle furnace (= 12 h at 450°C), and reweighed (ash-free dry weight). Water

and organic contents are calculated equations 2.1 and 2.2, respectively.

wet wt — dry wt
water content = * 100
wet wt

Equation 2.1

. dry wt — ashfree dry wt
organic content = * 100
dry wt

Equation 2.2

These proportions can then be used to calculate the water or organic content
per area sediment. This protocol follows standardized methods from HIMOM
(2005).

2.3 Nutrients

Nutrient analysis was performed with a FIA star 5010 analyser by Analytical

Services, University of Aberdeen, Scotland. Water column samples were fil-
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tered through a 0.45 um syringe filter (Nalgene) and all samples were immedi-
ately stored at -80°C. All samples were analysed for nitrogen from ammonium
ions (NH4*-N), nitrogen from combined nitrate and nitrite (NOx-N), and phos-
phorous from orthophosphate (POs*-P). Silicate analysis was not possible.
Spectrophotometer readings were translated to parts per million (ppm) by
comparison to a calibration with standard solutions with the salinities at the
same level as the samples being measured. A standard was run after every
tenth sample to account for machine drift. The ppm is then recalculated as to

ug L1, pmol LY, or umol hr! m for comparison with the literature.

2.4 Measuring microphytobenthic biomass

Microphytobenthic biomass in a surface area can be enumerated as a count of
cells per surface area and a protocol for such a count was described by Eaton
and Moss (1966). However, this is laborious and not time efficient for large
numbers of samples even with their suction method it is impossible to know
whether the same depth of sediment is sampled over a range of samples. As all
microphytobenthic organisms contain chlorophyll-a, chlorophyll-a content is
generally used as a proxy for photosynthetic biomass. Chlorophyll-a content
can be measured in a variety of ways but in this thesis chlorophyll-a content per
volume of sediment is estimated by acetone extraction followed by spectropho-
tometric measurement, and comparative chlorophyll-a content at the sediment
surface is measured by the proxy of chlorophyll-a fluorescence (Serodio et al

2001; Honeywill 2002).

2.4.1 Chlorophyll-a quantification by acetone extraction and spectrophotom-
etry

Chlorophyll-a was extracted from sediment cores with a known surface area
and depth following the protocol described in “Chapter 20: Pigment analysis
using Spectrophotometry” in HIMOM (2005) and the procedure was conducted

under minimum possible light conditions to avoid pigment degradation during
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processing. Sediment samples were weighed (wet weight), freeze-dried over-
night to facilitate cell lysis, and reweighed (dry weight). A recorded weight (3 -
5 mg) of the ground-up freeze-dried sample was deposited in an amber 1.5 ml
eppendorf tubes and vortexed with 1.5 ml of 90% acetone as the pigment
extractant. Following sonication in seawater for 90 minutes, to further separate
pigment from cells and sediment, the samples were thoroughly mixed and
stored at -80°C for 2 days (thoroughly mixing each day). Samples were re-
moved from the freezer, thoroughly shaken one last time, and then centrifuged
to separate the sediment from the acetone. The acetone from each sample was
poured into a quartz cuvette and placed in a spectrophotometer (Biomate 5,
Thermo Fisher Scientific Inc) and absorbance measured at four wavelengths (A
= 750, 664, 647, 630). Absorbances at each wavelength was used to calculate

chlorophyll-a g sediment using Equation 2.3

chla g~1

. (11-85 * (Egga — Ey50) — 1.54 % (Eg47 — E750) — 0.08 * (Eg30 — E750)) * V)
B X

Equation 2.3

where

Ess4, E7s0, Eea7, Eeso = absorbances at Aess, A 750, A 647, A 630
X= weight of the sample (g)

Ve = the extraction volume (ml)

As it is usually more intuitively useful to have a biomass per unit area of sedi-
ment, the quantity of chlorophyll-a per gram of sediment is transformed to a

quantity of chlorophyll-a per square meter by Equation 2.4.
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chla(ug) . ﬂ* 1

Chl = —
2 (mgm™) g B 1000

Equation 2.4

where,
Chl-a = in the sediment sample (ug/g) from Equation 2.3
A = the dry weight of the whole core (in g)

B = surface area of the whole core (in m?)

2.4.2 Chlorophyll-a estimation by fluorescence proxy

A second method of estimating biomass is by using the emission of low energy

photons by photosystem I and II of chloroplasts under illumination.

2.4.2.1 A brief summary of photosynthesis

By the process of photosynthesis, chloroplasts are able to harness the sun’s en-
ergy to strip protons and electrons from water molecules (hydrolysis) to use
them to reduce inorganic carbon CO: to organic carbon molecules (e.g. glucose
CsH1206), generating O2 as a waste product (summarized in Table 2.2 and Fig-

ure2.3).

The process occurs in two separate steps: the cascade of reactions required to
convert light energy into chemical bond energy (ATP, NADPH-H*) are jointly
known the light-dependent (or just ‘light’) reactions (Equation 2.6) and the reac-
tions involved in the reduction of CO: to a 3-Carbon sugar (and ultimately the
6C sugar glucose) are the light-independent (or ‘dark’) reactions. Chemical no-
tation for photosynthesis (Equation 2.5), the light reaction (Equation 2.5), and

the dark reaction (Equation 27) are given below (Stocker & Dietrich 1996).



Table 2.2: The main reactions in the light and dark phases (colour coded in the left hand column) of photosynthesis
(summarised from Whitmarsh & Govindjee 1999 and Falkowski & Raven 1999)

Phase

Reaction

Structures

Description

1. Photon harvest at PSII

Antenna complex,
stroma side of
PSII, PSII-Rx Ctr

Light strikes the PSII antenna complex and a photon is eventually passed down to a particular
chlorophyll-a molecule in the PSII-Rx Ctr called P680 which boosts le- in its orbit to a higher
energy level P680 = P680*

2. Photonic oxidation of water

Oxygen Evolving
Complex, lumenal
side of PSII-Rx
Ctr

Water is oxidized by the 4Mn ‘oxygen evolving complex’ as it is oxidized by photon:
2H,0 > 4H' + 4e + O,
The H+ ions remain on the lumenal side of PSII. The 2e- oxidize tyrosine (Y,)

3. Charge seperation PSII-Rx Ctr The P680* almost instantly loses its electron to Pheophytin creating P680+/Pheo-.
4. Production of ATP
4a. Replacement of P680 ¢ PSII-Rx Ctr The missing electron at P680 is replaced by one from Y, (P680 is reduced).
4b. PQ oxidizes Pheo’ PSII-Rx Ctr A quinone (Q4) molecule binds the e” from Pheo” and transfers it to another plastoquinone

4c. PQg transfers 2e” to Cyt-bf

4d. Electrochemical gradient

4e. ADP+P = ATP

' Cyt-bf, lumenal

side

| Lipid bilayer

[ ATP Synthase

molecule (PQy) which can bind 2¢”. Once PQy has 2 ¢, it picks up 2H" molecules at the
stroma and the reduced molecule (PQH2) disengages from the PSII-Rx Ctr and floats freely
in the intermembrane space until it encounters a PSII binding site.

PQH2 encounters a binding site on the lumenal side of Cyt-bf in the intermembrane space and
is oxidized by a FeS compound. The loss of the 2¢” releases the 2H" into the lumenal side of
the thylakoid membrane, and releases PQ from the binding site.

H' build up in lumen from oxidized H,0 & PQH2 creates electrochemical gradient (lumenal
side pH = 6, stroma side pH = 8) across the thylakoid membrane.

Passive H' flow from lumen to stroma through ATP Synthase releases enough energy for
ATP Synthase to catalyse the reaction: ADP+P 2> ATP.

5. Production of NADPH-H'
5a. Photon harvest at PSI

Antenna complex,

stroma side of PSI

Light strikes the antenna complex of PSI and when it reaches chlorophyll-a pigment P700 in
PSI-Rx Ctr it boosts an le” up to a much higher energy level P700 = P700*

S5b. Redox series PSI-Rx Ctr The high energy e from P700 is passed in a series of reduction-oxidation reactions from P700
= A0 2 A1 = FeSx = FeSa - FeSb > Ferrodoxin (Fd)
5c¢. Replacement of P700 ¢ PSI-Rx Ctr The e lost from P700 is replaced by the e (released from P680*) that has transferred from
Cyt-bf to PSI-Rx Ctr by the molecule plastocyanine (PC).
5d. NADP" + 2H" = NADPH-H" | PSI-Rx Ctr The ¢ from P700% is carried by Ferrodoxin to an enzyme called Ferredoxin-NADP'
Reductase (FNR) which catalyses the reaction NADP" + 2H" = NADPH-H" using the
energy released from the e- once it is bound to NADP+.
6. Reduction of CO2 2> G3P
6a. CO2 bound to RuBP Stroma The enzyme Rubisco binds a CO2 molecule to a pre-existing 5C sugar (ribulose bisphosphate,
| RuBP) creating a 6C sugar which immediately splits into 2 x 3C sugars (3-Phosphoglycerate)
6b. G3P formed Stroma The newly formed 3C sugar is phosphorylated by an ATP (1,3-Bisphosphoglycerate) and then
| _reduced by NADPH to Glyceraldehyde-3-phosphate (G3P). _
6c¢. Regeneration of RuBP Stroma The Calvin cycle begins with a 5C sugar so only 1 out every 6 CO2 molecules fixed becomes

a net gained G3P, the other 5 requires 3 ATPs to be reduced back to RuBP.
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Figure 2.3: A schematic of the thylakoid membrane showing all the major macromole-
cules and processes in photosynthesis (redrawn from Falkowski & Raven 2007, Whitmarsh
& Govindjee 1999, and Allen et al 2011). Photons are in yellow, electron paths are in
drawn in red and H* paths are in green. Photosystem II (PSII) comprised of the light har-
vesting complex (LHCII), a reaction center, and the oxygen-evolving-complex (OEC).
Chlorophyll P680 (charge separation site); Phaeophytin-a (Pheo); first quinone electron
acceptor (Qa); second quinone electron acceptor (Qs); plastoquinone (PQ) and reduced
(PQHz2) from the PQ pool; Cytochrome-b/t (Cyt-bf); plastocyanin (PC); photosystem I (PSI)
comprised of a, light harvesting complex (LHCI) and a reaction centre with chlorophyll
P700 site of charge separation; electron acceptors in PSI: A0, Al, FeS, ferrodoxin (Fd);
Rubisco, which catalyses the synthesis of a 3C sugar (G3P) from CO: and ribulose-1,5-
bisphosphate (RuBP) using light reaction energy stored in NADPH and ATP molecules.

light & Chl—a
6C02 + 12H20 _— C6H1206 + 6C02 + 6H20

Equation 2.5

photons & Thyl
12H,0 + 12(NADP*) + 18(ADP + P;) ——— > 60, + 12(NADPH + H*) +

18(ATP)

Equation 2.6
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Rubisco

6CO, + 12(NADPH — H*) 4+ 18ATP —— C,H;,0, + 12NADP* + 18(ATP + P,
+ 6H,0

Equation 2.7

The apparatus involved in the light and dark reactions are the vesicular thylakoid
membrane and the enzyme Rubisco, respectively, both found in chloroplast. They
are very similar across cyanobacteria, photosynthetic protists (including diatoms),
and plants because all eukaryotic photosynthetic organisms are presumed to have
arisen from a single oxygenically photosynthesizing cyanobacterial ancestor
(Falkowski & Raven 2007; Martin et al 2003; Yoon et al 2004; Armbrust 2009). In-
side the chloroplast, stacks of thylakoid vesicles are surrounded by fluid, stroma,
in which the enzymatic reactions catalysed by the enzyme Rubisco take place. The
membranes of the thylakoid vesicles have a lipid bilayer membrane studded with
an extraordinary and unique compliment of macroproteins which enables a non-
cyclic electron transport chain (ETC) of the photosynthetic light reactions (Figure
2.3).  All photosynthetic organisms use photopigments to transform radiation in
the visible light range of 400 — 700 nm wavelengths into electrical potential energy
in the form of ATP and NADPH*-H; hence this range of wavelengths is referred to
as “photosynthetically active radiation” (PAR) and is measured in pmol PAR pho-
tons m? s. Different photopigments are capable of absorbing light quanta of dif-
ferent energies (expressed in wavelengths): chlorophylls absorb energy between
400 — 500 nm and 630 — 700 nm, carotenes absorb energy between 440 — 500 nm and

phycobiliproteins can absorb energy between 500 — 580 nm.

Photorespiration and chlororespiration are deviations from the normal photosyn-
thetic pathway. Photorespiration occurs when, in high light conditions, the system

is limited by CO: depletion and Rubisco begins to bind O: instead of CO: to RuBP.
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This alternate pathway uses up O2and produces CO: without generating any ATP
or 3C compounds that can make sugar or regenerate RuBP. It is considered an
evolutionary legacy as Rubisco evolved when there was hardly any Oz and high
CO:z in the atmosphere so no affinity preferences evolved in the molecule (Camp-
bell & Reece 2005). Chlororespiration is defined as a respiratory ETC taking place
within the photosynthetic ETC machinery (Peletier & Cournac 2002). The first
model was proposed by Bennoun in 1982 because of two observations that were
contrary to the standard photosynthetic model: (1) Transmembrane potentials de-
tected in darkness, and (2) changes in the redox state of the PQ pool detected in
darkness (Bennoun 2002). It has since been established that PQ from the PQ pool is
reduced by NADPH-H+ in the stroma and is then re-oxidized by O: in the
thylakoid lumen (Peltier & Cournac 2002). Chlororespiration is especially im-
portant because it commonly occurs in estuarine biofilms (Serddio et al 2005) and
interferes with one of the most important fluorescence measurements for estimat-

ing productivity (see below).

2.4.2.2 Fluorescence, non-photochemical quenching (NPQ), photoinhibition and

photoacclimation

Because pigments are light sensitive, they must have means of channelling light
energy or they are damaged by it (Consalvey et al 2005). Energy not carried away
by non-cyclic electron transport must be dissipated in some other way. So in addi-
tion to photosynthesis, there are three other ways by which pigment molecules can
dissipate energy: by emitting low-energy photons (predominantly from PSII),
which is known as fluorescence, by passing energy to other molecules, and by vi-
bration (energy released as heat) (Consalvey et al 2005). These pathways are com-

petitive so an increase in energy dissipation by one pathway means a proportional
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decrease by the other pathways (Consalvey et al 2005). Of these, fluorescence is the

most easily measurable response.
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Figure 2.4: Schematic of fluorescence measurements (redrawn from Consalvey et al 2005).
Actinic light steps are represented in grey and the thick black arrows represent a ‘saturat-
ing’ flash of light which closes all reaction centres.

Non-cyclical electron flow rates are limited by the number of PSII reaction centers
available to receive a photons; once PSII has been oxidized by a photon it cannot
receive another photon until Qa has been re-oxidized by Qs (this is thought to be
the rate limiting step) and the reaction centre is ‘closed” (Maxwell & Johnson 2000;
Consalvey et al 2005). In the dark, all the reaction centers are ‘open’ but as soon as
the material is illuminated with actinic light and photons start striking the reaction
centers and they begin to close which causes a concurrent increase in fluorescence

emission which rapidly peaks but eventually decreases and reaches a steady state
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which is designated Fs (see Figure 2.4) as equilibrium is reached between the dif-
ferent routes of energy dissipation (Maxwell & Johnson 2000; Consalvey et al 2005).
The change in fluorescence at steady PAR was first described by Kautzky and co-
workers in 1960 (Maxwell & Johnson 2000) and, in fluorescence terms, steady state
fluorescence (Fs) occurs when the quenching of fluorescence by competition with
the other energy pathways, photochemical (pQ) and non-photochemical (NPQ)
quenching, and eventually, reaches equilibrium. NPQ is in effect an expression of
a combination of the last two energetic pathways, energy is passed to a nearby
pigments and dissipating it as heat (Maxwell & Johnson 2000; Consalvey et al
2005). NPQ is carried out by specialized pigments in the LHCs called xanthophylls
(Falkowski & Raven 2007). Xanthophylls are carotenoid pigments and have vari-
ous forms which can be interconverted by means of epoxidation/de-epoxidation.
When diatoms are exposed to high light, the decrease in pH in the lumenal
thylakoid triggers the de-epoxidation of the epoxidated form, diadinoxanthin
(DD), into diatoxanthin (DT) which has a higher capacity to lose energy by heat
(Lavaud & Kroth 2006, Falkowski & Raven 2007). Whereas normally carotenoid
pigments pass energy to chlorophyll-a, high pH gradients across the thylakoid
membrane (by the build up of H* on the lumenal side of the thylakoid membrane
during non-cyclic electron transport), photons are diverted to the de-epoxidated
carotenoid forms which effectively reduces its absorptive cross section for photo-

synthesis (Lavaud & Kroth 2006; Falkowski & Raven 2007).

Photosynthetic response to changing light levels is described by a P-E curves (pho-
tosynthesis-energy, or photosynthesis-irradiance, P-I, curve, Figure 2.5). When the
actinic light level increases, energy removal through all synthetic pathways also
increases. The initial slope is linear () but becomes asymptotic as a maximum

photosynthetic rate (Pmax) is reached at a saturating light level (Es).
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Figure 2.5: A photosynthesis-energy curve with photosynthetic pa-

rameters: « is the initial linear, rate of increase, Pmax is a maximum

photosynthetic rates, Ex and Es are both measures of the irradiance,

B is the rate of photoinhibition (redrawn from Consalvey et al 2005).
At this point light level where the linear slope ceases (Ex) the two other energy
pathways begin to outcompete the photosynthetic pathway, and if light levels con-
tinue to increase beyond Es, then energy dissipated by the photosynthetic pathway
actually begins to decrease and this is known as photoinhibition (). FEilers &
Peeters (1988) defined a model that expresses photosynthetic output as a propor-
tion of light intensity using a set of 3 parameters (a, b, c). These three parameters
cannot be solved for analytically. Hence, the photosynthetic rate curve (Figure 2.5)
can only be estimated statistically by applying the model (Equation 2.8) to empiri-
cal data (measured efficiency at known light intensity), which allows calculation of
the photosynthetic parameters by according to Equations 2.9 — 2.11 (Eilers &
Peeters 1988).

E

ETR =
r (ax E?)+ (b*E)+ ¢

Equation 2.8

Where,
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rETR = relative electron transport rate
E = umol PAR m? s

a, b, c = photosynthetic parameters

1
ETR =
e b+ (2* \/axc)

Equation 2.9

1

X = —

c
Equation 2.10

L

Equation 2.11

The photosynthetic parameters of interest are: maximum photosynthetic rate
(ETRmax, Equation 2.9), the initial (linear) rate of increased photosynthesis per unit
light («, Equation 2.10), and the light energy at the maximum point of linear gradi-

ent (Ex, Equation 2.11).

Photoinhibition can be caused by CO: or nutrient limitation but can also be caused
when NPQ takes over as an energy dissipation pathway when irradiances are very
high (Maxwell & Johnson 2000; Consalvey et al 2005). In conditions of prolonged
high irradiance PSFs become “photoacclimated” which is a long term acclimation to
irradiance by a change in photopigments expressed in the LHCs (Falkowski & Ra-
ven 2007). However, the term is also used to describe adjustments made by MPB
within a biofilm (NPQ or vertical migration) in response to light levels during a 3 -

5 minute rapid light curve (Perkins et al 2006). If irradiance persists at levels that
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cannot be dissipated by NPQ or migration, photodamage can occur where highly
reactive singlet oxygen is formed and damages molecules in the thylakoid mem-

brane (Consalvey et al 2005).

Photosynthetic rate can be measured by photosynthetic products, organic carbon
and oxygen, or by proxy of fluorescence and methodologies have been reviewed
by Underwood and Kromkamp (1999). Measurement of organic carbon produc-
tion are made by 14C isotope from a sediment slurry and, therefore, the sediment
cannot be studied in situ, and must sampled destructively to extract organic 14C
compounds. O: production can be measured in situ and non-destructively by mi-
croelectrode (Glud 2008). However, the O: profiles are quite time consuming, and
microelectrodes are extremely delicate making them difficult to use for inexperi-
enced users. Fluorescence measurements on the other hand are extremely rapid

and easily carried out regardless of environment.

2.4.2.3 Fluorescence measurements and calculation of photosynthetic parameters

Fluorescence accounts for less than 5% of the absorbed light and is mostly (> 95%)
emitted from the antenna complex of PSII rather than PSI (Krause & Weis 1991).
As there can be no fluorescence without a light input but actinic light ‘closes” reac-
tion centres, the ‘measuring beam’ of a fluorometer gives off a very low intensity
(<1 pmol PAR m? s?) high frequency modulated signal, which allows measure-
ment or the returned fluorescence only from its own signal, i.e. it can filter out the
fluorescence from any other light sources. The minimum amount of fluorescence
that can be measured, Fo, is the returned fluorescence from the measuring beam in
the absence of actinic light (FMS2 & Diving-PAM manuals). Traditionally dark
adapted samples (all reaction centres open) are used for this measurement and it

has been shown to correlate well to actual chlorophyll-a abundance in the sedi-
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ment over a variety of temperatures, pHs and irradiances (Serddio et al 1997;
Honeywill 2002) and so are generally used as a biomass indicator. Photic depths
(of downwelling light) of intertidal muddy sediments have been variously estimat-
ed at 0.27 mm (Serodio et al 1997) and 0.4 mm (Consalvey 2002). Upwelling dis-
tance of fluorescence from photosynthetic cells has been estimated at 0.15 mm
(Kromkamp et al 1998). Although there is obviously uncertainty around the actual
depth of measurement fluorescence signal is measuring in each biofilm, it is clearly
only the biomass that is at the very surface of sediment that is being included in
the measurement. Hence Fo is regarded as a relative measure of
“photosynthetically active biomass” (PAB) or “productive biomass’, as cells migrate

to the surface to photosynthesize (Guarini et al 2000a, 2000b, Serédio et al 2001).

Following Fo measurement, the maximum fluorescence, Fm, is the fluorescence de-
tected when all the reaction centres are closed due to the application of a saturating
flash (generally > 6000 umol photons m?2s'). Krause and Weis (1991) estimated
that Fo and Fm emit about 0.6 % and 3 % of absorbed light. Variable fluorescence,
Fv, is the difference between the maximum and minimum fluorescence and the
scaled difference, Fv/Fm, is used as an indicator of the maximum efficiency with

which PSII converts light into chemical energy (Genty et al 1989).

. Fn
PSII max. efficiency = ————= —

Equation 2.12

Variable fluorescence is greatest in the absence of actinic light because it is when Fo
is at its lowest and Fm is at its highest (Figure 2.4), as the probability of a photon
reaching an open reaction centre is maximized. Once the sample is exposed to ac-
tinic light, some of the reaction centres start to close so more energy is expended as

fluorescence and the fluorescence signal, F’, rises and falls and eventually reaches a
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stable state, Fs, that is higher than F’ (see Figure 2.4). Another fluorescence meas-
urement is made during another saturating pulse and F'n, is slightly lower than the
first because some PSII units are already closed. This efficiency, Fv/Fm (or AF/ F'm),
is the actual photosynthetic efficiency at a particular actinic light level and can be
multiplied by ambient PAR/2 (umol m?s) to estimate electron transport rate, ETR,
or relative electron transport rate, rETR (Consalvey et al 2005).

. F,—F F, AF
PSII efficiency at PAR, = = =

Fn  Fm  Fh
Equation 2.13
— AF PAR
= — % * q
Fl 2
Equation 2.14
ETR AF PAR
= — %
r Fr.° 2
Equation 2.15

If the coefficient of light absorption (m? pg chl-a?), a, is known then ETR can be
turned into an absolute measurement of photosynthetic rate (umol e (mg chl-a)*! s
1) but because it is difficult to determine in a benthic biofilm (Perkins 2002a,
Consalvey et al 2005) it is usually omitted and only rETR is calculated, which can
only be used as a comparative measure. Half the light input is used as only PSII is
involved in fluorescence measurements and the other half of the light is presuma-

bly absorbed by PSI.
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F'm is expected to be lower than Fm due to NPQ and increases with increasing actin-
ic light levels (Maxwell & Johnson 2000; Consalvey et al 2005) (Figure 2.4). How-
ever, this is not always the case in MPB biofilms where F'm at low light levels (~ 5%
of ambient) is often higher than Fm due to the onset of chlororespiration in the dark
(Bennoun 2002; Serédio et al 2005). Due to F' being higher than Fo and F'm being
lower than Fm, photosynthetic efficiency of PSII decreases with increasing light lev-
els (Maxwell & Johnson 2000; Consalvey et al 2005). A rapid light curve (RLC) is a
series of AF/ Fmmeasurements made at increasing actinic light levels applied by
the fluorometer; it can be made with prior dark adaptation, in which case the first
measurement is Fv/Fm (the maximum efficiency), or without prior dark adaptation.
The efficiencies can be used to calculate rETR (Equation 2.15). Finally, the rate of

NPQ at increasing light steps can also be calculated from RLCs (Equation 2.16).

F,, — F;
NPQ = u
Fin

Equation 2.16

2.4.2.4 Fluorometers

All fluorescence measurements in this thesis were made with either an FMS2
(Hansatech Ltd, UK) or a Diving-PAM (Heinz Walz GmbH, Germany) fluorometer
both of which both use a multiple turnover flash method. The FMS2 has a blue
measuring light, A = 470 nm, which considered optimal for diatom dominated bio-
films (Yentsch & Yentsch 1979; Honeywill et al 2002) and the Diving-PAM has an
amber measuring light, A =650 nm. The Diving-PAM requires calibration against 0
fluorescence standard (clean aluminium foil on the lab bench) and it subtracts the
measured value, i.e. “noise”, from its subsequent measurements. It has a thresh-
old of 130 below which Walz warns there is increased uncertainty and increased

likelihood of overestimating efficiency. In the FMS2, measurements on any non-
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photosynthesizing surface or even in mid-air are always 0, so do not require ‘zero-
ing’; nevertheless F' of Fo measurements below 100 are considered to have in-
creased uncertainty and while they can still be used to compare surface biomasses
they should not be used to compare efficiencies or rETRs (Honeywill 2001; Mouget
& Tremblin 2011). Fluorescence measurements lower than 130 or 100, in PAM and
FMS2, respectively, can be used to compare surface biomass but should not be

used to track efficiency changes (Mouget 2011, personal communication).

Measurement with the FMS2 follows Honeywill (2001): covers approximately 120
mm? of sediment and is measured at a distance of 4 mm from the surface (using a
“foot” as described by Honeywill 2001) with FMS2 settings of gain 99, modulation
frequency level 3 (32 x 1.8 us measurements averaged for one data point), mini-
mum fluorescence duration 2.8s, saturation intensity level 100 (~ 6900 pmol m2 s?)
and saturation intensity pulse width of 1.0 s. Measurements were made following

10 minutes of low light adaptation.
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Figure 2.6: Calibration of signal loss (%) in FMS2 Fo over
4mm over a range of turbidities (y = -0.05x + 100, R? =
0.992)

As measurements on sediment with the FMS2 made with the through an overlying

water column of varying turbidity, the effect of water column turbidity on Fo was
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measured using calibration solutions, made up with seawater and mud from the
PM site (100% < 63um particle diameter), to 0.35, 7, 17, 37, 49, 69, and 100 ntu (Fig-
ure 2.6).

2.4.2.5 Limitations of fluorescence

The benefits of fluorescence measurements are clear: fast, multiple measurements
on intact biofilms means that a high number of replicate measurements can be
made within samples and across samples. Being able to make repeated measure-
ment within a sample not only allows for observation of change within the same
biofilm but can also reduce the number of replicate biofilms required per treatment
(as long as repeated measurements are accounted for statistically). However, there
are also problems associated with fluorescence measurements that need to be

borne in mind when discussing fluorescence data.

1. O2 or C measurements give empirical values of photosynthetic biomass
and so can be compared across studies whereas Fo only gives a relative val-
ues and can only used to compare biofilms within a study. Fo can be only be
used to elucidate patterns in surface biomass according to measurement
time or treatments. Efficiencies and rETRs can, however, can usually be
compared across studies.

2. Different sediments have different light transmission depths (Serddio et al
1997; Consalvey 2002; Kromkamp et al 1998) due sediment characteristics
such as grain size, water and organic content (Consalvey et al 2005). Light
penetration (actinic and measuring light) depth measurement is not a
straight forward and is, therefore, not carried out routinely as part of most
fluorescence studies. So again, there is probably variation in the actual sed-

iment volume measured between samples and certainly between studies,
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whereas biomass estimations made from extractions are made from known
volumes of sediments.

3. Similarly, the stratification of biomass within the sediment is usually un-
known and the weakness of the measuring light results in under estimation
of biomass, Fo, at the lower sediment levels (Serédio et al 2001) but not dur-
ing Fm measurements, as the saturating light as much higher up- and
downwelling, meaning that efficiencies, Fv/Fm or AF/F'm are overestimated
(Perkins ef al 2011 and references therein).

4. Migration is a major adaptation to light levels (Perkins et al 2010) and inter-
feres with standard fluorescence measurements that were designed for
higher plants with fixed chloroplasts. Migration can occur during both dark
adaptation (Jesus et al 2006) and during a RLC (Perkins 2006) and hence
both biomass and photosynthetic parameters, derived from P-E curve fit fol-
lowing Eilers & Peeters (1988), can be over- or underestimated depending
on the direction of migration. In addition, it means that Fs (Figure 6.4) can-
not be achieved during a light curve so rapid light curves, with 10 — 60 se-
conds instead of 5 — 15 minute light steps and F” instead of Fs, are generally
used to establish photosynthetic parameters in MPB biofilms.

5. Seré6dio and colleagues (2005) demonstrated that Fm can actually be higher
than Fm due to NPQ that persists in darkness less so in low light conditions.
For this reason and because of migratory responses to light, Jesus and col-
leagues (2006) recommended low light adaptation for 5 minutes rather than
the more traditional 15 minute dark adaptation. However, actual PAR
meant by ‘low light’ conditions will vary depending on ambient levels the
biofilms are acclimated to; in the Serddio study low light meant 125 — 250

pumol m? s, which is quite a high light level but probably low by Tagus es-
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tuary standards, but Jesus et al (2006) defined low light as 5 % of ambient
light.

2.5 Microphytobenthic assemblage description

2.5.1 Sampling

Lens tissue or syringe core samples were immediately fixed in a 4%
glutaraldehyde in seawater solution. The lens tissue method follows the HIMOM
(2005) protocol 26 which is modified from Eaton & Moss (1966): 2 sheets of lens
tissue are place on top of each other on the sediment surface and left for 2 - 6 hours
to collected epipelic diatoms as they migrate upwards, the top sheet is then collect-
ed and fixed in glutaraldehyde solution. The lens tissue method is useful as it
means sampling from a known surface area and most of what is collected in the
top sheet is live, unless the top sheet becomes completely saturated and diatoms
are drawn up by capillary action. However, this sampling method is biased to-
wards epipelic diatoms which are the most migratory. A syringe core collects all of
the sediment in a certain volume and therefore indiscriminately collects the entire

assemblage, epipelic and epipsammic, live and dead cells.

2.5.2 Fixed “live” assemblages

Fixed samples were diluted 9:1 in filtered water to allow penetration of microscope
illumination and then 300 cells or colonies (for cyanobacteria) were counted, and
the proportion of live to dead diatom frustules calculated (cyanobacteria are only
seen live). For Chapter 3 samples were examined under Leitz large universal re-
search light microscope under a 40x lens (400x magnification, bright field) and for
Chapter 4 and 6 samples were examined under a 63x lens with a 1.25x optivar
(788x magnification, phase 2). As identification of species according to most of the

literature requires acid cleaned frustules in order to be able to see valve morpholo-
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gy more clearly, identification of intact frustules was limited to size and shape taxa
which were not necessarily single species groups; Cox (1996) and Kelly et al (2005)
were helpful in separating taxa based on plastid arrangement. Taxa from Chapters

3 and 6 are presented in Appendix 2 and 3, respectively.

2.5.3 Acid cleaned assemblages

By oxidizing the MPB sample, mini-core or lens tissue, all the organic content of
the cells and sediment is removed and the only the siliceous diatom skeletons re-
main (for diatom morphology descriptions see Appendix Al). Without organic
material the various components of the diatom frustules come apart and the two
valves are more likely to fall face up or down rather than on the side (with a few
exceptions such as Roicosphenia) which allows inspection of valve morphology.
Only valves, not girdle components, are identified and counted, and as each frus-
tule has two valves a 300 valve count is actually just a 150 cell count but as only
relative proportions of taxa are of interest here, this is generally ignored. It is not
possible in this state to distinguish between valves that were live or dead prior to
collection. All the species encountered in this project are described in Appendix
Al with morphological terminology following Hendey (1964), Barber & Haworth
(1981), and Kelly et al (2005), with, where possible, the source of identification.

Oxidation, acid-cleaning and mounting of sediment samples onto slides followed
HIMOM protocol (2005). Either the lens tissues were washed thoroughly into
fresh water and spun down or 50 ul aliquot of each sediment sample was added to
1 ml of saturated potassium permanganate solution in a centrifuge tube and left to
oxidize for ~ 12 hours with frequent mixing. The KMnO: was neutralized the fol-
lowing day by adding concentrated hydrochloric acid (Fisher Scientific, Loughbor-
ough, UK, ~36%) until the mixture ceased to bubble and then the reaction was al-

lowed to continue in an oven at 70°C until all solutions turned from dark maroon
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to pale yellow. The reagents were washed off the sediment samples by repeated
(7x) centrifuging (1300 g for 6 minutes), discarding the supernatant and resuspend-
ing the pellet in ultrapure water. The final pellet was resuspended in 5 ml of ul-
trapure water, mixed thoroughly and 400 ul pipetted from the centre of the tube
onto an acetone-cleaned coverslip (Menzel-Glaser, Braunschweig, Germany, 20 x
20 mm, thickness Nr.1). Coverslips were left to dry in the fume cupboard over-
night and when dried they were mounted onto a glass slide (Menzel-Glaser, Ger-
many, 76 x 26 x 1 mm, Ground edges 90° /double frosted 20 mm) with a large drop
of Naphrax Diatom Mountant (Brunel Microscopes Ltd, UK). Slides were investi-
gated under a Leitz light microscope using a phase 3, 100x lens and a 1.25 optivar
(1250x total magnification) photographs were taken with a mounted Olympus SP-
500UZ camera.

2.6 Natural abundance and biomass of macrofaunal assemblage at Paper

Mill site
Collection

A 20 x 20 meter quadrat was marked out on the North Shore of the Guardbridge.
Seven and five cores were taken during May and July 2008, respectively, and were
then treated following HIMOM (2005). First the core was sieved through a 500 pm
mesh into a lidded container so it could be fixed in formaldehyde for 48 hours, the
formaldehyde was then poured off and the remaining fumes allowed to evaporate
in a fume cupboard before the sample was re-immersed in formalin with a tiny
amount of Rose Bengal to dye animal cells pink. The sample was then picked
through under the dissection microscope to remove macrofauna from the rest of
the debris. Macrofauna (and whatever meiofauna was still in the sample) were

collected in separate glass vials per sample for subsequent enumeration and



Chapter 1: General Methods 70

weighing. The total biomasses were summed (Table 2.3) for a per area bulk mac-
rofauna abundance in the sediment so that mesocosm experiments would have

reasonably representative macrofaunal biomasses.

Table 2.3: Mean abundance (head count) and mean biomass (g, damp
weight) of macrofauna m at the paper mill site quadrat.
. div M. bal Other

May

abundance 884 85

biomass 15.5 13.6 11.8 73.4
July

abundance 1,954 881 95

biomass 7.82 29.25 17.35 94 63.82

2.7 Statistical analysis

All experimental data was investigated graphically prior to any statistical tests.
Normally or approximately normally distributed data were investigated with line-
ar models (“Im” function in the “stats” package in R). To determine violations of
model assumptions (general linear and general least squares models) the standard-
ized residuals and fitted values were examined graphically (following Crawley
2002; Mackenzie 2006; Zuur et al 2007, 2007b, 2010) with scatterplots (covariates),

boxplots (factors), or histograms (response variables) as follows (y-axis ~ x-axis):

1. Constant variance:
e Standardized residuals ~ fitted values
e Random residuals from Normal distribution ~ fitted values

e Standardized residuals ~ each variable in the model separately

2. Independence:
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e Standardized residuals ~ relevant order in samples or measurements (tem-

poral, spatial)

3. Linearity (when relevant)

e Residuals ~ each covariate (as above)

4. Normality

e Histogram of standardized residuals and/or

e Standardized residuals ~ random residuals from normal distribution

Non-linear models were modeled either by categorical variables or by using a non-
linear regression (“nls” in “stats” package in R). Patterns in the residuals plots (as
opposed to a random spread) suggests that one or more assumptions are likely to
have been violated and an error structure may be required. Error structures were
fitted following the proposed method of Zuur and colleagues (2007b, 2010) de-
tailed below. The model is specified with the maximum contingent of fixed effects
in “REML” (restricted maximum likelihood estimation) mode using generalized
least squares (“gls” from “nlme” package in R) and was then compared by residu-
als plots (above) and AICc comparison to the same model with various error struc-
tures using either a mixed effects model (“Ime” in “nlme” package in R) or another
GLS. The model with the lowest AICc was then selected from a subset of all mod-
els with no latent trends in their residuals plots. Once the error structure was se-
lected the model was reformulated with ML and the fixed parameters of the max-
imum model were selected by stepwise parameter removal again using lowest
AICc and least-patterned residuals plots as selection criteria. As it was possible
for appropriate error structure to change as fixed factors are removed, each full
model with different error structures, specified in ML, was also run through an au-

tomated model selection tool in R (the “dredge” function in “MuMIn” package in
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R) and model with lowest AICc compared to the “minimum adequate model” se-

lected by the Zuur method(Crawley 2002) was in fact the one with the lowest AICc.

The final, minimum adequate, models is reported by either model output (covari-
ate regressions) or by table of estimates and confidence intervals (for factorial
models) and by a model visualisation. The “gls” function does not include confi-
dence interval predictions for pooled regressions, only on the estimated parame-
ters, so estimated parameters from the final model were bootstrapped using the
multivariate normal distribution (“rmvnorm” function, “MASS” package, 10000
replications) and the predicted means and confidence intervals plotted against the
main covariate, with other covariates kept constant. Occasionally, for models with
multi-level categorical variables, only the results of F-tests performed (Pinheiro &

Bates 2000)
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Abstract

This experiment was designed to investigate what the net effect of increasing bio-
mass of Corophium volutator (Pallas) on MPB biomass and diversity both ‘locally”’
(within burrow proximity) and ‘remotely’ (outwith burrow proximity). Previous
studies have demonstrated that C. volutator feeding and bioirrigation behaviour can
have both deleterious and regenerative effects on MPB biomass and diversity. The
remote effects are of interest because the immersion of sediment during high tide
can transmit both the deleterious and regenerative effects of C. volutator beyond its
immediate habitat to the wider estuarine ecosystem, in which MPB is the main sta-

bilizing component.

A 7-day laboratory mesocosm experiment was carried out in which 32 tanks, each
containing homogenized mud and biofilm and a 7 cm seawater column, were di-
vided into 16 experimental units in which one tank each contained either 0, 0.5, 1.0,
2.0 g C. volutator and water columns were circulated between two tanks (~ 1 hr
turnover of tank water). Temperature, light intensity, turbidity, DIN, DIP, MPB
bulk biomass (Chlorophyll-a in top 5 mm sediment) and surface (fluorescing) bio-
mass, and ‘live’ MPB assemblage diversity in sediment were analysed to determine
whether C. volutator had any effect on MPB biomass and diversity locally (‘macro-

fauna present’ tanks) or remotely (‘macrofauna absent” tanks). While no significant



relationship was found between C. volutator and DIN or DIP release to the overly-
ing water column (p > 0.05, though there was a slightly positive linear relationship
between both), a significant positive linear relationship was found between C. volu-
tator biomass and turbidity (p < 0.001). While effect of increasing C. volutator bio-
mass on MPB bulk biomass was unresolved, surface biomass declined significantly
(p = 0.002) with increasing C. volutator biomass both locally and remotely due to the
linear increase in turbidity. No effect was found on the C. volutator biomass on
MPB diversity either locally or remotely. This suggests that the net effect of C. volu-
tator in the estuary is to decrease MPB productivity, a consequence of which is

likely to be an overall destabilizing effect.
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(Pallas) on microphytobenthic assemblage composition and biomass

3.1 Introduction

Jones and colleagues (1994) stipulate that while all organisms are ecosystem engi-
neers to some extent, organisms are more likely to be important engineers in an eco-
system if: (1) they spend a large amount of time engaging in the engineering activity,
(2) they have a high population density, (3) they are widely distributed, (4) they live
in colonized areas over long periods of time, (5) their constructs are durable, and (6)
the number of resource flows that their activity modulates and the number of other
species these resource flows affect is high. Corophium volutator (Pallas) are ubiqui-
tous and extremely abundant in North Atlantic estuarine mudflats. Although their
distributions within the estuaries are patchy, they have a wide tolerance of salinity,
grain size, and nutrient levels (Meadows & Reid 1966; Meadows 1967; McLusky
1968) and so can live in most areas of the estuary, and their numbers may vary be-
tween 1,000 and 20,000 individuals m?2 but maximum abundances of 100,000 indi-
viduals m? have been reported (McLusky 1968; Henriksen et al 1980; Murdoch et al
1986; Raffaelli & Milne 1987; Gerdol & Hughes 1994b; de Deckere 2000; Meller & Ri-
isgard 2006). Although abundances fluctuate widely throughout the year (references
as previous) they can be usually be found in the same general area throughout the
year unless driven away by macroalgal mats (Raffaelli 2000) or by competition from
Arenicola marina (Beukema & Flach 1995). C. volutator build U-shaped burrows to

about 5 cm depth whose walls are cemented with mucus (Meadows & Reid 1966;
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Meadows et al Hussain 1990). Their burrows are considered to be semi-permanent
because abandoned burrows remain intact and are often re-inhabited by other indi-
viduals (Meadows & Reid 1966). They maintain a steady current through their bur-
rows by beating their pleopods rhythmically, which is necessary for respiration as
well as feeding (as discussed in Chapter 1.4.3.1) and also acts to shunts faecal pellets
and grazed sediment out of the burrow, into the overlying water column. This bur-
rowing and irrigating activity begins as soon as the hatchlings leave the parental bur-
row and is maintained more or less continuously throughout the animals’ life (Ger-
dol & Hughes 1994a; Moller & Riisgard, 2006). C. volutator shows functional plastic-
ity and can both filter and deposit feeders. They deposit feed by scraping off surface
biofilm from around their burrows and then digesting the diatoms, bacteria and EPS.
In this manner, C. volutator can be voracious deposit feeders — Gerdol and Hughes
(1994a) estimated that an adult would consume an average of 4000 diatoms an hour
and showed that within a month would completely destroy the MPB biofilm in the
area they inhabited (1994b). When suspension feeding, they can equally efficiently
clear the water column of diatoms — Forster-Smith estimated a pumping rate for a
single adult of 63 + 36 ml h"' and Mgller and Riisgard (Meller and Riisgard 2006 and
references therein) demonstrated that, at in situ population densities (3,100 — 20,000
ind m?) a sublittoral C. volutator population in a shallow fjord would pump between
0.9 — 19.4 m® m? d? of overlying water through their burrows resulting in phyto-
plankton half-lives of 14.5 — 0.7 hours in the water column (Meller and Riisgard
2006).

Apart from their importance in the estuarine food chain, the feeding and burrow ir-
rigating of C. volutator results in a number of important resource-modifying ecosys-
tem functions. Firstly, one the effect of C. volutator deposit-feeding is a loss of

biofilm, which has three knock on effects: (1) the prevention of sediment accretion
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and lamination and increased erodibility of the sediment, and (2) the dissolution and
recycling of nutrients, and (3) decreasing the organic content of the sediment. Sec-
ondly, the effect of C. volutator burrowing and maintaining the irrigation current also
has several knock on effects: (4) the resuspension of sediment into the overlying wa-
ter column, (5) the release of nutrients from the sediment, (6) the extension of the
sediment-water boundary, and (7) increased sediment porosity and water content.
The first resource pathway that C. volutator modifies, according to Gerdol & Hughes
(1994b), is the prevention of sediment accretion and lamination due to the loss of
biofilm resulting a loss of elevated stable sediment bases for plant colonisation pre-
venting sea grasses and salt marsh plants from taking root and then encouraging
further sediment accretion. In addition to lowering of the critical erosion threshold
of the sediment (Paterson 1989; Gerdol & Hughes 1994b; Daborn 1993; de Deckere et
al 2000), C. volutator actively flings sediment and faecal pellets into the water column
through their burrow irrigation at immersion, thereby increasing sediment load in
the overlying water (de Deckere et al 2000; Biles et al 2002). This increases the turbid-
ity at immersion potentially decreases the sunlight received by MPB, phytoplankton,
and macroalgae by reducing light transmission and further reducing organic carbon
production. The third resource that C. volutator modifies (actually multiple re-
sources) is inorganic nutrients, in particular inorganic nitrogen (NH4*, NOs, NOx),
phosphates, and dissolved silicates. By digesting biofilms, C. volutator facilitates the
regeneration of dissolved nutrients in the porewater (Henriksen et al 1980; Henriksen
et al 1983; Gerdol & Hughes 1994a; Roubeix et al, 2008). Burrow irrigation not only
releases these nutrients from the porewater into the surface or overlying water (Hen-
riksen et al 1980; Henriksen et al 1983; Biles et al 2002; Emmerson et al 2001; Bulling et
al 2010), but also extends the sediment-water boundary interface, which releases

ammonium from the deeper sediment where concentrations are higher and this in-
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creases nitrification and denitrication (Pelegri & Blackburn 1994; Pelegri et al 1994;
Mermillod-Blondin et al 2004). Finally, the consumption of organic carbon by macro-
fauna means less availability for burial and which can mean less sulphate reduction

to H2S by sulphate reducing bacteria (Mermillod-Blondin et al 2004).

Because C. volutator grazing has a detrimental effect on local MPB, they may, in time,
reduce the availability of food resources, changing their locality into an unsuitable
habitat for subsequent generations, which will potentially have to find other pas-
tures. While C. volutator locally reduces total MPB biomass, they can potentially in-
crease the assemblage diversity by preferentially grazing on dominant, mid-sized,
free-living motile cells like Navicula over very large (> 200 um length), heavily silici-
tied, or epipsammic cells (Smith et al 1996; Hagerthey et al 2002). In addition, biotur-
bation could be interpreted as a source of intermediate disturbance, which could in-
crease niche availability and thereby increase species diversity (Townsend et al 2000),
although there is no empirical evidence for this theory in MPB communities. Theo-
retically, C. volutator’s multiple potential effects on the water column could have both
beneficial and detrimental effects on MPB biomass and diversity, and this study aims
to examine the net effect. The net effect of CV activity on MPB will be determined by
which of the physicochemical properties of the overlying water column is changed
most drastically and exerts the greatest selective pressure on MPB assemblages. For
example, assemblages from a eutrophic estuary may not necessarily respond to in-
creased nutrient availability in the overlying water column, but may respond drasti-
cally to changes in light level, or increased sedimentation and the opposite could be

true for assemblages in an oligotrophic estuary.

One effect on MPB biomass and assemblage composition could be that diatoms re-

suspended into the overlying water could increase biomass and diversity where they
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settle out of the water column. Another potential effect is that increased availability
of nitrates and phosphate, adsorbed on the surface of sediment particles, might com-
pensate for the loss of light, a phenomenon previously described in freshwater sys-
tems and shown to benefit smaller, epipsammic species of diatoms that inhabit the
understory of benthic biofilms (Burkholder 1996). The other source of nutrients are
the increased dissolved nutrients fluxes to the overlying water column due to biotur-
bation and bioirrigation, which are likely to increase MPB biomass, but the effect on
assemblage composition appears to be particular to the specific system. Hagerthey
and colleagues (2002) found that estuarine MPB populations maintained ex situ in
tidal systems with high nutrients had a higher biomass than those with low nutrients
regardless of whether they originated from eutrophic or oligotrophic estuary. How-
ever, the effect of nutrients on assemblage structure varied depending on the
whether the assemblages had come from eutrophic or oligotrophic assemblages:
species richness, evenness and diversity of assemblages from eutrophic assemblages
were higher in the low nutrient treatment than the high nutrient treatment, whereas
the reverse was true for assemblages from oligotrophic estuaries. Agatz and col-
leagues (1999) found that along a nutrient gradient from a sewage outflow on a
North Sea sandflat, MPB biomass increased with increasing nutrients, but diversity
maximized at intermediate nutrient concentrations and that smaller epipsammic dia-
toms dominated oligotrophic areas and non-local and large, motile, local diatoms
dominated eutrophic areas. On the other hand, working on phosphate-limited
freshwater chemostats, Grover (1989) predicted and found that larger elongate dia-
toms (almost all MPB diatoms are elongate or ‘pennate’ rather than centric) were
more competitive than smaller ones and so should dominate assemblages that are
nutrient limited. Finally, C. volutator turbidity generation can remotely affect MPB

communities by reducing light intensity. Intuitively, the decreased energy input
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should decrease overall biomass and favour motile diatoms, which can migrate fast-
est to the sediment surface. However, Defew and colleagues (2002) found that re-
moving diatoms from the field into the laboratory as well as applying different shad-
ing levels to them once in the laboratory (> 1000, and 164 and 77 umol m? s in field
and laboratory, respectively) had no effect on chlorophyll a content of the sediment
between initial and final values (2 weeks) for either treatments, or on surface biomass
(Fo) between treatments. In terms of assemblage structure, Defew and colleagues
(2002) found no change in species richness, but a decrease in diversity due to a shift
to smaller sized diatoms following 2 weeks of incubation in the laboratory. They
surmised that smaller cell sizes were more competitive in situations of lower light
and nutrient availability. In a follow-up experiment, Defew and colleagues (2004)
found that the effect of light intensity on MPB biomass was temperature dependent
and at 18 °C rather than 10 °C, biomass (chlorophyll a and Fo) did increase with light
intensity but species richness, evenness, and diversity were higher after three weeks
under shaded, rather than unshaded, light conditions (70 and 350 pumol m? s) at
both temperatures. The lowest diversity was exhibited by unshaded treatments at
18°C and cyanobacteria became more plentiful in the assemblage under stressful

conditions (temperature > 25 °C, low nutrients, and low light).

By allowing a C. volutator modified water column to circulate over both grazed and
ungrazed sediment, it should be possible to distinguish a pure engineering effect
from the combined trophic and engineering effect on MPB biomass and assemblage
structure and to determine whether effects are amplified by increasing C. volutator
biomass. The combined trophic and engineering effect would be observed in the
grazed sediment and the ‘remote’ effect, via the engineered water column, would be
observed in the ungrazed sediment. More specifically, this experiment was designed

to test the following hypotheses:
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Ho2.1: C. volutator has no significant effect on the water column at any biomass.
Ho2.2: C. volutator has no significant effect on MPB biomass, locally or remotely.

Ho2.3: C. volutator has no significant effect on MPB assemblage composition, locally

or remotely.

3.2 Materials & Method

3.2.1 Experimental design

An experimental unit consisting of two “paired” tanks was designed to allow two
discrete tanks of sediment to share the same overlying water column (see Fig. 1).
Thirty-two rectangular acrylic tanks (20 cm long x 14 cm wide x 12 cm high) were
made into 16 independent experimental units. Each tank had two holes drilled into
the narrow ends which were fitted with rubber O-rings and nylon tank connectors
(Williamson Pumps Ltd, 3 mm internal diameter, 5 mm external diameter) and con-
nected into pairs by 16 small peristaltic pumps (Williamson Pumps Ltd, UK,200 Se-
ries Peristaltic Pump, 30 r/min, 230v AC, 5.0 mm Silicone Tubing, catalogue number
200-030-230-050) and silicone tubing (5.0 mm internal diameter). The peristaltic
pumps pumped water from tank 1 into tank 2 at a rate of 35.4 ml min-!, which then
flowed passively from tank 2 back to tank 1, meaning that the total volume of sea-

water in the tank was exchanged every 47 minutes.
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Figure 3.1: One experimental unit consisted of two tanks connected with peristal-

tic pump (C), tanks connectors and silicone tubing that circulated overlying water
(D) from between tanks at a rate of 35.4 ml-1 min-1. Tanks were filled with a 50

mm layer of sifted sediment (B) topped with a 5mm layer of biofilm slurry (A).

Each of the 32 tanks contained sieved mud and microphytobenthos. Tanks were
lined up in 2 rows of 16 experimental unit (for schematic see Fig. 3.2) and in each ex-
perimental unit tank 1 (the grazed tank) contained different biomass levels of C. volu-
tator, hitherto referred to as the “macrofauna present (MP) tank”, and tank 2 contain-
ing no C. volutator, “macrofauna absent (MA) tank”, containing none. Four replicate
units each of 4 experimental treatment groups containing 0, 0.5, 1.0, or 2.0 g damp
weight of C. volutator in the grazed tank which corresponded to roughly 0.5x, 1x and
2x the in situ total macrofaunal biomass in 280 cm? sediment. The control group
where the tank 1 contained 0 g C. volutator is still be referred to as an “MP” tank in

the context of comparing treatment groups.
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Figure 3.2: A total of 32 tanks, arranged as 16 units (above), distributed amongst 4
four C. volutator biomass treatments of either 0, 0.5, 1, or 2 grams, and 2 C. volutator

presence/absence treatments.

The thermostat of the aquarium was set to 12°C. Two lighting arrays consisting of
ten four foot fluorescent 36 watt full daylight spectrum tubes (F36W/72 Activa 172
Full Spectrum Daylight Tubes, 6500K colour temperature, Newey & Eyre (Hage-
meyer) UK Ltd, UK, with Arcadia ULTRA SEAL waterproof (IP67) lamp leads (T8, 25
mm) with 36/38W twin lamp controllers from Arcadia, UK) at 5 cm intervals were
hung side by side so that array 1 covered units 1 to 8 and array 2 covered units 9 to
16. . Lights were set to a 14:10 light: dark cycle and daylight began at 8 am and
ended at 10 pm. Tanks were aerated for the duration of the experiment (2 x Resun
9908 24 W eight outlet air pumps (GuangDong Risheng Group Co. Ltd., China) with
an Algarde 2 way gang valve per unit (Algarde Enterprises Ltd., Colwick, UK) and

stone diffusers).

3.2.2 Experimental mud, biofilms and macrofauna

Mud and C. volutator were all collected from the 400 m? quadrat on the North Shore
of the Eden estuary at the Guardbridge paper mill (Chapter 2: General Methods) in
late July 2008. Mud was collected to about 15 cm depth and sifted through 0.5 mm?
mesh into filtered seawater (35 psu) over several days and aerated. C. wvolutator
specimens that had been picked out from the mesh were kept in aerated tanks with

mud and fed microphytobenthic biofilm. Prior to adding them to the tanks, they
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were sifted out of their interim tanks and damp weighed into 4 batches each of 0.5 g,
1.0 g, and 2.0 g corresponding to approximately 0.5x, 1x, and 2x the in situ total mac-
rofaunal biomass for 280 cm?. Surface mud (approximately top 0.5 cm) with micro-
phytobenthic biofilm was collected from just below the quadrat a few hours before it
was added to the tanks. The biofilm was sifted through a 0.5 mm mesh into seawater

upon return to the laboratory, homogenized and sampled.

3.2.3 Set up and sampling

A time line of the experiment is presented in Figure 2.3. A day prior to the start of
the experiment each tank was filled to 5 cm with (1400 mL) of mud, topped up with 6
cm of filtered (0.64 um?) seawater, and finally 140 ml biofilm-seawater slurry (col-
lected that day) was added to each tank to create an 5 mm layer. The microalgae
were given 24 hours to establish a surface biofilm and then the overlying seawater
was changed in order to remove the initial nutrient flush from sediment and biofilm
slurries (Ieno et al 1996). The following day, the samples were taken from overlying
water and surface sediment to measure starting values (“day 1”) for turbidity, nutri-
ents levels, water and organic content of sediment, MPB biomass by fluorescence and
chlorophyll-a content of sediment, and MPB assemblage diversity in each tank. C.
volutator were added on the evening of day 2 and pumps were switched on the fol-
lowing morning (day 3) after turbidity and benthic fluorescence were recorded. On
day 4, 2 units were found to have blocked tank connectors which had led the second
tanks to flood and a depleted water level on one side; as the damaged units were
from different treatment groups, one set of replicates was dropped from the experi-
ment. Biomass and turbidity were again recorded on the morning of day 6. On the
morning of Day 8 (after 6 days of C. volutator presence) the pumps were switched off

and the tanks disconnected from each other and a full set of samples and measure-
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ments, as on day 1, were taken. Sediment samples were taken from pre-determined

quadrats within each tank to avoid resampling the same location on days 1 and 8.

Kud and
SWinto
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NIy )  Turbidity
MPB *Hutrients {water samples] « Nutrients {water samples}
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Figure 3.3: A timeline of the experiment.

3.2.4 Measurements

3.2.4.1 Temperature and light intensity

Although the thermostat of the cold room was set to 12°C, the actual temperature
varied due to energy input from the lights, so temperature was measured just before
the lights came on in the morning and before the lights went out at night. Incident
light to the top of each tank was measured, in triplicate, with a photometer (LI-189,
LI-COR inc, P.O. Box 4425/4421, Superior St, Lincoln, Nebraska 68504, U.S.A.) in two
conditions: with and without the experimental lights on (only the room lights) re-

flecting the fluorescence measurements.

3.2.4.2 Turbidity & nutrients in overlying water

Turbidity was reported in nephelometric turbidity units (ntu) using a Eutech In-
struments Turbidimeter TN100. The unit was calibrated using standards at 0.02, 100,

and 800 ntu, followed by measurement of filtered seawater. Water from each tank
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was measured in triplicate and a mean taken; filtered seawater was measured after
each unit was measured to determine whether there was machine drift and recalibra-
tion was required. 40 ml water samples were collected from each tank, analysed for
NH4*-N, NOs -N, and PO«*-P as described in section 2.3, and quantities are reported

as pmol L.
3.2.4.3 Fluorescence measurements

Fo is a proxy for surface biomass (section 2.4.2) and measurements were made in the
mornings (~ 9 am) in randomized (Urbaniak & Plous 2008) orders following 15 min-
utes of dark (< 4 pmol m s') adaptation. An FMS2 fluorometer (Hansatech Instru-
ment Ltd, UK) was used (with settings as per section 2.4.2.4) with the probe tip was
fixed in a specialised housing 4 mm from sediment surface. Four measurements

were made within each tank and means calculated.
3.2.4.4 Chlorophyll a, water, and organic content of sediment

Sediment cores for chlorophyll a and water and organic content were collected and
immediately immersed in liquid nitrogen and stored at -80°C. Three 57 mm? * 2 mm
sediment cores for measurement chlorophyll a (expressed in pg cm™) were processed
as described in section 2.4.1 . Two 314 mm? * 2 mm sediment cores for measurement
of water and organic content were processed as described in section 2.2.3, with 48

hours of oven drying, and results expressed as relative percentages.
3.2.4.5 Microphytobenthic assemblage

For the description of microphytobenthic assemblages, three 50 mm? x 2mm cores
were collected and combined into a 15 ml centrifuge tubes containing a 5 ml of 4%
Glutaraldehyde (Sigma-Aldrich, Germany, 25% Glutaricdialdehyde in water) in fil-

tered, autoclaved seawater. Samples were obtained from the starting slurry and
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from each tank on day 8. 300 cells or colonies were counted and classified as cyano-
bacteria, diatom or euglenid and as live, if the plastids were intact, or dead, if the cell
contained a desiccated or no plastid. As many diatoms can only be, at best, identi-
tied to species from the literature from their silicate which require acid-cleaning to
allow close observation, fixed cells/colonies were divided into 63 different size and
shape taxa, which were readily identifiable under low magnification (4000 x, bright
tield) light microscopy suitable for wet mounts and are described in Appendix 2. In
addition, a sample from the original slurry was acid-cleaned and 300 valves identi-
fied as far as possible from the literature (taxa descriptions of all acid cleaned valves
presented in Appendix 1). The identifications from Appendix 1 were then used to
infer likely species making up the size and shape taxa of Appendix 2. Some of the
taxa in Appendix 2, such as taxa 14, 15, 23, 41, represent a single species (Cylindro-
theca closterium, C. gracilis, Gyrosigma fasciola, and Tryblionella apiculata, respectively)
as they are very distinctive but others, such as taxa 33, 34, and 35 could individually
represent several species (Navicula gregaria and Navicula phyllepta morphotype I) and
as a group different sized specimens of the same species. Also, the shape of diatom
frustule dictates the aspect it is likely to present for microscopic examination on a
glass slide: whereas some species are more likely to fall in valve view (face) or girdle
(side) view, others are shaped so that they may lie in either view (such as many Navi-
cula sp.) and often cannot be readily identified to species. There were 9 taxa in girdle
view, 2 of which were likely to also fall in valve view. From these identifications the
percentage of live cells, the species richness (total live taxa) in each sample, and
Simpson’s diversity index were calculated for comparison between treatment groups

and statistical analysis.
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3.2.5 Statistical analysis

All measurements are presented graphically against treatment groups and group
means are presented with + 1 standard error. Statistical analysis was carried out on
response variables which included changes in the overlying water column (turbidity
and nutrient levels) and ultimately the effects of these changes on the MPB biomass
and community response variables — chlorophyll a, Fo, % live cells, species richness,
and negative log transformed Simpson diversity(D). Model selection procedures are
as described in Chapter 2.7. As the two tanks within the same experimental unit
were not independent of each other, this was accounted for in the error structure by
applying either “unit” as variance category, either as a weight, (using a “gls” func-
tion, “nlme” package in R) or as a fixed factor (in “Ime” function, “nlme” package in
R). However, if fitting unit into the error structure did not improve the model AICc,
residuals plots, or change the fixed portion of the model in any substantial way then
it was not retained in the final model. The effects of C. volutator treatments on the
overlying water column were investigated by regression models where C. volutator
biomass could be treated as either a covariate or a categorical variable and so it was
applied on a best fit basis (according to AICc and residuals plots) for each response
variable. For covariate regressions the model outcomes are presented as a table with
estimates, and p-values from t-tests but where regressions were categorical, model
outputs are presented as F-tests (following Pinheiro & Bates 2000, using the “anova”

function in “nlme” package in R).
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Table 3.1: Summary of statistical models in Chapter 3: i = index for tank number; j = index

for unit number; Y = the response variable; Bm = C. volutator biomass treatment; Cv = the C.

volutator presence/absence treatment; FBm = feeding biomass (g C. volutator in tank); cPAR =

centralised PAR; cTemp = centralised evening temperature; mnTurb = mean turbidity in each

tank by day 8. & = errors; V = a variance-covariance matrix; gls = generalized least squares;

Im = linear model (least squares) in R; Ime = linear mixed effects model.

Model | Response Fixed effects
D E R Funct
Nr variable ay (maximum model) ot e
Yi~Bmi* £ i) * £ D
3.1.1 Turbidity | all N mi* factor(Cvi) * factor(Day) + ei~ N(i,0%*V) | gls
Unit Tur-
3.1.2 bidity all | Yj~Bm;* factor(Cvj) + &i gi~ N(u,0%*V) | gls
3.1.3 ATurbdity [ all | Y~Day+ei i~ N(u,0?) gls
1
321a | NH¢ 8 | Yi~ factor(Bmi) *factor(Cvi) + & ei~ N(po?v) | 8%
anova
3.2.1b PO+ 8 Yi ~ factor(Bmi) *factor(Cvi) + &i &i~ N(u,07*V) | gls, anova
3.2.2a ANH4* 8-1 | Yj~Bm;+ ¢ & ~ N(u,0?) gls
3.2.2b APOq+ 8-1 | Yj~Bmj+ ¢ &i ~ N(u,0?) gls
. gls,
3.3 % 8 Yi ~ factor(Bmi)*factor(Cvi) + i i ~N(u,02*V
Jo Organic actor(Bmi)*factor(Cvi) + ¢ € (1,0%*V) Anova
Yi~ factor(Cv)i + mnTurb:+ FBm +
cTemp i + cPAR i + [mnNH«+] i +
4 hl- i~ N(u,02*V) | gl
3 Chl-a 8 [MnPO+*] i + mnTurb:factor(Cv) i + y (Ho™V) | gls
mnTurb :cPAR; +&i; & ~ N(p,0%*V)
Yi~ factor(Cv)i + mnTurb:+ FBm: +
cTemp i + cPAR i + (mnNH+) i +
. F [~ 2% 1
33 ’ 8 mnPO#** i + mnTurbifactor(Cv) i + &~ N(p,07V) | gls
mnTurb i:cPAR; +&i; & ~ N(1,0%*V)
Yi~ factor(Cv)i + mnTurb:+ FBm +
. cTemp i + cPAR i + (mnNH¢) i +
. % L i~ N(n,02*V) | 1
36 o Live 8 mnPO+ i + mnTurbifactor(Cv) i + ¢ (p,o™V) | Ime
mnTurb :cPAR; +&i; & ~ N(p,0%*V)
Yi~ factor(Cv)i + mnTurb:+ FBm +
Species cTemp i + cPAR i + (mnNHy") i +
7 i~ V) | 1
3 Richness 8 mnPOs i + mnTurb:factor(Cv) i + &~ N(p,o?V) | Ime
mnTurbi:cPAR: +e&; & ~ N(u,02*V)
Yi~ factor(Cv)i + mnTurb:+ FBm +
T i PAR NHy") i
3.8 -InD g |cemprTe * N N (,0V) | Ime

mnPO+ i + mnTurbifactor(Cv) i +
mnTurb :cPAR: +&i; & ~ N(p1,0%*V)
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3.3 Results

Measurements for days 6 and 8 were only made on units 1 — 12 (24 tanks); pump
failure due to hose blockages meant that two tanks had to be dropped from the ex-
periment, so, in order to keep replicate numbers consistent between treatment
groups two further units were dropped. No C. volutator were seen in the MA tanks

during the experiment or found in the sediment at the end of the experiment.

3.3.1 Light and temperature

Morning temperatures did not vary substantially between the two rows of tanks but
by the evening quite a large difference had built up between the front and back rows
(Figure 3.4, Table 3.2). Light intensity was not found to be consistent across the
bench, (Figure 3.5): tanks under the centre of the tubes had higher light intensities
than tanks under the ends of the tubes so overall mean light intensities varied sub-
stantially (Table 3.2). The temperature difference between evening and morning did

not correlate with the light intensity for that tank (Figure 3.6).
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Figure 3.4: Mean temperatures measured in the morning (squares) and evening (circles) in
MP tanks and MA tanks (left). Figure 3.5: Mean light intensity in MP tanks and MA tanks
(centre). Figure 3.6: Temperature difference between morning and evening in the tanks
plotted against incident light intensity in (right). In each plot, MP tanks and MA tanks are
represented by open and closed symbols, respectively.
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Table 3.2: Mean measurements for all 8 treatment groups (+ 1 standard error): incident light
intensity (umol m2 s?), temperatures (°C), turbidity (ntu), NHs~N and PO+ —P (umol L),
sediment water and organic content (%), chlorophyll a (ug cm?), F3> (arbitrary units), per-

cent live cells (% Live), species richness (# taxa), and Simpson diversity index (D).

Biomass 0Og 058 1g 2g
Presence MP MA MP MA MP MA MP MA
TempAM | 14.2:017 | 13.9:027 | 742015 | 141#021 | 14.4+012 | 147012 | 743013 | 747100
TempPM | 18.1:022 | 17.5¢0%7 | 18.0<018 | 17.6*026 | 18.2+0.28 | 17.8=0-2 | 18,0032 | 17.7+031
Light int. 265450 | 227#27 | 2650 285+ 296+58 28375 | 229142 | 187235
Turb d1| 3.0:0° 2.1+03 2.0=04 2.2:02 2.9#06 3.0%06 2.0%02 2.3%04
d3 3.64 3 | 3.10:02 7.9%05 3.1:06 12.1=06 3.1:05 21.540 | 4.0:1%
de 1.8#0:31 1.9#02 6.4511 | 5.05%0% | 8.8+05 7.8%04 13.5¢10 | 12.1=08
dg | 1.7%02 1.5:004 8.2:20 9.40% | 13.6:20 | 14.0:02 | 25.9#7 | 27.1#%7
NH; d1 | 17.42046 | 17.9:061 | 98356 | 1(.8:515 4]3233ijlf 9.9+580 | 109361 | 10.0%3%
d8 | 23.4#2% | 9338 | 12160 | 13.85378 | 12.3=2 | 16.2:511 | 183724 | 16.5470
PO3* d1 2.9:057 2.3:0%5 2.5:074 2,454 2.5¢019 2.0:02 2.8%008 3.2:0:65
ds 3.9:087 | 2.9:039 | 3.9:06 3.6:201 2.9:026 48150 3.4:072 4.2+144
% H20 d1 | 56.9:0% | 61.80=0% | 57+12 | 58370 | 60.1228 | 58.45%28 | 59.4=23 | 66.49+44
d8 | 68.90+4> | 63.14:0% | 62.011° | 62.1222% | 68.75%25 | 66.07+17 | 66.411 | 64.52:31
% Org d1 3002 3.0:0% 2.7:013 2.9:02 2.9=01m | 30014 3.0:005 2.8:004
dg | 2.5:0% 3.2:009 2.8:013 3.£041 302 4720 2.8:021 3.6:08
Chl-a d1 | 87.5:134 | 171.62°3 | 134.3+181 | 128.4:284 | 143.7+145 | 145.8:297 | 175.8=194 | 171.2+488
d8 | 87.3#¢ | 115977 | 91.7+72 | 87.2:86 | 77.872 | 83.25145 | 76.4:52 | 955103
F§®
day 1 1731 207+ 18331 205+ 174+ 23311 181+ 228+20
day 8 110+ 112# 5513 73% 40+ 9526 23+ 82+10
% Live 42.1#140 | 398133 | 33.0¢110 | 35.7+119 | 34.1+14 | 37.7#126 | 323108 | 3(),7+102
# Taxa 23+ 22+ 23+ 21+ 21+ 23+ 21+ 23+
D 0.19:006 | (.22:007 | (0.18006 | (.22:007 | (.25:008 | (.20:0:07 | (0.22#007 | ().19:006




Chapter 3: Ecosystem engineering effect of C. volutator on MPB 92

3.3.2 Turbidity

The mean turbidities for each treatment group over the 8 days are presented (Figure
3.7, Table 3.2) . Differences in turbidities between treatments were tested with a GLS
(Model 3.1, Table 3.3). On day 1 mean turbidity levels were slightly higher than the
average for filtered seawater, 0.5 (+ 0.15) ntu, across all units as there was still resid-
ual sediment in the water column from setting up but all treatments had a similar
starting turbidity level (Figure 3.7). However, there were no significant differences
over biomass treatments in either group (MP slope = -0.53 + 0.51, p = 0.310; MA slope
= 0.40 + 0.73, p = 0.210). By day 3, approximately 16 hours after C. volutator were
added to the MP tanks, turbidities had diverged markedly: turbidity in the MP tanks
increased with biomass (slope = 10.1 + 0.73, p = 3.2 * 10?¥), and were therefore signifi-
cantly different from the MA tanks where there was no relationship with biomass
(slope = -0.74 £ 1.0, p = 1.2 * 10"%). Following the day 3 measurements, the pumps
were switched on and turbidities in the paired tanks equalized, temporarily reducing
the turbidity in the MP tanks. There was no significant difference between MP and
MA treatments (6.96 + 0.73 and 5.14 + 1.0, respectively, p = 0.082) showing that the
pumps had equalized the turbidity of the water in the paired tanks. By day 8 there
was no significant difference between MP and MA treatments (12.9 + 0.73 and 12.5 +

1.0, respectively, p = 0.724).

To determine how much turbidity is generated by C. volutator the turbidities in the
two units were combined (Figure 3.8) Model 3.1.4 (Table 3.3, Model 3.1.2) shows that
whereas the turbidity in the control tanks (0 g C. volutator) did not change signifi-
cantly over days 3, 6, 8, (p =0.75, 0.50, 0.29, respectively), the turbidity per gram of C.

volutator increased significantly over subsequent days (p = 5.2¥10-5, 9.1¥107,
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Figure 3.7: Mean turbidity in each treatment (macrofauna present, MP, and macrofauna ab-
sent, MA) and C. volutator biomass level (0g =black, 0.5 g=red, 1 g = green, 2 g = blue) where
error bars represent 1 standard error. The dot-dash line represents the time the animals were
added and the dotted line represents the time at which the pumps began cycling water be-

tween the two tanks in the units.
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Figure 3.8: Total turbidity generated by each treatment of C. volutator biomass on days 1, 3, 6
& 8 (left). For days 1 and 3 only the Tank 1 treatments were used, whereas for days 6 and 8
the sum of the two tanks was used (see text for explanation). Figure 3.9: Biomass specific

turbidity (estimates from Model 3.1.4) over each day with the LM superimposed (right).
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2.2*10, respectively). The turbidity per gram estimates from days 1, 3, 6, and 8 from
Model 3.1.4, 0.7, 9.9, 13.5, 26.4, respectively, are regressed against day (Figure 3.9)
which demonstrated a significant linear relationship (Model 3.1.3: Res/Tot DF = 2/4,
R? =0.849) in which the turbidity g day! is estimated at 3.5 (+ 0.82, p = 0.05).

Table 3.3: Regression results for models with turbidity as response variable. BST represents

the daily biomass specific turbidity (ntu g).

Model Nr/ Res/To | Variable Est Standard | p-value
Response vari- | t DF error
able
3.1.1 68/96 Intcpt (MP, 0) 3.64 | 3.5%10° 2.8*10°%13
Turbidity, all factor(Cv) -1.3 5.0*105 3.5*10%7
days Bm -0.53 | 0.51 0.310
Error structure factor(Day)-3 -0.96 | 5.07105 6.3%10-268
includes biomass factor(Day)-6 -1.85 | 5.0*105 4.3*1021
as a variance co- factor(Day)-8 -2.30 | 5.0"105 1.2%10->8
variate and unit fact(Cv) : Bm 092 |0.727 0.210
as variance cate- fact(Cv):fact(Day)-3 1.84 | 7.1*10° 7.4%1027
gory fact(Cv):fact(Day)-6 1.16 | 7.1*10° 7.9%10-263
fact(Cv):fact(Day)-8 1.44 | 7.1*10° 2.4*10%0
Bm:fact(Day)-3 10.6 | 0.727 3.2%10%
Bm:fact(Day)-6 748 |0.727 2.6*10'°
Bm:fact(Day)-8 134 | 0.727 1.6*10-%
Bm:fact(Cv):fact(Day)-3 -10.8 | 1.03 1.2*101°
Bm:fact(Cv):fact(Day)-6 -1.81 | 1.03 0.082
Bm:fact(Cv):fact(Day)-8 -0.36 | 1.03 0.724
3.1.2 37/48 Intcpt (Day 1) 2.8 0.87 0.002
Turbidity (unit factor(Day 3) -0.50 | 1.56 0.749
total), all days factor(Day 6) 0.76 | 1.13 0.504
Error structure factor(Day 8) 1.3 1.23 0.294
included a Bm 0.7 2.03 0.557
within unit tem- Bm (D3) 9.2 2.03 5.2%10°
poral autocorre- Bm (D6) 12.8 |2.20 9.1*107
lation and bio- Bm (D8) 257 |2.21 2.2*104
mass was used
as a variance-
covariate
3.1.3 3/4 Intcpt -5.0 4.35 0.369
BST Day 3.5 0.82 0.05
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3.3.3 Nutrients

3.3.3.1 Ammonium

Of the 24 samples, one (from MP at 0 g on day 1) was an incorrect measurement and
one (from MP at 1 g on day 1) was an extreme outlier (3 x the third quantile of overall
distribution on day 1). The error value was dropped from the data set and the data
was plotted and analyzed with and without the outlier. NHs"-N values were quite
low across all treatments, overall average without the outlier was 13 umol L (1.9 mg
L) ( Figure 3.10) . NHi"-N levels should have been relatively consistent across
treatments at the start, however the tanks for the 0 g treatment seem to have had
higher starting values. F-tests (Table 3.43, Model 3.2.1a), found no significant differ-
ences between NH4*-N levels in C. volutator presence treatments (p = 0.909) or bio-
mass treatments (p = 0.275) or their interaction (p = 0.372); no patterns were found
between the residuals and the starting values (day 1). As the water columns in each
unit were pooled during the experiment, to estimate NH4*-N flux (ANH4"-N) starting
mean values per unit were subtracted from final unit means, so positive values rep-
resented flux out of the sediment and negative values represented flux into the sedi-
ment. Regression of ANH*-N against C. volutator biomass (Figure 3.11, Model 3.2.2a)
shows a slightly positive trend with and without the outlier (2.9 + 6.7 or 3.9 + 2.8, re-
spectively) but the relationships were not significant either with or without the out-

lier (p =0.670 or p = 0.205, respectively).

3.3.3.2 Nitrate

Of the 48 samples analysed, 34 were measured as 0 and the overall mean value was

0.36 umol L (5 pug L?) so further graphics and analysis were not carried out.
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Figure 3.10: NHa4* -N levels at the start (day 1, squares) and end (day 8, circles) across C.
volutator presence (MP = open symbols; MA = closed symbols) and biomass treatments. The
mean in the absence of the outlier is marked in grey. Figure 3.11: ANH4" -N in each unit
against C. volutator biomass. Dashed line represents the linear model with (Model 3.2a) the
outlier (slope =2.9; p = 0.67) and the dotted line represents the regression without the outlier
(slope =3.9; p=0.21).

3.3.3.3 Phosphate

Mean phosphate levels across treatments, tended to be higher on day 8 than day 1
(Figure 3.12): mean PO4*-P levels on day 1 and 8 were 2.6 and 3.7 umol L (or 79.8
and 114.3 ug L), respectively. There was no significant difference between the rela-
tionship of PO+*-P and C. volutator biomass either in the MP (p = 0.474) or in the MA
tanks (p = 0.348) Model 3.2.1b (Table 3.3). Phosphate flux per unit (APO4*-P), calcu-
lated as for NH4+*-N above, indicated that flux was generally positive, i.e. phosphates
were leaching from the sediment into the water column (Figure 3.13). While flux was
generally positive (Table 3.4, Model 3.2.2a, estimate = 1.15 + 0.49, p = 0.042) it did not

increase with increasing C. volutator biomass (estimate = -0.04 + 0.43, p = 0.930).
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Figure 3.12: PO4* -P levels at the start (day 1, squares) and end (day 8, circles) across C.

volutator presence (MP = open symbols; MA = closed symbols) and biomass treatments (left).

Figure 3.13: APOs" -P within each unit against C. volutator biomass (right). Dashed line rep-
resents the linear model (Model 3.2b).

Table 3.4: Regression results from Models 3.2.1 and 3.2.2

Model Nr/ Res/Tot | Variable Est St Error | p-value
Response DF (DF) | (F-stat)
variable
3.2.1a 14/24 Intercept 1 46.5 <.0001
NH4-N factor(Cv) 1 0.180 0.909
day 8 factor(Bm) 3 0.275 0.275
Biomass as factor(Cv):factor(Bm) |3 0.372 0.372
variance- covariate
3.2.1b 20/24 Intercept 3.8 0.49 1.8*107
PO#*-P Bm -0.31 043 0.474
MP/MA as variance factor(Cv) -0.53 | 1.15 0.647
categories factor(Cv): Bm 0.97 1.00 0.348
3.2.2a 10/12 Intercept -355 |76 0.653
ANHs-N Bm 2.93 6.7 0.670
without outlier 9/11 Intercept -0.10 | 3.3 0.976
Bm 391 2.9 0.205
3.2.2b Intercept 1.15 0.49 0.042
APO#-P Biomass -0.04 | 043 0.930
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3.3.4 Sediment water and organic content

One set of the two replicate samples from each tank were discarded as a batch was
clearly insufficiently dried prior to incineration and therefore had was found to be
unusually high (mean = 24 %) organic content. Mean percentages of water and or-
ganic content of the sediment across treatments are presented (Figures 3.14 and Fig-
ures 3.15). Pearson correlations between final and starting values (correlation = 0.264,
DF =22, t-value = 1.28,) were investigated prior to model fitting and found not to be
significant in either case (% water: DF = 22, t-value = -0.629, p-value = 0.536. % or-
ganic: DF = 2, t-value = 1.28, p-value = 0.213) nor were any patterns found in the re-
siduals over starting values. Percentage water content of sediment on day 8 was
generally higher than on day 1, with the exception of MA tanks in the 2 g treatment
group which were slightly higher on day 1 (Table 3.2, Figure 3.14). There were no
effects of either the presence or the biomass of C. volutator on the water content of the
sediment (Figure 3.14). Percentage organic content of sediments in all tanks on both
days were more or less consistent with the exception of MA tanks inthe 1 gand 2 g
treatment groups which were much higher on day 8. Although there were high val-
ues for organic content in the MA tanks on day 8, F-tests (on Model 3.3, Table 3.1,
Res/Tot DF = 14/24, titted values as variance-covariate) showed that neither C. voluta-
tor presence, (DF = 1/16, F-value = 2.14, p-value = 0.163), or biomass (DF = 3/16, F-
value = 0.323, p-value = 0.809), or their interaction (DF = 3/16, F-value = 0.091, p-value

=0.964) had a significant effect on the organic content of the sediment.
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Figure 3.14: Mean water content of the sediment in each treatment. Figure 3.15: Mean sedi-
ment organic content, in each of the 8 treatments on day 1 and day 8 (right). Day 1 (squares);
day 8 (circles); MP (open symbols); MA (closed symbols); Error bars represent + 1 standard

error.

3.3.5 Sediment chlorophyll-a content

Chlorophyll - a concentration of sediment on day 8 was generally higher than on day
1, with the exception of MA tanks in the 2 g treatment group which is slightly higher
on day 1(Table 3.2, Figure 3.16). There were no clear patterns between chlorophyll a
concentrations and treatment groups, neither is there a correlation between final and
starting values (cor =-0.07, p = 0.747). While there is no relationship between chloro-
phyll a concentrations against incident light intensity there is a significant correlation
(p = 0.025) between chlorophyll a concentration evening temperatures (Figures 3.19
E and F, respectively). There are no significant correlations between show chloro-
phyll a concentrations mean turbidity unit ammonium concentrations, and unit

phosphate concentrations (Figures 3.20 D, E, and F, respectively).
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Figure 3.16: Mean chlorophyll-a (in mg cm? of sediment + 1 standard error) over all biomass
levels on day 1 (squares) and day 8 (circles) in MP (open circles) and MA (closed circles).
Figure 3.17: Fo on day 8 against C. volutator biomass with MP tanks as open symbols and MA

tanks as closed symbols.

Statistical analysis of final chlorophyll a concentrations included the five environ-
mental variables (above) as covariates, as well as the feeding biomass (FBm) in the
tanks (i.e. O for all MA tanks) as a covariate and C. volutator presence as a factor.
Temperature and light intensity were centralised. There was no covariation between
any of the covariates except feeding biomass and mean turbidity (0.74, p = 2.9*10%).
As there are only 24 data points it is not possible to fit a full interaction model so only
the two most relevant 2-way interactions were chosen a priori: the interaction be-
tween incident light and turbidity (reflecting actual light intensity at the sediment
bed) and the interaction between C. volutator presence and turbidity. The final model
is presented in Table 3.4. While neither factor(Cv):mnTurb interaction nor the C. vo-
lutator presence main effect had a significant on chlorophyll a concentrations (p =
0.077 and p = 0.244, respectively) the model AICc increased with their removal.
Chlorophyll a content was estimated to decrease by 2.5 ug cm with each unit of tur-
bidity (p = 0.001) and decrease by -0.04 ug cm* with each additional pmol m s of

light intensity (p = 8.5*10). Chlorophyll a content was estimated to increase by 3.8
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ug cm! with each additional pmol L phosphate and, strangely, by 13.8 ug cm! with
each additional gram of C. volutator. No latent patterns were found in the residuals
with regard to starting values. Bootstrapped slopes and 95% confidence intervals
plotted against turbidity (in Figure 3.22). In the full model, at low phosphate levels
and 1 g C. volutator the estimates and lower confidence intervals at high turbidities
become negative, which is impossible for chlorophyll a values. However, as none of
the fitted values from the model (without bootstrap) are negative and these are only

a few extreme cases it did not necessitate use of a more complex distribution.

1g C.vol, IowPOT : 1g C.vol, high PO?‘
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Figure 3.18: Bootstrapped 95% confidence intervals over the full range
of mean turbidity (Model 3.4) at mean temperature and light intensities,

where C. volutator were present (black lines) and absent (red lines).
3.3.6 Surface biomass (Fo)
Fluorescence signal strength at 4 mm probe height was calibrated over a turbidity

range of 0.35 (seawater) to 100 ntu to determine whether fluorescence measurements

needed to be adjusted for signal loss at increasing turbidity. The maximum turbidity
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measured, 35 ntu, corresponded to < 2% signal loss so fluorescence values were not
adjusted. While fluorescence values below 100, in the FMS2, are not considered reli-
able enough for photosynthetic efficiency measurements they are acceptable for bio-
mass comparisons (Mouget 2011, personal communication) provided that the meas-

urement of a non-fluorescing material is 0.
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Figure 3.19: Average microphytobenthic biomass measured by minimum fluorescence
(Fo'5, arbitrary units) in each treatment: C. volutator biomass treatments are: black (0 g),
red (0.5 g), green (1.0 g), and blue (2.0 g).

Fo in the C. volutator-MA tanks were lower than in the control-MA tanks (Figure 3.18).
Day 1 Fo values plotted against incident light intensity (Figure 3.19 A) and evening
temperatures (Figure 3.19 B) suggested that it is temperature, not incident light, that
is likely to have created the variation between treatment groups. There was no corre-
lation between Fo and chlorophyll a values from each tank either on day 1 or day 8
(see Figure 3.23 A and B, respectively). Surface MPB biomass on day 8 in both the
MP and MA tanks clearly declines with increasing C. volutator biomass and that this
decline was more pronounced in the MP tanks (Figure 3.18). Figures 3.19 C and D
shows that on day 8 a negative trend between had emerged between incident light

intensity and surface biomass while the earlier negative trend with increasing eve-
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ning temperatures was absent. There was a significant negative correlation (p =
8.5%10%) between turbidity and surface biomass (Figure 3.20 A) while there was a
slight but not significant increase in surface biomass with increasing mean ammo-

nium and phosphate levels in the overlying water (Figures 3.20 B and C).

The minimum adequate model (Table 3.4, Model 3.5) retained only mean turbidity:
each extra unit of turbidity decreased surface biomass by 3.9 (arbitrary units) and the
presence of C. volutator in the tank decreased surface biomass by another 42.4. Con-
trary to plotted patterns (Figure 3.19 D), a 1°C increase in temperature (full range
1.6°C) was estimated to increase surface biomass by 23.9, whereas a 1 pmol m-2 s-1
increase in light intensity was estimated to decrease Fo by only 0.7. However,
whereas both increased incident light and increased turbidity decreased Fo, their ef-
fect was slightly tempered by a positive interaction between the two covariates;
while this interaction is borderline in terms of significance (p = 0.056), removing it
from the model increases the AICc and skews the residuals. The opposite effects of
light and turbidity are due to the fact that the tanks with the most disparate levels of
incident light (152 and 312 pmol m-2 s-1) had very similar average turbidities (11.4
and 10.2 ntu) and the one with the lower light had a higher final Fo (63 vs. 49). Fi-
nally, higher mean phosphate levels in the overlying water corresponded to higher Fo
(p =0.05). The final model has an outlier (residual = 3 st. dev) which was from the 1.0

g C. volutator MA treatment, and has high mean phosphate value and temperature.
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Figure 3.20 A — L: MPB biomass (Fo, Chlorophyll a) and assemblage (% live cells, number of
live taxa, and Simpson’s diversity index) measurements on day 8 (and day 1 for Fo) against
light intensity (PAR, umol m? s?) in the left column (A, C, E, G, I, K) and evening tempera-
tures (°C) in the right-hand column (B, D, F, H, ], L). Trend lines represent Pearson correla-
tions with only the significant p-values given. Open and closed symbols represent MP and
MA tanks, respectively, and biomass treatments are represented in numeric order by

squares, circles, triangles, and diamonds.
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Figure 3.21 A — O: MPB biomass (Fo, Chlorophyll a) and assemblage (% live cells, number of
live taxa, and Simpson’s diversity index) measurements on day 8 against the average turbidi-
ty in each tank and mean NH4-N and PO4-P in each unit over the experimental period. Open
and closed symbols represent MP and MA tanks, respectively, and biomass treatments are
represented in numeric order by squares, circles, triangles, and diamonds. Trend lines repre-
sent Pearson correlations and p values are presented only where correlations are significant
(p <0.05).
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Table 3.5: Summary table for Model 3.4 on Chlorophyll a (ug cm-1) and Model 3.5 Fo (arbi-
trary units).

AICc | resDF/ | Parameter for EST Std p-value
totDF Error
159.3 | 13/24 Chlai~ mnTurb + factor(Cv) i + FBmi+ cTemp i+ cPAR: + (mnNH4):
+ mnPO#* i + mnTurb ifactor(Cv) i + mnTurb :cPAR i +&; & ~
N(u,0%*V); V= fitted values as variance-covariate

1224 | 15/24 Chla~mnTurb + factor(Cv) + cPAR + mnTurb *factor(Cv) + mnPO4 +

€ij; &ij~ N(u,07*V)

Intercept 17.1 1.4 5.5*101°
factor(Cv) - MA -2.0 1.7 0.244
mnTurb -2.5 0.6 0.001
FBm 13.8 4.5 0.007
cPAR -0.04 0.004 8.5*10°
mnPOs 3.8 0.4 9.6*10°
factor(Cv):mnTurb 1.1 0.60 0.077

237.3 | 13/24 Foi ~ mnTurb i +factor(Cv) i + FBmi + cTemp i + cPAR: + (mnNH4+") i+
12/23 mnPO+* i + mnTurb ifactor(Cv) i + mnTurb i cPAR i + &; & ~
N(p,0%*V); V =light intensity as a variance-covariate

219.2 | 16/24 Fo ~ mnTurb + factor(Cv) + cTemp + cPAR + mnTurbi: cPAR +
15/23 mnPO4 + € ; €j ~ N(u,07*V)

Intercept 53.8 17.3 0.0064
61.1 13.0 0.0002
factor(Cv) 424 9.2 0.0003
37.1 7.0 7.0¥10°
mnTurb -3.9 1.1 0.0017
-3.7 0.8 0.0003
cTemp 23.9 8.4 0.0108
19.0 6.3 0.0085
cPAR -0.699 | 0.2 0.0080
-0.75 0.2 0.0005
mnPOs 9.0 43 0.0504
6.2 3.3 0.0780
mnTurb:cPAR 0.056 0.03 0.0560
0.058 0.02 0.0110
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Model visualisations (Figure 3.23) of bootstrapped slopes and 95% confidence inter-
vals were plotted against mean turbidity at low, high, and no phosphate (from the
minimum model without the outlier). In the full model, at low phosphate levels, es-
timates and lower confidence intervals at high turbidities become negative, which is
of course not possible for fluorescence values and is due to the normal distribution
being used. Removing the outlier from the model (Table 3.4, values in grey) removes
the significance of phosphate from the model (p = 0.078, AAICc = - 0.2) and reduced
the effect of temperature and C. volutator presence, and increased the effect of light

intensity and the significance of the light intensity-turbidity interaction (p = 0.011).
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Figure 3.22: Bootstrapped predictions and 95% confidence intervals (Model 3.5)

over the full range of mean turbidity in the presence (black lines) and absence (red

lines) of feeding C. volutator at mean temperature and light intensities.
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3.3.7 MPB assemblage

The original assemblage in the biofilm slurry contained 70 (+ 3) % live cells distrib-
uted across 26 size and shape taxa. At 49 (+ 4) %, small Navicula (< 30 pm length)
contributed the largest proportion of live cells, and these groups were composed N.
gregaria and 2 morphotypes of N. phyllepta (see Appendix 1 & 2), Gyrosigma fasciola
made up 21 (= 2) %, and Cylindrotheca closterium and gracilis combined made up 7 (+
1) %, and, finally, several species of cyanobacteria (Merismopedia, Oscillatoria and

Spirulina sp) made up 9 (+ 2) % of the live assemblage.
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Figure 3.23 A — C: % Live cells (A), species richness (live taxa, B), and transformed Simpson
diversity (C) against C. volutator biomass treatment with MP tanks as open symbols and MA

tanks as closed symbols. The original assemblage (OA) values are marked with red crosses.

3.3.7.1 Proportion Live cells

The proportion of live cells in the sediment had declined from 70 (+ 3) % to 37 (+ 4.5)
% by day 8; there also appeared to be a slight decline in % live cells with increasing
biomass but no difference with C. volutator presence or absence (Figure 3.23 A).
There was no significant correlation between % live cells against incident PAR or
evening temperatures (Figures 3.19 G & H) but the there was a significant decline in
% live cells with increasing turbidity (Figure 3.20 G, Pearson correlation coefficient of
-0.41, DF = 22, t = -2.1, p = 0.05), but no significant change with increasing NH4*-N

and PO+*-P fluxes (Figures 3.20 H & I). However, in the regression of % live cells
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against environmental variables in each tank (Model 3.6) there were no residual sig-
nificant effects of any of the measured variables, including mean turbidity (Table
3.4). The proportion of live cells corresponds significantly with Fo on day 8 (cor =
0.417, t = 2.2, df = 22, p-value = 0.043) but not with chlorophyll a content of the sedi-

ment on day 8.
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Figure 3.24: Comparison of biomass measurements: Fo against sediment chloro-
phyll 2 on Day 1 (A) and day 8 (8), and Fo (C) and chlorophyll a (D) against % live
cells. Open and closed symbols represent MP and MA tanks, respectively, and
biomass treatments are represented in numeric order by squares, circles, trian-
gles, and diamonds. Probabilities from Pearson product moment correlations are

presented on each plot.

3.3.7.2 Taxarichness

The number of size and shape taxa in the samples declined from 26 (+ 1) to an overall
average of 22 (+ 1.5) by day 8 (Figure 3.24 B) but the difference was not significant

(DF = 8/18; F-test = 0.976, p = 0.484). There was so correlation between number of
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taxa against incident PAR or evening temperatures (Figures 3.19 I & J) and while
mean Fo (Figure 3.20 J) declined slightly with increasing turbidity and increased
slightly with increasing NH4*-N and PO4*-P fluxes (Figures 3.20 K & L), none of these
correlations were significant (p > 0.05). The regression of taxa number against envi-
ronmental variables in each tank (Model 3.7) required unit as a random factor and

there were no significant effects of any of the measured variables (Table 3.4).

3.3.7.3 Live assemblage diversity

Simpson’s index of diversity for the original assemblage was 0.111 (+ 0.0003), mean-
ing there was a 11.1% probability that two individuals picked at random from the
population would be from the same taxa, and increased to an average of 0.207 (+
0.03) across all tanks by day 8 (Figure 3.24 C). There were no correlations between
diversity and light intensity or temperature (Figures 3.19 K and L), or mean turbidity,
ammonium and phosphate quantity in the overlying water column (Figure 3.20 M,
N, and O). Consequently, the regression of negative log transformed diversity (Ma-
gurran 2004) against any of these variables (Model 3.8, with unit as random factor)

showed no significant covariation (Table 3.4).
3.3.7.4 Live assemblage comparison

An MDS plot with the Bray-Curtis similarity indices for each treatment (including
the original assemblage) shows that the final assemblages were different from the
starting values but there are no clusters between the experimental treatments sug-
gesting that neither C. volutator feeding or water column modification exerted any

selective pressure on MPB assemblage.
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Figure 3.25: MDS plots of Bray-Curtis similarity indices from each MPB sample.

Open and closed symbols represent MP and MA tanks, respectively, and biomass

treatments are represented by squares (0g), circles (0.5g), triangles (1g), and dia-

monds (2g), original assemblage samples are represented by a red x.

Table 3.6: Summary table for Models 3.6 — 3.7 for % live cells, species richness,

and —-InD, respectively.

AICc | resDF/ | Parameter for EST Std p-value
totDF Error
180.1 | 12/24 | pLivei ~ mnTurb i +factor(Cv): + FBm i + cTemp: + cPAR: +
(mnNHzy") i + (mnPO+**) i + mnTurb factor(Cv) i + mnTurb:
:cPAR: + &; & ~ N(u,0%*V); V = “unit” as variance category,
1503 | 21/24 pLivei~ intercept + &i; ; €j ~ N(u,02*V)
Intercept 1357 |22 | 0.006
155.8 | 12/24 | SR~mnTurb i +factor(Cv) i + FBm i + cTemp i + cPAR: +
(mnNHzs*) i + (mnPO+*) i + mnTurb zfactor(Cv) i + mnTurb
i:cPAR: +&;; € ~ N(u,07*V)
119.8 | 21724 | oR; ~ intercept + & ; € ~ N(u,0%*V)
Intercept 220  [o063 | 1.9*10
47.5 12/24 | -InDi~mnTurb i +factor(Cv) i + FBm i + cTemp i + cPAR i +
(mnNHzy") i + (mnPO+*) i + mnTurb ifactor(Cv) i + mnTurb
i:cPAR +&;; € ~ N(n,07*V)
12.9 21/24 | nD; ~ intercept + & ; € ~ N(u,0%*V)
Intercept 1.6 o007 | 2.7*101
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3.4 Discussion

3.4.1 The effects of C. volutator on sediment and overlying water column

Turbidity increased linearly with C. volutator biomass on all three days (see Figure
3.8. day 3: 9.2 +2.0, p <0.0001; day6: 12.8 + 2.2, p <0.0001; day 8: 25.7 +2.2, p <
0.0001) and turbidity g also increased linearly with day (Figure 3.9, -0.5 + 3.5*day,
p=0.05). In similar experiments with increasing C. volutator biomasses in aquaria
without flow, de Deckere and colleagues (2000) found an exponential increase in
suspended sediment with increasing C. volutator biomass (y = 50 + 0.43x%4), whereas
Biles and colleagues (2002) found a sigmoidal relationship, where the suspended
sediment in the 1 g biomass group (surface area same as in this experiment) hardly
varied from 0 g biomass group but the 2 g treatment was 8 fold higher than the 1 g
treatment. However, both studies had much higher maximum biomasses than this
one (5x and 4x, respectively), so possibly, had this experiment included a 8 or 10 g
group, the relationship would eventually no longer have been linear but flattened
off. With respect to the C. volutator presence/absence treatments in this experiment,
the pumps distributed the overlying water effectively as there were no significant
differences in turbidity between the tanks within each unit after they were switched
on (see Table 3.2, Model 3.1.1: on days 6 & 8 p-values = 0.082 & 0.724, respectively).
Lastly, if C. volutator pumping rate increases with temperature (as per Moller & Riis-
gard 2006) then turbidity should also increase with temperature, however, the 1.6 °C
range in evening temperatures did not correlate with turbidity on any day (Pearson
correlations day 3, 6, and 8, respectively: -0.044, 0.168, and 0.294; p-values: 0.608,
0.431, and 0.162). This suggests that a temperature difference of < 2 °C is not suffi-

cient to initiate any behavioural change in C. volutator.
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In contrast to multiple studies, on both laboratory reconstructed sediment micro-
cosms and in the field, which have demonstrated C. volutator presence increasing
ammonium flux from the sediment to the overlying water column (Henriksen et al
1980; Henriksen et al 1983; Emmerson et al 2001; Biles 2002; Mermillod-Blondin et al
2004, Bulling et al 2010), in this study the ammonium flux to the overlying water col-
umn did not significantly increase with increasing biomass (Figure 3.11 and Table
3.3, Model 3.2.2a, slope =2.9 + 6.7, p = 0.670). There are several possible reasons why
there was not much distinction in ammonium levels in the overlying water. First,
coupled nitrification-denitrification could have simultaneously depleted ammonia
and nitrate levels leading to lower ammonium levels in the overlying water column.
The source of the increased ammonia is partially C. volutator excretion and partially
ammonia release from lower depths in the sediment, due to bioturbation, where
ammonia concentrations are higher (Henriksen et al 1980, 1983). However, in con-
junction with the release of ammonium, there can also be an increase in nitrification,
mediated by aerobic bacteria, and denitrification mediated by anaerobic bacteria liv-
ing along in the oxic-anoxic boundary — the surface areas of both of these habitats are
increased substantially by burrow building and irrigation (Pelegri & Blackburn 1994;
Pelegri et al 1994; Rysgaard et al 1995). In Pelegri and Blackburn’s experiment (1994)
ammonium from overlying water fluxed into the sediment but ammonium levels in
the sediment also decreased and this was due to enhanced coupled nitrification-
denitrification in the sediment with C. volutator burrows. However, it has also been
shown that coupled nitrification-denitrification increases with increasing nitrate lev-
els in the overlying water column (Pelegri et al 1994; Rysgaard et al 1995) and as ni-
trate levels were almost nil from the start of this experiment, coupled nitrification-
denitrification probably was not the reason for the lack of relationship between C.

volutator biomass and ammonium in the overlying water column. Second, MPB
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biofilms themselves influence biogeochemical fluxes: phosphate and dissolved inor-
ganic nitrogen release tends to be low or negative (going into the sediment) in the
light, when photosynthesis is presumably sequestering resources, and becomes more
positive when in the dark or with increased respiration in the sediment (Henriksen et
al 1980; Andersen & Kristensen 1988; Rizzo 1990) whereas others have found that ni-
trogen dynamics are seasonal and whereas slight nitrate uptake prevails in spring
ammonium release prevails in summer (Feuillet-Girard et al 1997). As each tank
containing a C. volutator biomass treatment was coupled to a tank containing only
sediment and MPB and measurements were only made from single samples from
each tank on days 1 and 8 it is impossible to tell which tank had a stronger effect on
the overlying water column and whether a negative or positive flux of one tank
could have cancelled out the negative or positive flux in the other tank. This uncer-
tainty would have been avoided by measuring the fluxes within the two tanks of
each unit independently of each other: stopping the pumps, plugging the tanks, and
then sampling the water immediately, at 3 hours, and at 6 hours before draining the
water. Daily net fluxes could have then been calculated for each day to establish
(independent) trends for C. volutator presence and biomass treatments. Finally, it is
possible that ammonium was flushed from the mud because, due to a delay in start-
ing the experiment, mud previously collected, sifted, and stored outdoors had to be
aerated to prevent it from becoming completely anoxic prior to starting the experi-
ment — water was poured off every 3 days and fresh oxygenated seawater stirred in.
Not only could this have washed away porewater nutrients but it is also possible that
the sediment had not stabilized by day 1, hence the large outlier (see Figure 3.10).
Experiments on nutrient fluxes by other researchers have allowed mesocosms to be
established from anywhere from 2 — 9 weeks before making flux measurements

(Henriksen et al 1980; Henriksen et al 1983; Andersen & Kristensen 1988; Pelegri &
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Blackburn 1994; Emmerson et al 2001; Mermillod-Blondin 2004), although there have
been experiments where significant differences in fluxes between treatments have
been found after just 5 — 7 days and with a similar setting-up procedure (Biles et al
2002; Bulling et al 2010). Also, the variability in nutrient levels is quite large so possi-
bly a larger sample size was required to detect relatively small differences. A power
analysis by Ieno and colleagues (2006) concluded that a minimum sample size of 5
was required to detect a significant nutrient release from sediments bioturbated by
different macrofauna, although Biles and colleagues (2002) found significant differ-
ences with only 3 replicates. Phosphates fluxes between days 1 and 8 also did not
vary significantly between C. volutator biomass treatments (Figure 3.13 and Table 3.3,
Model 3.2.2b, slope = -0.04 + 0.43, p = 0.930). The reasons are probably similar to
those discussed for ammonium release above. However, interestingly phosphate
was released (fluxes from day 1 to 8 are mostly positive) across all treatments, includ-
ing the control, which suggests that phosphate flux is either purely diffusive or that it
is mediated by MPB rather than macrofauna. As water samples for flux measure-
ments were taken in the morning after only maximum 2 hours of light, it is possible
that it is simply the release of phosphate in the dark as described by previous authors
(Henriksen et al 1980; Andersen & Kristensen 1988; Rizzo 1990) that is being detected.

Water content over the top 2 mm of sediment varied substantially within and be-
tween C. volutator treatments (on both days) but no relationship was apparent be-
cause while water contents on day 8 were mostly higher than on day 1 this was also
true for the control treatment (see Figure 3.14). Meadows and Tait (1989) found a
significant negative correlation between sediment water content and C. volutator
biomass in their laboratory cores, which they reasoned was due to burrows provid-
ing increased drainage from surface sediment, whereas Gerdol and Hughes (1994b)

and de Deckere and colleagues (2001) in field experiments in which C. volutator and
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other infauna were excluded from patches of sediment found that water content in-
creased in the presence of burrowing infauna. In contrast one would expect the or-
ganic content in the top 2 mm of sediment to decrease with increasing C. volutator
density because they feed on MPB as well as EPS. However, although while there
were no real differences in sediment organic content between C. volutator presence
and biomass treatments, organic content in the MA treatments of the 1 and 2 g treat-
ments were higher than those in the corresponding MP treatments by 1 and 0.8 %
(Figure 3.15). De Deckere and colleagues (2000) found lower organic content in
sediment where C. volutator was present (but found no further decreasing relation-
ship at increasing densities) and higher percentages of organic content in the sus-
pended sediment, which increased with increasing C. volutator density. It is possible
that suspended sediment with organic content from the MP tanks settled on the sur-
face in the MA tanks whereas it was more likely to remain suspended in the MP
tanks. However, if that were the case, then the organic contents in the MA tanks
should be correspondingly lower, which they were not. For both sediment assays,
larger samples or pooling of sample cores from the same tanks instead of measuring
them separately could possibly have reduced the variance within tanks and within
treatments. Also freeze drying rather than oven drying is a more accurate as it is
immediately apparent when there is moisture remaining after the standard drying
time. Slight variations in residual moisture content in the samples following drying
and prior to incineration would lead to both inaccurate estimation of water and or-

ganic content.

3.4.2 Effects of C. volutator on MPB biomass

There were differences in light and temperature across the bench: temperatures were
generally higher in the back row (Figure 3.26) and light intensities were higher under

the middle of each light array than near the edges. Unfortunately, tanks were placed
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in such a way that meant that light and temperature differences were confounded
with C. volutator presence and biomass treatments: MP tanks had higher tempera-
tures than MA tanks and the 0.5 and 1 g biomass treatments had, on average, up to

100 umol m s more light than the 0 and 2 g treatment.

As with other sediment assays, cores for chlorophyll a extraction probably had too
small a surface area (57 mm?) and should have been pooled prior to assaying to pro-
vide a more accurate measure of chlorophyll a content of sediment. Chlorophyll a
values also varied greatly within treatment (though more so on day 1) and did not
present any obvious patterns with C. volutator presence or biomass treatments (Fig-
ure 3.16). However, when regressed against the environmental variables in each
tank (Table 3.4, Model 3.4), both turbidity and incident light intensity had a signifi-
cant negative effect on chlorophyll a concentration (-2.5 + 0.6 ug cm? ntu?, p = 0.001
and -0.04 £ 0.004 pug cm? p!, p = 8.5°107, respectively), while phosphate in the water
column and, oddly, the biomass of feeding C. volutator in the tank both had a signifi-
cant positive effect on chlorophyll a concentration (3.8 + 0.4 ug cm? umol”, p = 0.007
and 13.8 £ 4.5 ug cm? g7, p = 9.6*107, respectively). Turbidity was certainly caused
by C. volutator and reduced light penetration to sediment and this seemed to deplete
MPB biomass. Phosphate flux is discussed in conjunction with Fo model below. The
effects of light intensity and C. volutator feeding, though, are counter-intuitive and
slightly suspect: one would expect increased light intensity to have a positive effect
on photosynthetic biomass rather than a negative one and vice versa for C. volutator
feeding. Bootstrapped predictions and confidence intervals of chlorophyll a concen-
tration over the mean turbidity range (Figure 3.21) shows that while significant ef-
fects are predicted by the model, the confidence intervals on the predictions for each
scenario (low biomass — low phosphate, low biomass - high phosphate, high biomass

— low phosphate) are so wide that in fact there is no convincing difference either be-
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tween C. volutator presence and biomass treatments or between the maximum and
minimum turbidity. The only variable for which the model predicts a marked differ-
ence on chlorophyll levels, where the confidence levels of the predictions for high
and low levels do not overlap, is phosphate. It is likely that the large uncertainty in
chlorophyll a estimation is caused either by too small a sample area or interference of
chlorophyll degradation products such as pheophytin 2 and pheophorbide 2 in the
chlorophyll a signal as measured by fluorescence (Lorenzen 1967). Some studies
have shown that these pigments increase with grazing of sediment biofilms (Lucas &
Holligan 1999; Cartaxana et al 2003) although other studies have found a decrease in
pheopigments in grazed sediment and do not recommend inference of grazing inten-
sity from phaeopigment quantification (Ford & Honeywill 2002). Concentration of
pheopigments in a solution can be detected by acidification of the pigment solution
(Lorenzen 1967) and this step should probably be performed as a caution for inter-

preting chlorophyll a content of grazed sediment.

Minimum fluorescence (Fo) is an estimation of surface biomass by proxy of the fluo-
rescence emissions by pigments in the LHC complexes of chloroplasts in response to
light. Fohas been demonstrated to correlate with chlorophyll a content as they are
both proportional to biomass (Serdédio 2001; Honeywill et al 2002). However, that
was not the case in this study (Figure 3.23 A & B), where there was no significant cor-
relation between these two biomass estimators at either the start or the end of the ex-
periment (p = 0.914 and p = 0.660, respectively). This is more likely due to inaccuracy
in chlorophyll a4 quantification, discussed above, rather than inaccuracy in Fo meas-
urement. Surface biomass clearly declined once C. volutator was added to the tanks
(Figure 3.18); the only treatments where there was an overall decline before C. voluta-
tor were added were the 274 tanks (MA) of the 0 and 2 g treatments which had low

mean light levels (Figure 3.5) although it should be noted that the 1¢t tanks in the 0 g
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treatment (MP) had the lowest light and their biomass increased in this time. The
fact that decline also occurred in all 0 g treatments between days 6 and 8 suggests
that laboratory conditions were not suitable in the long term; perhaps this was be-
cause MPB were from intertidal populations that were permanently submerged in
the laboratory. Defew and colleagues (2004) found that healthy biofilms could be
maintained in a tidal system in the laboratory for almost 3 weeks at 10 and 18 °C and
70, 175 and 350 umol m? s* light, whereas Dyson and colleagues (2007), using per-
manently submerged systems, also found a decline in Fo after 7 days even in the ab-
sence of grazers, and also found no correlation between chlorophyll 2 biomass and Fo
(Dyson 2008, personal communication). It should also be noted that Fo measures
only chlorophyll 2 biomass within about 100 - 150 umol of the sediment surface and
are therefore measuring only the proportion of the total productive biomass in the
sediment that is currently photosynthesising (Serédio et al 2001). Diatoms migrate
during the tidal cycle and their in situ migratory rhythm is maintained for up to a
week in the laboratory in the absence of light and tidal stimuli (Consalvey et al 2004
and references therein); so even though Fo measurements were made at the same
time each day (9 — 10 am), they would not have been made at similar times in the in
situ tidal cycle. However, Fomeasurements were made at the start of the low tide on
day 1 (when migration to the surface should be at peak levels), during high tide
(when most diatoms should be buried below 200 pum) on days 3 and 6, and towards
the end of the low tide (where diatoms should be migrating downwards) on day 8, so
it is unlikely that the low levels on day 8 are due to migratory rhythms. Since all
MPB assemblages in all tanks came from the same slurry, biomass levels across tanks
on the same day are still be comparable. On the final day of the experiment, there
was a clear pattern of surface biomass levels across treatments (Figure 3.17, round

symbols): while there was no difference between control tanks of MP/MA treatments,
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where C. volutator was present (MP) had substantially lower biomasses than tanks
where C. volutator was absent (MA) and tanks that shared a water column with C.
volutator had much lower surface biomass than control tanks (with the exception of
one outlier in the 1 g — MA treatment). Overall, the pattern of decline was exponen-
tial in both treatments, with the rate of decline decreasing with increasing biomass,
but with a steeper decline in the tanks where C. volutator was feeding. De Deckere
and colleagues (2001) also found and exponential decrease in their aquaria experi-

ment with increasing C. volutator biomass.

In the regression of Fo against all the environmental variables measured for each tank
(Table 3.4, Model 3.5), turbidity, incident light intensity, and feeding C. volutator
presence (but not biomass) had a significant negative effect on surface biomass (-3.9 +
1.1 units ntu?, p = 0.002; -0.699 + 0.2 units umol?, p = 0.008; -42.4 + 9.2 units g, p =
0.0003). That C. volutator feeding on diatoms reduced the biomass comes as no sur-
prise and the fact that there was no increased MPB biomass loss with increased C.
volutator presence suggests that to some degree feeding rate is density dependent (al-
though the 2 g ), which is also a common ecological phenomenon. The increase of
turbidity in the overlying water column is clearly linked to increased C. volutator
abundance and clearly reduced MPB biomass. However, light intensity also has a
negative effect on MPB biomass which would counteract the effect of turbidity; the
reason for this is to the fact that the biggest difference in light intensities occurred in
two tanks that had very similar turbidities, and the one with the lower light intensity
had a higher Fo. The significant positive interaction between turbidity and light in-
tensity reduces both effects slightly. The bootstrapped predictions of the model over
the full range of turbidity, assuming mean temperature and light intensity, shows
that at low turbidities presence of C. volutator is more pronounced than at high con-

centrations (Figure 3.22).
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Finally, it is interesting that the models for both biomass measurements estimated a
positive response to increasing phosphate levels in the overlying water (for Fo 9.0 +
4.3 units umol P L1, p = 0.050) and neither model estimated any significant effects of
increasing ammonium fluxes. The effect is significant in the Fo model due to the fact
that a positive outlier in the 1 g MA tank (std. res = 3.1) is from a unit with a high
phosphate content in the overlying water column; when the outlier is removed from
the model, phosphate no longer has a significant effect (Table 3.4, p = 0.078) and can
be removed from the model without AICc increase (AICc with = 197.66, without =
197.44). It is unlikely that higher phosphate in the overlying water caused higher
MPB levels for two reasons: (1) MPB is more likely to be DIN limited, and (2) if
higher phosphate levels did encourage MPB proliferation, then MPB biomass should
correlate positively with day 1 levels and negatively with day 8 levels, i.e. flux
should have been into the sediment rather than out of it, which is the exact opposite
of what happened. The first point was made clear by Ryther and Dunstan (1971)
who demonstrated that coastal phytoplankton are far more likely to be limited by
DIN because while Redfield’s 15:1 N:P ratio may be true over oceanic spatial and
geological time scales, it certainly is not true in coastal and eutrophic waters where
the ratios of 0:0.25 prevail but the atomic content in photosynthetic cells is, on aver-
age, 10:1. Phosphorus regenerates more rapidly in seawater than nitrogen and nitro-
gen fixation is inefficient in the short term so there is generally a constant, if low,
amount of phosphate available in the water column and no DIN (Ryther & Dunstan
1971). The range of mean unit total DIN: phosphate ratio in the overlying water on
day 8 in this experiment lay between 2 and 9.4, the mean was 5.4 + 0.4, which sug-
gests that while DIN was in reasonably high supply compared to coastal seawater it
was probably still below the average cell content (although this was not measured)

and hence MPB were more likely to be nitrogen limited. As far as the second point
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goes, several studies have shown that sediments with MPB release phosphates at
night or in the summer, which is probably related to lower redox potentials in the
sediment at these times (Henriksen et al 1980; Andersen & Kristensen 1988; Rizzo
1990; Feuillet-Girard et al 1997) but so far there are no reports of increased phosphate
release linked to increased MPB biomass. However, that appears to be the only rea-
sonable conclusion here: that increased phosphate flux to the overlying water does
not increase MPB biomass, but rather the reverse — MPB increase phosphate flux to

the overlying water.

The last biomass estimator, live: dead diatom frustule count can be considered an in-
dicator of mortality independent of predation, as C. volutator they have been shown
to grind up diatom frustules prior to ingestion (Gerdol & Hughes 1994a). So the
mortality indicated by the decline in live cells from the initial slurry to day 8 (Figure
3.24A) was likely caused by something other than grazing, such as natural mortality
or loss of light. The plot of live counts against turbidity shows that live counts de-
creased significantly with increasing turbidity (Figure 3.27G; cor =-0.41, t =-2.1, df =
22, p = 0.049). However, the regression of proportion of live cells against environ-
mental variables failed to detect any significant covariation (Table 3.5, Model 3.6)
with turbidity or any other variable. The fact that live counts correlate significantly
with Fo (Figure 3.23C, cor = 0.42, t = 2.2, df = 22, p = 0.043) is probably due to the fact
that both decrease with turbidity and increase slightly with increasing ammonium
and phosphate fluxes (Figures 3.20G & E) although there is no difference in live

counts with C. volutator presence or absence.

3.4.3 Effects of C. volutator on MPB assemblage composition

There were no differences in either species richness (3.24B) or diversity (3.24C) with

C. volutator presence or biomass treatments; species richness varied between 19 and
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28 taxa per tank and diversity varied between 0.1 and 0.3. Neither responses corre-
lated significantly with either light intensity and temperature (Figures 3.191 — L) or
turbidity, ammonium and phosphate flux (3.20] — O), although species richness did
exhibit the same patterns of responses to turbidity and nutrient fluxes as % live cells
and Fo, i.e. a slight decrease in total live taxa with increasing turbidity and an in-
crease in total live taxa with increasing nutrient release from sediment. Regression of
both species richness and transformed Simpson’s diversity (Table 3.4, Model 3.7 and
3.8, respectively) against all environmental variables also revealed no significant co-
variance between any of them. There was, however, an overall effect of moving the
natural biofilm from the field into the laboratory: there was a decrease in live cell
counts and the MDS plot from Bray-Curtis similarity indices between tanks on day 8
and the original assemblage (Figure 3.25) shows that there are no differences be-
tween the experimental treatments but a marked difference between all day 8 sam-

ples and original assemblage samples.

The only clear effect on MPB was that the final assemblages were different from the
starting assemblages and this was likely a response to the shift to a sublittoral sys-
tem, loss of light and/or change in temperature. Unfortunately, this suggests that
laboratory conditions were not ideal for maintaining diatom assemblages for testing
C. volutator engineering effects. The degree to which C. volutator reduced the light to
the sediment bed in this experiment was relatively small (< 250 umol m? s differ-
ence) compared to the light loss between emersion tide light to laboratory light in
permanently emersed conditions (> 750 umol m? s difference). This explains why
the only big change in assemblage composition occurred between the original as-
semblage and all the laboratory incubated samples, regardless of experimental
treatment. Temperatures in the laboratory were higher than they would have been

in the field in late summer, varying between 14 — 18 °C rather than between 10 - 15
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°C could have increased biomass and perhaps diversity (Defew et al 2004). However,
only three taxa out of 64 (Appendix 2: Taxa 62, 63, and 64) disappeared entirely from
the assemblage by day 8.

It has been suggested (Defew et al 2004 and references therein) that at higher tem-
peratures and low light intensities cyanobacteria are more competitive than diatoms
but this was certainly not the case in this experiment as starting cyanobacteria repre-
sented an average of 9 + 2 (st.err) % in the original assemblage and 8 +3,9+1, 6 =1,
and 8 + 3 % in the 0 — 2 g biomass treatments on day 8. Defew and colleagues (2002)
also noted a shift from larger to smaller diatom species which was considered a nor-
mal response to a more nutrient and light limited environment, whereas Grover
(1989) argues that for elongate diatoms (all pennate diatoms) larger cells are more
competitive than smaller ones. In this experiment, the original assemblage the ‘live’
component contained 21 + 2 % Gyrosigma fasciola (mean 85 um length, mean 10 um
width) and 49 + 4 % small Navicula spp. (< 30 um length, < 10 pm width) whereas by
day 8, biomass treatments 0 — 2 g contained 43 + 3,42 +4, 44 + 5, and 44 + 4 % G. fas-
ciola and 23 + 3, 20 + 3, 22 + 3, 21 + 2 % small Navicula spp. Live: dead cell ratios were
not consistent across taxa and smaller cells generally had lower liver ratios than lar-
ger cells and this ratio generally decreased more for the small cells than the large.
Smaller taxa (< 20 um length) such as Planothidium spp., Opephora spp., Cocconeis spp.
and Navicula phyllepta had initial live: dead ratios of 0.11, 0.34, 0.24, and 0.56, respec-
tively, which dropped to 0.04, 0.08, 0.05, and 0.12, respectively, by day 8, whereas the
largest taxa (> 50 pum length) Cylindrotheca closterium, Cylindrotheca gracilis, Gyrosigma
accuminatum, Gyrosigma baltica, G. fasciola, and Gyrosigma wansbecki had initial live:
dead ratios of 0.84, 0.94, 0.61, 0.86, 0.70, 0.68, respectively, and final ratios of 0.95,
0.94, 0.59, 0.85, 0.68, 0.64, respectively. This data is more in agreement with Grover’s

prediction and also suggests that the more motile diatoms were most competitive.
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It should also be noted that Defew and colleagues (2002) found that characterizing
the whole assemblage from fixed sediment samples detected less change than charac-
terizing just the epipelic portion from acid-cleaned lens tissue samples. However,
lens tissue samples were not taken for two reasons: first, in a pilot experiment lens
tissue samples were left for 2 hours but following acid-cleaning and mounting found
not to contain any diatoms, therefore in this experiment the surface area used for lens
tissues sampling was used instead to take multiple sediment samples, and second,
lens tissue samples would not contain the epipsammic fraction of diatoms in the
sediment. However, it turned out that the epipsammic fraction of the live assem-
blage was so small that in future, perhaps lens tissue samples left for more than 2

hours might be a more suitable sampling strategy.

3.4.4 General comments

A more appropriate design for this experiment would have been a tidal flow-through
system instead of a sub-tidal cycling system. A passive flow of seawater over the
bioturbated to the non-bioturbated tanks and then out of the system would have
made for simpler, more clear-cut nutrient flux measurements in each treatment sepa-
rately on each sampling day. Also, it would be a more realistic model for an inter-
tidal system. As the C. volutator engineered variable affecting MPB biomass the most
was turbidity, it would have been interesting to see whether this would still be an
important variable in a tidal system where influence is limited to half the daylight

hours.

It would appear from the results of this experiment that C. volutator was engaged in
negative niche construction, i.e. their niche constructing activities were likely to
change their environment in such a way as to reduce their own fitness (Odling-Smee

et al 2003). Not only did they decimate the MPB population locally, but their water
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column modification also imposed bottom-up controls on MPB population growth
remotely. That said, many studies have found a positive flux of nutrients (Henriksen
et al 1980; Henriksen et al 1983; Biles et al 2002; Emmerson et al 2001; Bulling et al 2010)
and it is perhaps more due to the way in which flux measurements were made (as
discussed above) that they could not be replicated. However, Gerdol and Hughes
(1994b) argued that the prevention of biofilm accretion prevents salt marsh accretion
in the long run and this could be seen as ultimately benefiting C. volutator for two
reasons. First, salt marshes facilitate sediment deposition (Maynard et al 2011)and
larger grain sizes are the first to deposit but C. volutator preferentially colonize silty
habitats with very fine average grain sizes (Meadows 1964, 1967). Second, Pinkney
and Zingmark (1993a) compared microalgal production in salt marshes, sandflats,
mudflats, and sub-tidal habitats and found that mudflats are the most consistent and
efficient microalgal communities. From that angle, C. volutator sediment resuspen-

sion and biofilm erosion could potentially be positive niche construction.
3.5 Conclusion
Ho2.1: C. volutator has no significant effect on the water column at any biomass.

This hypothesis must be rejected. C. volutator’s niche construction modifies the water
column by significantly increasing sediment resuspension. Increased nutrient fluxes

could not be demonstrated in this experiment.
Ho2.2: C. volutator has no significant effect on MPB biomass, locally or remotely.

This hypothesis must be rejected. The net effect of C. volutator resource modifications

is a significant decrease in MPB biomass due to the increased water column turbidity.
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Ho2.3:  C. volutator has no significant effect on MPB assemblage composition, locally

or remotely.

This hypothesis must be accepted. C. volutator did not affect MPB assemblage species
richness, diversity or assemblage structure either locally or remotely. However, Lar-
ger diatoms were more competitive than smaller diatoms in the laboratory environ-

ment where both nutrient availability and light intensity where limiting.
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Chapter 4: Ecosystem engineering effect of
different bioturbators on microphytobenthic

biomass and assemblage composition

Abstract

Corophium volutator (Pallas), Hediste diversicolor (Miiller), and Macoma balthica (Lin-
naeus) are all common burrow-building, deposit- and suspension-feeding infauna
of estuarine soft sediment in the North Atlantic. However, each species has a very
different feeding and bioturbation style: C. volutator is both a biodiffuser and bioir-
rigator, H. diversicolor is considered a gallery-diffuser and M. balthica is a biodif-
fuser. As previous studies have shown that each species can have both deleterious
and regenerative effects on MPB biomass, this experiment was designed to deter-
mine what net effect each feeding and bioturbation style has on MPB both locally

and remotely.

Thirty-two mesocosms, containing homogenized mud (10 cm) and biofilm (~ 5
mm) and a seawater column (10 cm), were arranged into 16 experimental units in
which one tank each contained either 2.0 g C. volutator, H. diversicolor, M. balthica,
or no macrofauna, and water columns were circulated between two tanks (~ 1 hr
turnover of tank water). Temperature, light intensity, turbidity, DIN, DIP, MPB
bulk biomass (Chlorophyll-a in top 5 mm sediment), surface (fluorescing) biomass,
and diatom counts were analysed after 6 days to determine whether C. volutator, H.
diversicolor, and M. balthica had any effect on MPB biomass and diversity locally
(‘macrofauna present’ tanks) or remotely (‘macrofauna absent” tanks). Bulk MPB
biomass was significantly (p < 0.01) reduced locally by the presence of feeding C.

volutator and H. diversicolor but not by M. balthica (p > 0.05), but significantly in-



creased (p = 0.001) remotely, due to increased ammonium flux across macrofauna
treatments. Surface biomass was significantly (p < 0.05) reduced locally by the
presence of all feeding macrofauna and significantly (p < 0.05) reduced remotely by
increased light attenuation which was approximately 5x, 5x, and 1.9x higher in the
C. volutator treatment than in control, M. balthica, and H. diversicolor treatment. No
differences were found between MPB diversities (Simpson’s index) in control, C.
volutator, H. diversicolor, and M. balthica treatments either locally or remotely. The
results suggest that C. volutator may be more influential to MPB populations in the

broad scale than other deposit-feeders.
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on microphytobenthic biomass and assemblage composition

4.1 Introduction

Bioturbation is a broad term which covers a multitude of different feeding and
burrowing styles. Feeding and the creation, maintenance, and irrigation of a
burrow can have biogeochemical, hydrological and sedimentological conse-
quences (Thayer 1979; Henriksen et al 1980; Jones et al 1997; Emmerson et al 2001;
Solan et al 2004; Michaud et al 2005, 2006; Meysman et al 2006; Dietrich & Perron
2006). The space and resource modifications that an organism imposes on in its
environment are its ecosystem functions (Naeem et al 1999). These ecosystem
functions have ramifications for all the organisms that share space and are de-
pendent on or sensitive to those resources that are modified; therefore, bioturba-
tors exert selective pressure on themselves and other species (Odling-Smee et al
2003). The more extreme, extensive, numerous, and permanent, those resource
modifications are, the more pivotal the causal organism’s role in the ecosystem

(Jones et al 1997; Odling-Smee et al 2003).

Three common bioturbators in the muddier sediments of the Eden estuary are
Hediste diversicolor Miiller, Corophium volutator Pallas, and Macoma balthica Lin-
naeus. All three species spend almost their entire lives burrowed in the sedi-
ment and all three can both deposit and suspension feed, primarily on MPB or
phytoplankton (Budd 2008; Budd & Rayment 2001; de Goij & Luttikhuizen 1998;
Green 1968, Meadows & Reid 1966; Moller & Riisgard 2006; Trevor 1977).
However, they each have different feeding and burrowing styles. Whereas
Corophium and Hediste both build and maintain burrows which they irrigate

almost continuously during tidal immersion (Green 1968; Meadows & Reid 1966;
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Moller & Riisgard 2006; Trevor 1977), Macoma does not build a burrow, it simply
shuffles down into the sediment using its muscular foot and then sends its inha-
lant siphon up to the surface to breathe and deposit feed on MPB or phytoplank-
ton. The exhalant siphon does not necessarily deposit waste on the sediment sur-
face but often within the sediment matrix (de Goij & Luttikhuizen 1998; Budd &
Rayment 2001. Corophium and Hediste both generate irrigation currents, Coro-
phium by beating its pleopods (Meadows & Reid 1966) and Hediste by muscular
undulations along the body (Green 1968), which allows them to breathe and
feed while remaining in their burrows. When suspension feeding, both species
create a form of mesh to filter microalgae out of the water column, Corophium
with the bristles on their gnathopods and Hediste by spinning a mucus web
across the burrow which is reingested once it is full (Green 1968). Both species
also gather biofilm (and scavenge dead and dying animals in the case of Hediste)
from the sediment surface drag it into their burrows, resuspend it in the burrow
water and ingest it as previously described. However, while it is well known
that Corophium flings its waste sediment and excreta out of its burrow via the
feeding current (Gerdol & Hughes 1994a; de Deckere et al 2000; Biles 2002), no
such mechanism is described for Hediste and they are not observed to resuspend
large amounts of sediment (Trevor 1977; Biles 2002) so presumably waste be-

comes part of the burrow wall.

These species perform various ecosystem functions. There are numerous studies
that demonstrating that the trophic effects of these macrofauna are a general re-
duction in MPB biomass and primary productivity (Andersen & Kristensen 1988;
Daborn et al 1993; Gerdol & Hughes 1994b; Smith et al 1996; Biles et al 2002;
Hagerthey et al 2002; de Deckere et al 2000, 2003; Dyson et al 2007; Hicks 2010,
Hicks et al 2011). However, there are very few studies that include the effect of
Hediste and Corophium feeding on MPB assemblage composition (Smith et al
1996; Hagerthey et al 2002) and both concluded that these species feed relatively

unselectively and therefore reduced dominant species the most. Smith and col-
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leagues point out that while the diatom assemblages grazed upon by Corophium
and Hediste were not different from each other (but different from the control as-
semblages), certain species were unaffected by grazing and this was more likely
to be because they were better competitors in the new chemical environment
created by the bioturbators rather than that they were rejected as food. Hager-
they and colleagues found that the MPB assemblages grazed upon by Corophium
exhibited more diversity and evenness as the dominant species were reduced the
most by non-specific grazing. No studies were found that investigated the effect
of Macoma on MPB assemblage composition. Finally, another ecosystem func-
tion of MPB grazers is that as a consequence biofilm depletion, the loss of EPS
increases the physical erodibility of the sediment (Daborn et al 1993; Gerdol &
Hughes 1994b; de Deckere et al 2000; Wood & Widdows 2002; Underwood et al
2003).

One of the most important ecosystem functions of these bioturbators is the oxy-
genation the sediment. Infauna that build tunnel-like irrigated burrows, such as
Arenicola, Nereis, Hediste and Corophium, increase the oxygen uptake of the sedi-
ment more than infauna that burrow into the sediment but use a siphon to feed
and breathe, such as Macoma, Mya and Cerastoderma (Henriksen et al 1983; Pelegri
& Blackburn 1995; Michaud et al 2005). An important consequence of increased
sediment oxygenation and surface area by burrowers is a change in nutrient
fluxes between the sediment and the overlying water column which are addi-
tional ecosystem functions. For marine systems, which are thought to be limited
by inorganic nitrogen (Ryther & Dunstan 1971; Underwood et al 1998), the effect
of sediment oxygenation enhances the microbially-mediated reduction-oxidation
reactions of the nitrogen cycle so that ammonium flux into the overlying water
often increases, especially in the dark and in flowing water, but nitrification of
ammonium may also increase, and denitrification/remineralization of the over-
lying water column increases when light levels are low and nitrate levels are

high (Henriksen et al 1980, 1983; Andersen & Kristensen 1988; Pelegri & Black-
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burn 1994, 1995; Pelegri et al 1994; Rysgaard et al 1995; Mortimer et al 1999; Biles
2002; Mermillod-Blondin et al 2004; Ieno et al 2006; Michaud et al 2006; Bulling
2010). Burrowers with the greatest effect on the oxygen uptake are generally
found to have the greatest effect on the nitrogen cycle (Henriksen et al 1980; Pe-
legri and Blackburn 1995; Michaud et al 2006) although in a field study in the
Humber Macoma and Hediste were found to increase ammonia and nitrite release
whereas no conclusive results were found for Corophium (Mortimer et al 1999).
Some studies have also compared phosphate fluxes amongst sediments with dif-
ferent bioturbators or without bioturbation and found that phosphate release
could be slightly enhanced by bio-irrigation (Mermillod-Blondin et al 2004; Bull-
ing et al 2010) but the reverse has also been reported (Mortimer et al 1999). As
with ammonium release, it has also been observed that phosphate release in-
creases in the absence of light (Hylleberg & Henriksen 1980; Ieno et al 2006) due

reduced interference by MPB photosynthesis.

Another consequence of increased oxygenation and turnover of the sediment is
that it increases the biogenic mixing depth which has been shown to have impor-
tant implications for smaller and less active infauna by creating suitable habitat
(Solan et al 2004). A final important ecosystem function of bioturbators is that
they can enhance physical sediment resuspension and deposition by actively
adding or removing sediment from the water column: Corophium has been
shown to be an important resuspender of sediment (Biles 2002; de Deckere et al
2003) and Macoma (and other bivalves) have been shown to increase deposition
(Wood & Widdows 2002) but whether Hediste are generally bioresuspenders or

biodepositors is still undefined.

The proliferation of burrowing invertebrates in the Phanerozoic coincided with a
decline in immobile suspension feeders due to regular small-scale disturbance of
the sediment (Thayer 1979). As estuarine sediments are dominated by motile

bioturbators, it is likely that bioturbation also contributed to the diversification
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of motile diatoms which now dominate fine grained sediment with high biotur-
bation and disturbance levels (Round et al 1981; van den Hoek 1995). It is possi-
ble that the other ecosystem functions of bioturbators discussed above could also
exert selective pressure on MPB. Studies on freshwater benthic and pelagic
communities and marine phytoplanktonic communities, which are far more
numerous than benthic estuarine and marine studies, have shown that changing
limiting nutrient and turbidity levels changes microalgal biomass and composi-
tion (Pan & Lowe 1994; Smith 1996; Naymik et al 2005; Passy 2007, 2008; Finkel et
al 2009; Licurzi & Gomez 2009; Duarte et al 2000; Vidal & Duarte 2000).

Broadly speaking, estuarine-marine MPB biomass has been shown to increase
with inorganic nitrogen supply (Hillebrand et al 2000; Hagerthey 2002) and de-
creased by infaunal grazing (Smith et al 1996; Hillebrand et al 2000; Hagerthey
2002), although the biomass response to grazing can vary with the grazer
(Hagerthey et al 2000). The responses of estuarine-marine MPB biodiversity
measurements to nitrogen enrichment and grazing are more complicated and no
studies were found to determine the responses to water turbidities. While Coro-
phium can feed selectively, it is able to consume most diatoms and Hediste is
unlikely to feed unselectively (Smith et al 1996). Smith and colleagues (1996)
showed that Corophium and Hediste significantly changed the MPB assemblage
compared to ungrazed treatments but they did not have species specific effects
on the resulting MPB assemblage. With the exception of two species, one highly
silicified and one very large, they fed unselectively. As Macoma is also a deposit
feeder and is also unlikely to feed selectively. However, simply by removing
more dominant MPB species these infauna can favour the species more able to
take advantage of the new physical and chemical conditions and reproduce
more rapidly (Smith et al 1996). A marine study in the western Baltic (Hille-
brand et al 2000), where gastropods were the dominant grazers, resulted in
higher species richness and diversity (H’) in the ungrazed assemblages because

gastropods tended to remove upright species, leaving the prostrate species



Chapter 4: Ecosystem engineering effect of different bioturbators on MPB 136

(which can then benefit from the extra nutrients and light); these results corrobo-
rated findings from a similar study in freshwater (Pan & Lowe 1996). In the
same study (Hillebrand et al 2000), species richness increased with low to mid-
level nutrient (NPK) enrichment but declined with high level enrichment
whereas species diversity (H’) was significantly lower in the presence of grazers
in the unenriched treatment and significantly higher in the presence of grazers in
the maximally enriched treatment. Hagerthey and colleagues (2002) found that
MPB assemblages grazed by Hydrobia were either no different or slightly more
species rich than ungrazed assemblages and species richness did not increase in
higher nutrient treatments. Corophium did not increase species richness either
but did increase species evenness (E) and diversity (H"). With respect to nutri-
ent levels, while diatoms have preferences for certain nutrient levels, they are
quite flexible and can survive a wide range of conditions (Sundbéck & Snoeijs
1991; Underwood et al 1998; Underwood & Provot 2000) and with respect to
light levels, diatoms have been shown to be able to last for well over a week in
complete darkness due to their ability to horde nitrates and use them for nitrate

respiration (Kamp et al 2011).

The aim of this experiment was to examine what effects the ecosystem functions
of these species had on the water column, and what effects the water column
characteristics had on the biomass and composition of MPB communities in the
presence and absence of feeding bioturbators. In addition, it was an opportunity
to observe whether there was a relationship between MPB diversity and bio-

mass. More specifically, the following null hypotheses were tested:

Ho4.1: Bioturbation by Corophium, Hediste, and Macoma produces similar modi-

fications to the overlying water column.

Ho4.2: Corophium, Hediste, and Macoma feeding and bioturbation only effects
MPB biomass in the sediments in which they are present and cannot remotely

affect MPB biomass remotely via resource modification in the water column.



Chapter 4: Ecosystem engineering effect of different bioturbators on MPB 137

Ho4.3: Corophium, Hediste, and Macoma feeding and bioturbation only effects
MPB assemblage composition in the sediments in which they are present and
cannot remotely affect MPB biomass remotely via resource modification in the

water column.
Ho4.4: There is no relationship between MPB biomass and biodiversity.

4.2 Materials & Method

4.2.1 Experimental design

The experimental design was described in the previous chapter (see Chapter
3.2.1 and Figure 3.1) where each of 16 experimental units consisted of paired
tanks in which one contained the bioturbation treatment and the other contained
just MPB but the water columns were shared between them. The only change
made here was that the tanks were transparent, rectangular, polyethylene con-
tainers (14.7 cm long x 12.7 cm wide x 23.5 cm high). Holes were punched into
the centre of the end of each tank at 10 cm height and fitted O-rings and nylon
tank connectors which allowed 32 tanks to be connected into 16 experimental
units by the 16 peristaltic pumps (pumping at 35.4 ml min). Experimental units
were arranged 2 rows along the laboratory bench underneath banks of fluores-
cent daylight tubes (6500K colour temperature) delivering an average of 280
umol photons m? st PAR (photosynthetically active radiation) to the tops of the
tanks. Lights were set to a 14:10 hour light: dark cycle — lights came on at 8 am.

The thermostat of the aquarium was set to 12 °C.

All 32 tanks contained sediment, MPB biofilm slurry, and seawater. The 16 units
were divided into 4 macrofauna treatments with 4 replicates each: no macro-
fauna (control), C. volutator, H. diversicolor, and M. balthica (Figure 4.1). To avoid
the confounding between light intensities and macrofauna treatments, as in the
previous experiment, macrofaunal identity treatments were distributed so that

each treatment had replicates in high and low light intensity areas. In addition
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to the macrofauna identity treatments there was the macrofauna presence treat-
ment: water was pumped from the tank containing macrofauna (MP: macro-
fauna present), includes the 0 g control treatments) to the tank containing no
macrofauna (MA: macrofauna absent) from where it passively flowed back to
the MP tank. To avoid confounding effects of macrofauna presence with tem-
perature effects, 8 MP treatments were located in row 1 and 8 were in row 2 and
the frame was pulled away from the wall to improve air circulation and heat

convection away from row 1.
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Figure 4.1: A total of 32 tanks, arranged as 16 units, distributed amongst 4 treatments:
control (C) without macrofauna, 1.4 g C. volutator (Cv), 1.4 g M. balthica (Mb), 1.4 g N.
diversicolor (Nd). All tanks contained 10 cm layer of sifted sediment and 0.5 cm layer of
microphytobenthos (MPB). The pumps for units 1 — 8 are in row 1 and the pumps for

units 9 — 16 are in row 2.

4.2.2 Set up and sampling

Mud was collected at the 400 m? quadrat on the North Shore of the Eden estuary
at the Guardbridge paper mill (Chapter 2) in late July 2009. Mud was collected
to about 15 cm depth and sifted through 0.5 mm? mesh into a mixture of filtered
seawater and filtered tap water to salinity 22 which was the salinity of the pore
water of the sediment. Macrofauna collected in the sieves were picked out and
kept in aerated tanks with sifted mud microphytobenthic biofilm. At the start
of the experiment (Figure 4.2, day 0) each tank was filled with 10 cm of sifted
sediment after which microphytobenthic biofilm was scraped from the sediment
surface just below the paper mill quadrat, sifted through a 0.5 mm mesh into a

small amount of seawater (salinity 33), homogenized, and sampled. 140 ml of



Chapter 4: Ecosystem engineering effect of different bioturbators on MPB 139

the biofilm slurry was layered onto the sediment in each tank with a 50 ml sy-

ringe (approximately 5 mm deep).

The following morning (day 1), fluorescence measurements were made to ac-
count for variation in initial surface biomass. Macrofauna were then damp
weighed into 4 batches of 1.4 g each, which corresponded to slightly more (0.2 g)
than the in situ total macrofaunal biomass for 187 cm? sediment. Macoma and
Hediste numbers were insufficient at the paper mill site at the time and so were
collected from Kincaple flat (see map, Figure 2.1) and the Guardbridge site, re-
spectively. Each tank was filled with 13 cm filtered and aerated coastal seawater
(2.43 L, salinity 33) after which the animals were added and allowed to burrow
in for the night. Turbidity was measured and pumps were switched on prior to
lights-on the following morning (day 2). Animal activity in the tanks was moni-
tored for the duration of the experiment and any dead animals were immedi-
ately removed, counted and replaced with similarly sized individuals. Macoma
activity could only be monitored by observing siphons on the surface and they
maintained activity until day 6 when they were fewer siphons visible in 3 out of
4 tanks. As they could not be removed without disrupting the sediment, the ex-

periment was ended prematurely on day 7 instead of day 8.

On day 7, prior to lights-on, turbidity was measured in all tanks, 40 water ml
water samples were taken for nutrient analysis and stored at -80 C prior to
analysis, and finally, the remaining ~ 2L of overlying water were collected for
suspended sediment quantification. Minimum fluorescence measurements were
made following lights on after 15 minutes of dark adaptation. Then, a double
layer of 2 x 10 cm strips of lens tissue were placed across the centre of the sedi-
ment in each tank and left to trap migrating diatoms from the sediment surface
for 6 hours. Finally, the top sheets of lens tissue were collected in 4 % glutaral-

dehyde in seawater solution at 8 °C and the bottom sheets discarded. Two con-
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tact cores were collected from either side of where the lens tissue had lain and

stored at -80 °C for later chlorophyll a, water and organic content analysis.
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Figure 4.2: Timeline of the experiment.

4.2.3 Measurements
4.2.3.1 Temperature and light intensity

Temperature was measured in each tank on day 1 and 6 in the morning at lights-
on and in the evening just prior to lights-off. Mean light intensity at the surface

of each tank was recorded from two measurements per tank.

4.2.3.2 Turbidity, suspended sediment, light attenuation and nutrients in the

overlying water

Turbidity was measured in nephelometric turbidity units (ntu) with a Eutech In-
struments Turbidimeter TN100. The unit was calibrated using standards at 0.02,
100, and 800 ntu, followed by measurement of filtered seawater and then each
tank’s water was measured in triplicate and a mean taken; the unit was checked
for drift with filtered seawater after every 4 tanks. In order to calibrate light at-
tenuation to turbidity, the water collected from each tank was used to create a 13
cm water column in a glass beaker, which was raised to be at the same, fixed,
height as the tops of the tanks from the experimental light, and light was meas-
ured with a LICOR 189 photometer fixed to the underside of the beaker. Light

penetration through each water column was expressed as a proportion of light
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penetration through a 13 cm column of filtered seawater. Following measure-
ment of light attenuation, the sediment was allowed to settle for 48 hours, then
the water was water column was gently siphoned off. The remaining sediment
was rinsed into preweighed aluminium cups with tap water, baked until dry for
5 days at 60 °C, and reweighed to determine the weight of the sediment. The 40
ml water samples, which had been filtered through 0.45 Nalgene syringe-filters
prior to storage at -80 °C, were analysed for NHs*-N, NOs -N, and PO4+*-P (Chap-

ter 2.3) and quantities are reported in pmol L.

4.2.3.3 Fluorescence measurements

Four minimum fluorescence (Fo) measurements were made in each tank follow-
ing 15 minutes of dark (<4 umol m? s') adaptation. Because the tanks measured
later would have had a longer dark adaptation time, tanks were measured in
randominzed and recorded order. Measurements were made with a Hansatech

FMS2 (settings detailed in Chapter 2.4.2.4).

4.2.3.4 Chlorophyll a, water, and organic content of sediment

The water contents of the contact cores was calculated (as detailed in Chapter
2.2.3) by placing each core in pre-weighed bags, reweighing, freeze-drying over-
night, and reweighed the following morning. Dried sediment was then used for
chlorophyll-a and organic content assays. Organic content was calculated (as
detailed in Chapter 2.2.3) by putting approximately 2 g of the freeze-dried sedi-
ment into a preweighed aluminium boat, reweighing, combusting in a muffle
furnace (450 °C) overnight and reweighing. Chlorophyll a analysis (detailed in
Chapter 2.4.1) was modified by adding an acidification step following Lorenzen
(1967) to account for pheo-pigments, chlorophyll-a degradation products. After
measuring the absorbance at 664 nm wavelength, 60 uL of 1M HCl is added to
each sample to acidify chlorophyll 2 but not pheopigments, and the sample was

reread at 664 nm? Chlorophyll 2 g of sample was then calculated by Equation
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4.1 (modified from Lorenzen 1967) and chlorophyll a cm? was calculated by
Equation 2.4.

AxKx (664, —664,) xv

Chla (ugg™) =
Equation 4.1

Where

A = absorption coefficient of chlorophyll a =11.0,

K = factor to equate the reduction in absorbency to initial
chlorophyll concentration, = 2.43,

6650 = absorbance before acidification,

665. = absorbance after acidification,

v = volume of acetone used for extraction (ml),

V¢ = grams of sediment in sample,

I = path length of cuvette (cm),

R = maximum ratio of 665 : 665. in the absence of pheo-

pigments =1.7.

4.2.3.5 Microphytobenthic assemblage

Lens tissue samples were collected, oxidized, and mounted onto permanent
slides (described in section 2.5.3) for examination under higher magnification (x
1,250) to make more refined taxonomic distinctions between the epipelic species.
Two hundred valves were identified per tank from which species richness
(number of taxa per sample) and Simpson diversity (- In transformed) indices
were calculated. Taxa were classified by a two reference identification numbers
but most could be identified to species (taxa descriptions presented in Appendix
1) using several published diatom catalogues (Barber & Haworth 1981, Hartley
et al 1996, Hendey 1964, Kelly et al 2005, Round et al 1990, Snoijes 1993, Snoeijs
& Vilbaste 1994, Snoeijs & Potapova 1995, Snoeijs & Kasperovieciene 1996,
Snoeijs & Balashova 1998, Van der Werff & Huls 1976, Wittkowski et al 2000,
Ribeiro 2010, Bayer et al 2012).
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Figure 4.3: All tanks (A), pumps 1 — 7 in row 2 (B), units 1 — 4, %2 hr after adding ani-
mals (C), the 274 tank from left is a Corophium/present treatment —the turbidity is already
higher than in the Macoma/present and Nereis/present tanks to the left and right, respec-
tively.

4.2.4 Analysis

All measurements made are presented graphically against treatment groups and

group means are presented and reported with + 1 standard error (Table 4.2).
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Table 4.1: Summary of statistical models in Chapter 3: i = index for tank number; j = in-

dex for unit number; Y = the response variable; ID = macrofauna treatment; MP = the

presence/absence treatment; fID = identity of macrofauna if present in tank; cPAR = cen-

tralised PAR; %LA = mean light attenuation ;. € = errors; V = variance-covariance matrix

Model | Response Da Fixed effects Error
Nr variable y (maximum model) ©
4.1.1 Turbidity (tanks) | 2 Yi ~ factor(IDs) * factor(MP) + &; & ~ N(u,0%*V)
4.1.2 Turbidity (tanks) | 4 Yi ~ factor(IDs) * factor(MP) + & & ~ N(u,0%*V)
4.1.3 Turbidity (tanks) | 7 Yi ~ factor(IDs) * factor(MP) + & & ~ N(u,0%*V)
414 Turbidity (unit) 4 Y; ~ factor(IDi) * factor(MP) + & & ~ N(u,0%*V)
4.1.5 Turbidity (unit) 7 Y; ~ factor(IDi) * factor(MP) + & & ~ N(u,0%*V)
4.2.1 Susp. Sed (tanks) | 7 Yi ~ factor(IDi) * factor(MP) + &; & ~ N(u,0%*V)
Light att
422 (tli ks‘; e 7 Y, ~ factor(IDy) * factor(MP) + & & ~ N(u,0%V)
4.2.1a ANHy 1,7 Yi ~ factor(IDs) *factor(MP) + &i & ~ N(u,0%*V)
4.2.1b APOx« 1,7 Yi ~ factor(IDs) *factor(MP) + & & ~ N(u,0%*V)
P~ i)* i
431 % water 7 :r)10va(Y1 factor(IDi)*factor(MPi) + &~ N(Wwo?)
Yi ~ factor(ID:)*factor(MPi
432 % organic 7 :r)wva( actor(IDy)*factor(MP) + &~ N(1,0?)
Yi~ £ IDi)*f Pi
44.1 % chlorophyll-a | 7 zzova( actor(IDi)"factor(MPs) + & ~ N(u,0%*V)
i~ i)* i
440 Fis 7 :?ova(Yl factor(IDi)*factor(MP;) + & ~ N(1,o?V)
443 Sp. Richness 7 z?ova(Yi ~ factor(IDi)*factor(MP;) + &~ N(1,0?)
i~ i)* i
444 Simp. Div 7 z?ova(Yl factor(ID:)*factor(MP;) + &~ N(1,0?)
Yi~ factor(fID)i + cPAR: + %LA,; +
45.1 Chl-a 7 ANHd+ APO#* + cPARj: %LA; + &i ~ N(p,07*V)
factor(fID)i: %LA; + €i
Yi~ factor(fID)i + cPAR: + %LA,; +
452 F35 7 ANH4'+ APO# + cPARj: %LA; + & ~ N(u,0%*V)
factor(fID)i: %LA; + &
Yi~ factor(fID)i + cPAR: + %LA,; +
453 Sp. Richness 7 ANHz4+ APO#* + cPAR;: %LA; + & ~ N(u,02*V)
factor(fID)i: %LA; + €i
Yi~ factor(fID)i + cPAR: + %LA,; +
454 Simp. Div 7 ANH4'+ APO# + cPAR;j: %LA; + & ~ N(u,0%*V)

factor(fID)i: %L A; + &i
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Table 4.2: Mean measurements for all 8 treatment groups (+ 1 standard error): incident

light intensity (all days, umol m2 s™), turbidity (ntu), suspended sediment (day 7, g),
light attenuation (day 7, %), NHs~N flux (umol L), NOx—N flux (umol L), PO+ —P
flux (umol L), sediment water and organic content (day 7, %), chlorophyll a (day 7, ug

cm?), fluorescence (arbitrary units), species richness (day 7, # taxa), and negative log

transformed Simpson diversity index (day 7, -InD).

Bioturbator Control Corophium Hediste Macoma
Presence MP MA MP MA MP MA MP MA
Light int. 28630 | 2763 | 2643 | 29017 | 27330 2792 | 28215 | 29220
Turbidity
day2 | 2.79+02 | 33202 | 14619 | 2.8+034 | 42004 | 23903 | 356+06 | 35007
day 4 213 c0a | 20103 ] 12.8+15 | 13.4=185| 33304 | 38003 | 2.17+03| 2.20+03
day 7 205 s 191 203 52.5+50 | 558926 | 23003 | 28007 | 22503 2..821 c07
Susp. sed 0.11 =00 | 0.06 =005 | (.57 =000 | 0.67 =022 | (.22 007 | (.11 003 | 0.08 =00 | (.06 *0.04
% Light 18.1=94 | 8.6%63 | 78.7+53 | 66967 | 432162 | 27884 | 14598 | 909=068
NH} — N 0.29+02 | 1.0*04 | 6.5*21 | 7.4=*23 5.3 =16 3.3=11 1 0.38=01| (0.86*02
NO3z — N 0.0=00 | 0.0=00 | (.2*02 0.1=01 | 0.02=002 | 0.05=005 | 0.000 | (.0+00
PO}* - P 1.8+01 | 1.9=02 | 28=01 | 2701 2,603 2.2#01 | 33+05 | 3305
% Water 63.7+07 | 61.4+12| 63.0+16 | 64.4=°7 | 60.6+*22 | 66.0*06 | 64.2+06| 57.8*45
% Organic | 13.4+24 | 9.2+03 | 12.8+20 | 10.8+08 | 8.6*06 11.4+12 | 9.7=04 | 125+16
Chl-a 50.8 69 | 56.6*38 | 39.6*67 | 76.8*192| 42.8+66 | 66.3 117 | 58.7 12| 42,0 *45
F§®
day 1 41315 | 453=2 | 372=% | 4042 39215 3896 | 413=% | 370+%»
day 4 412+16 | 429=2 | 194+ | 3292 309 =44 418+12 | 316+ | 434+>
day 7 416 =4 " 433 1 187 =12 | 264 *3% 129 =2 310+ | 240+% | 394+% |
# Taxa 33 +39 27 +24 30 =36 25+39 2217 31 =09 3021 | 28=18
Simpson D | 0.14+3° | 0.13*26| 0.13*36 | 0.20+3° | 0.18+'7 | 0.11+0° | 0.12+21| 0.16*'®
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Water column and MPB variables were analysed by GLS with macrofauna iden-
tity and presence as categorical variables; unit identity was added as categorical
variance category to account for non-independence (if AICc with was lower than
AICc without). MPB parameters were analysed by GLS regression with the
identity of feeding macrofauna as a categorical variable and light intensity, and
water column measurements as covariates; again, weights were fitted where
necessary to accommodate non-independence or heteroscedasticity in the data.
Details of model selection are described in Chapter 2.7. All maximum models

(before selection) are presented in Table 4.1.
4.3 Results

4.3.1 Light and temperature

Temperature increased over the days of the experiment: on day 1 temperature
increased from 12 °C in the morning to 20 °C by lights-out but by day 6 they
started at 14 °C in the mornings and increased to 22 °C by lights-out. However,
no temperature differences were found between tanks and treatments. While
there were differences between incident light intensities to the tanks, spreading
the treatments over areas of higher and lower light intensities ensured that mean
light intensities between treatment groups were reasonably consistent (see Table

4.2; Figure 4.4).

300 400

PAR (umolm?s™)
100 200

9

c Cv  Hd Wb

Macrofauna ID
Figure 4.4: Mean light intensity (+ 1 st. err.) in each treatment group:
MP treatment (grey bars) and MA treatment (black bars) in each of the
control (C), Corophium (Cv), Hediste (Hd), and Macoma (Mb) treatments.
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4.3.2 Turbidity, suspended sediment, and light attenuation

4.3.2.1 Turbidity

The filtered seawater added to each tank on day 1 had a mean turbidity of 0.09
ntu (x 0.02). Corophium generated turbidity immediately upon burrowing the
sediment and this did not occur as a consequence of Nereis and Macoma burrow-
ing into the sediment (Figure 4.3 C). Turbidity in the control tanks (2.79 + 0.2
ntu) was slightly higher than turbidity of seawater, presumably due to some
suspension of sediment during set up but this sedimented out over the course of
the experiment (see Table 4.2). By day 2, turbidity (see Figure 4.5; Table 4.3,
Model 4.1.1) in the Macoma/present tanks (3.56 + 0.6 ntu) the same as in the con-
trol/present tanks (p = 0.288) but turbidity in the Hediste/present tanks (4.20 + 0.4
ntu) was slightly but significantly higher than in the control tanks (p =1.5*10%),
and turbidities in Corophium/present tanks (14.6 + 1.9 ntu) substantially and sig-
nificantly higher than in the control tanks (p = 6.8*10°). While there were no sig-
nificant differences between MP/MA treatments (Table 4.3, Model 4.1.1) of the
control (p = 0.064) and Macoma (p = 0.561) treatments on day 2 (prior to pumps
being turned on), there were significant differences between the MP/MA treat-
ments of the Hediste (p = 1.5*10*) and Corophium (p = 1.2*10°) treatments. How-
ever, differences in turbidity between the MP/MA treatments of all bioturbator
treatments disappeared after the pumps were switched on (see Fig. 4.5 and Table
4.3: Models 4.1.2 and 4.1.3, where all Patch 2 p >0.05). As turbidity is only gen-
erated in one tank per unit, for days 4 and 6, total unit turbidities rather than
tank turbidities were compared between bioturbator treatments and control.
The mean turbidity in the control and Macoma units on days 4 and 7 were ap-
proximately the same, but the mean turbidities in the Hediste unit were 1.7x and
1.9x higher than in the control units, and the mean turbidities in the Corophium
units was 6x and 24x greater than in the control units (Figure 4.6). The differ-
ences in turbidities between the Macoma and control tanks were not significant

(p =0.776 and p = 0.243, respectively) on either days 4 and 7, the differences be-
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tween the control and Corophium tanks were significant on both days (p = 1.1*10°
and p = 4.0"10°, respectively), whereas the difference between the Hediste and
control tanks was only significant on day 7 (p = 0.052 and p = 0.005, respectively,
Table 4.3: Model 4.1.4 & 4.1.5). Total unit turbidity increase over days was not

linear but as this pattern was likely influenced by animal deaths (Figure 4.6).

In summary, Macoma generated no significant turbidity in the overlying water
column, while Hediste generated a small but significant turbidity and Corophium
generated a large and significant amount of turbidity. The pumps, which were
switched on the morning after the animals were added, equalized the water col-
umn between the MP and MA treatments so that the biofilms were exposed to
the same water column conditions for most of the experiment despite the pres-

ence or absence of macrofauna.
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Figure 4.5: Mean turbidity (+ 1 st. err.) in each macrofauna treatment over the 7 days of
the experiment: control (black), Corophium (red), Hediste (green), and Macoma (blue).
Filtered seawater and animals were added to the tanks on day 1 (dot-dashed line) and

pumps were switched on the morning of day 2 (dotted line).
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Figure 4.6: Total daily turbidity generated by each unit : control (black),
Macoma (blue), Hediste (green), and Corophium (red).

Table 4.3: Regression results for models with turbidity as response variable.

Model Nr/ Res/Tot | Variable Est Standard | p-value
Details DF error
411 21/32 Intcpt (C, MP) 2.79 0.19 2.4*1013
Turbidity Cv 11.8 1.36 6.8*10°
Day2, Tanks Hd 141 0.37 8.4*10+
GLS with MF as Mb 0.77 0.71 0.288
variance category. MA 0.53 0.27 0.064
Cv:MA -12.4 1.92 1.2*10¢
Hd : MA -2.34 0.52 1.5%10+
Mb : MA -0.59 1.01 0.561
412 20/32 Intcpt (C, MP) 212 0.31 1.7*105
Turbidity Cv 10.7 1.69 3.8*105
Day 4, Tanks Hd 1.21 0.67 0.099
LME with MF as Mb 0.04 043 0.928
variance category MA -0.11 0.11 0.335
and unit as a Cv:MA 0.65 2.31 0.784
random factor Hd : MA 0.56 0.74 0.466
Mb : MA 0.15 0.15 0.368
413 20/32 Intcpt (C, MP) 2.0 0.43 4.5*10
Turbidity, Tank Cv 50 7.42 1.9*105
Day 7 Hd 2.47 0.61 1.7*10°
LME with MF as Mb 0.20 0.83 0.813
variance category Patch 2 -0.14 0.17 0.435
and unit as a Cv:MA 3.46 10.5 0.747
random factor Hd : MA -0.35 0.27 0.226
Mb : MA 0.73 0.83 0.401
414 9/16 Intcpt (C, MP) 413 0.51 3.6*10¢
Turbidity Cv 22.02 3.06 1.1¥10°
Day 4, Unit Hd 2.98 1.38 0.052
GLS with MF as Mb 0.23 0.77 0.776
variance category.
4.15 9/16 Intcpt (C, MP) 3.96 0.70 0.0001
Turbidity Cv 104.4 13.1 4.010
Day 7, Unit Hd 4.59 1.32 0.005
GLS with MF as Mb 1.13 0.92 0.243
variance category.
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4.3.2.2 Suspended sediment

Suspended sediment collected in overlying water from MP and MA tanks at the
end of the experiment was less than 1 g across the board but was lowest in the
Macoma tanks, followed by the control tank and Nereis tanks, with Corophium
tanks having by far the most (Table 4.2 and Figure 4.7). There were no significant
differences between MP and MA treatments within any of the macrofauna
treatments (Table 4.4, Model 4.2.1: all MA treatments p > 0. 05) and neither He-
diste nor Macoma treatments had suspended sediments significantly different
from the control treatment (Hediste p = 0.225 and Macoma p = 0.635). The Coro-
phium treatments, however, showed significantly greater amounts of suspended

sediment than the control treatment (p = 0.022).

4.3.2.3 Light attenuation

Light penetration through the final water columns of each tank, expressed as a
percentage of light penetrating a column of pure filtered seawater of the same
height, was greatest through the columns of the control and Macoma treatments
(> 80 %), followed by the Hediste treatments (50 % - 80 %) and was lowest (< 40

%) through the water columns of the Corophium treatments (Table 4.2 and Figure

47).
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Figure 4.7 Mean suspended sediment (left) and light penetration (right) in each
treatment group on day 7, where grey points and error bars represent the MP treat-
ments and black points and error bars represent the MA treatments of the control (C),
Corophium (Cv), Hediste (Hd), and Macoma (Mb) treatments.
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There were no significant differences between MP and MA treatments within
any of the macrofauna treatments (Table 4.4, Model 4.2.2: all MA treatments p >
0. 05) and neither Hediste nor Macoma treatments had light losses significantly
lower than the control treatment (Hediste p = 0.772 and Macoma p = 0.549) even
though all of the MA treatments had slightly higher light than the MP treat-
ments (Figure 4.7). The Corophium treatment, however, showed significantly less

light penetration than the control treatment (p = 0.0002).

4.3.3 Nutrients
4.3.3.1 Ammonium

NH{ ion levels in control and Macoma treatments were approximately the same
(0.6 pmol L1) as the levels in seawater suggesting that there was no net flux into
or out of the sediment from the overlying water column over the course of the
experiment (Figure 4.8). However, NH; ions were substantially more abundant
in Hediste (mean = 4.3 umol L") and particularly Corophium (mean = 6.9 umol L)
treatments meaning there was a positive flux of NH; out of the sediment into the
water column. In the MP treatments only Corophium and Hediste had a signifi-
cantly higher NH{ flux than the control ((Table 4.4, Model 4.2.3: p = 0.018 and p
= 0.001, respectively). There were no significant differences between MP and
MA treatments within any of the macrofauna treatments (all MA treatments p >

0.05) .

4.3.3.2 Nitrite + Nitrate

Final combined nitrite + nitrate (NOy ) levels were near 0 across all treatments.
However, the seawater that the tanks were filled with contained 6.6 pumol L
NO; . This means there was a negative flux of NO; from the overlying water into

the sediment in all tanks.
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Figure 4.8: Mean quantity of nitrogen from ammonium ions (NHs*-N, left), combined
nitrate and nitrite ions (NOx-N, centre), and quantity of P from phosphate ions (PO4**-P,
right) in the overlying water columns on day 7. Grey points and error bars represent
the MP treatments and black points and error bars represent the MA treatments of the
control (C), Corophium (Cv), Hediste (Hd), and Macoma (Mb) treatments. The red lines
represent the original levels in the filtered seawater with which the tanks were filled (on
day 1). A final level > original level indicates a positive flux from the sediment into the
overlying water and a final level < original level indicate a negative flux from the over-

lying water into the sediment).

4.3.3.3 Phosphate

The mean PO;* fluxes in the control treatments and the Hediste-MA were nega-
tive: the most phosphate was absorbed from the overlying water column (sea-
water = 2.5 umol L) into the sediment in the two control treatments followed by
Hediste-MA (Figure 4.8). All other treatments had positive mean PO3" fluxes, of
which the two Macoma treatments were the highest, followed by both Corophium
treatments, and finally the Hediste-MP treatment. The Corophium-MP and
Macoma-MP were significantly different from the control-MP treatment (Table
4.4: Model 4.2.4: p =0.025 and p = 0.002, respectively) but the Hediste-MP treat-
ment was not (p = 0.092). Again, there were no significant differences between
MP and MA treatments within any of the macrofauna treatments (all MA treat-
ments p > 0. 05), which, by logical extension, suggests that both the Corophium-

MA and Macoma-MA were also significantly greater than the control-MA.

3.3.4 Sediment properties

The sediment grain size was bimodal with peaks at 20 and 40 um with 100 % of

the bed < 63 pm, i.e. silt or fine mud according to the Wentworth scale. The
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mean water content of the surface sediment (< 2 mm) in the 8 treatments at the
end of the experiment ranged from 57.8 % to 64.4 % (Table 4.2). While the in the
Corophium and Hediste treatments the MP had lower water contents than the MA
treatments the situation was reversed in the control and Macoma (Figure 4.9).
There was no significant overall effect of macrofauna treatment (Table 4.4,
Model 4.3.1: p = 0.542) or macrofauna presence (p = 0.715) on organic content but
there was a significant interaction (p = 0.027) due to the opposite directions of

increase in the MP and MA treatments over the MF treatments.

Mean sediment organic content ranged from 8.6 % to 13.4 % (Table 4.2). In the
MP treatments the control treatments had the highest organic content, followed
by Corophium, Macoma, and Hediste, whereas in the MA treatments the control
treatments had the lowest organic content, followed by Corophium, Hediste, and
Macoma (Figure 4.9). There was no significant overall effect of macrofauna
treatment (Table 4.4, Model 4.3.2: p = 0.075) or macrofauna presence (p = 0.191)

on organic content but there was a significant interaction (p = 0.027) due to the

opposite directions of increase in the MP and MA treatments over the MF treat-

ments.
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Figure 4.9: Mean water (left), organic (centre), and chlorophyll-a (right) content in the
top 2 mm of sediment in each treatment group on day 7. Grey points and error bars
represent the MP treatments and black points and error bars represent the MA treat-
ments of the control (C), Corophium (Cv), Hediste (Hd), and Macoma (Mb) treatments.
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Table 4.4: Regression results for models overlying water and sediment properties.

Model Nr/ Res/Tot | Variables Est | Standard | p-value
Details DF error
4.2.1 20/32 Intcpt (C, MP) 0.11 0.55 0.065
Susp. sed Cv 0.46 0.17 0.022
Day 7, Tanks Hd 0.11 0.08 0.225
LME with MF as vari- Mb -0.03 0.07 0.635
ance category and unit MA (C) -0.06 0.05 0.302
as a random factor Cv:MA 0.16 0.23 0.503
Hd : MA -0.05 0.09 0.563
Mb : MA 0.04 0.06 0.521
4.2.2 20/32 Intcpt (C, MP) 18.1 8.63 0.59
Light atten Cv 60.5 11.3 0.0002
Day 7, Tanks Hd 25.2 16.0 0.142
LME with MF as vari- Mb -3.63 11.0 0.748
ance category and unit MA (C) -9.45 8.11 0.267
as a random factor Cv:MA -2.33 9.31 0.807
Hd : MA 5.98 18.6 0.753
Mb : MA 4.88 8.66 0.584
4.2.3 20/32 Intcpt (C, MP) -0.31 0.33 0.365
ANH; — N Cv 6.18 2.24 0.017
Day 7, Tanks Hd 5.00 141 0.004
LME with MF as vari- Mb 0.09 0.40 0.830
ance category and unit MA (C) 0.72 0.44 0.129
as a random factor Cv:MA 0.23 3.15 0.944
Hd : MA -2.68 1.98 0.201
Mb : MA -0.23 0.51 0.657
4.24 20/32 Intcpt (C, MP) -0.67 0.28 0.033
APO}3 — P Cv 1.00 0.39 0.025
Day 4, Tanks Hd 0.77 0.42 0.092
LME with MF as vari- Mb 1.50 0.39 0.002
ance category and unit MA (C) 0.11 0.11 0.318
as a random factor Cv:MA -0.26 0.13 0.065
Hd : MA -0.51 0.26 0.073
Mb : MA -0.17 0.11 0.156
4.3.1 24/32 MF [3] 11.4 0.733 0.542
% Water content Pres [1] 211 0.136 0.715
Day 7, Tanks ME:Pres [3] 50.7 3.28 0.038
ANOVA Residuals [24] 15.5
4.3.2 23/32 Intcpt [1] 1331.7 2.9*10%
% Organic content MF [3] 2.61 0.075
Day 7, Tanks Pres [1] 1.81 0.191
ANOVA on GLS with ME:Pres [3] 3.65 0.027
fitted values as v-cv
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3.3.5 Sediment chlorophyll-a content

The mean chlorophyll-a content of the surface sediment (< 2 mm) in the 8 treat-
ments at the end of the experiment ranged from 39.6 to 76.8 ug cm? (Table 4.2).
The two control treatments had approximately the same levels of chlorophyll-a,
at about 53 pug cm?, whereas the Corophium and Hediste MP treatments had < 50
ug cm? in the MP treatments but > 50 ug cm? in the MA treatments (Figure 4.9).
Conversely, in the Macoma treatments the MP tanks had higher mean chloro-
phyll-a concentration than the MA tanks. (Table 4.5, Model 4.4.1) Neither mac-
rofauna identity nor macrofauna presence had a significant effect on Chloro-
phyll-a (ANOVA: p =0.672 and p = 0.602, respectively) but there was a signifi-
cant interaction (p = 0.013) due the reversal of MP:MA ratios of chlorophyll-a
concentrations in the Macoma treatment (1.4) compared to the other three treat-

ments (control = 0.897, Corophium = 0.515, Hediste = 0.645).

Chlorophyll-a concentrations did not respond to changes in light levels: there
was no significant covariation between chlorophyll-a and either incident light
(Fig. 4.12 D), turbidity (Fig. 4.13 D), suspended sediment (Fig. 4.12 E), or light
attenuation (Fig. 4.12 F). In the regression of chlorophyll-a against light levels
and OW properties (Table 4.6: Model 4.5.1) only the factors for the presence of
Corophium and Hediste in tanks (fMF — Cv: p =0.0002; fMF — HD: p =0.007) and
the variable for ammonium flux (ANH, p = 0.001) covaried significantly. Boot-
strapped means and confidence intervals (Fig 4.14) show that the presence of
Corophium and Hediste in the sediment reduced chlorophyll-a concentrations
whereas they increased the chlorophyll-a concentration in the second tank; con-
versely, the Macoma had no effect on sediment chlorophyll-a concentration either
in the MP or the MA treatments. There was no correlation between chlorophyll-
a and water and organic content of the sediment (cor = 0.170, DF = 30/32, p =
0.352, and cor = 0.04, DF =30/32, p = 0.827).
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Table 4.5: Regression results for models overlying water and sediment properties.

Model Nr/ Res/Tot | Variables numDF/| F-value | p-value
Details DF denDF

4.4.1 Chl-a 20/32 Intcpt (C, MP) 1/12 326.4 0.00005
Day 7, Tanks factor(ID) 3/12 15.7 0.672
ANOVA on LME factor(MP) 1/12 11.6 0.602
with MF as variance factor(ID):factor(MP) | 3/12 1.61 0.013

category and unit as
a random factor

4.4.2 Fo® 20/32 Intcpt (C, MP) 1/12 594.5 2.9*10®
Day 7, Tanks factor(ID) 3/12 15.7 0.0002
ANOVA on LME factor(MP) 1/12 11.6 0.005
with MF as variance factor(ID):factor(MP) | 3/12 1.61 0.238

category and unit as
a random factor

4.4.3 Sp. Richness 20/32 Intcpt (C, MP) 1/12 871.1 1.0%10°
Day 7, Tanks factor(ID) 3/12 0.560 0.652
ANOVA on LME factor(MP) 1/12 0.304 0.591
with MF as variance factor(ID):factor(MP) | 3/12 7.31 0.005

category and unit as
a random factor

4.4.4 Species Diver- | 20/32 Intcpt (C, MP) 1/12 209.2 2.8*105
sity factor(ID) 3/12 0.289 0.833
Day 7, Tanks factor(MP) 1/12 0.366 0.556
ANOVA on LME factor(ID):factor(MP) | 3/12 3.75 0.041

with MF as variance
category and unit as
a random factor

3.3.6 Surface biomass (Fg°)

Starting F3° values varied across treatment groups: the control-MA treatment
had the highest mean starting values and the Corophium-MP treatment had the
lowest mean starting values (Table 4.2). Neither of the control treatments
changed substantially over the course of the experiment (MP = -4.11 * 2.9 %;
MA =+ 0.27 + 8.8 %) but biomass in tanks containing all 3 species declined sub-
stantially over the course of the experiment (Table 4.2 and Figure 4.10). By day
7, surface biofilms in the Hediste-MP tanks had declined the most (-67.1 + 10.8 %),
followed by the Corophium-MP tanks (-48.6 + 4.8 %), and Macoma-MP tanks (-39.9
+ 12.6 %). However, in the MA treatments, the surface biofilms in the Coro-

phium-MA declined the most (-32.5 + 13.6 %), followed by Hediste-MA (-21.2
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22.7 %), whereas the biofilms in Macoma-MA tanks hardly changed at all (-8.9 +
14.0 %). Both macrofauna ID and macrofauna presence has a significant effect

n F}° (p =0.0002 and p = 0.005, respectively) but the interaction, i.e. the differ-
ence in F}°® between MP-MA treatments across macrofauna treatments, was not

significant (ANOVA, p = 0.238) (Table 4.5, Model 4.4.2).
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Figure 4.10: Mean Fj5 (arbitrary units, + 1 st. err.) in each macrofauna treatment over
the 7 days of the experiment: control (black), Corophium (red), Hediste (green), and
Macoma (blue). Filtered seawater and animals were added to the tanks on day 1 (dot-
dashed line) and pumps were switched on the morning of day 2 (dotted line).

Of the three different quantifications of water column optical condition, turbid-
ity, suspended sediment and relative light attenuation (Fig. 4.13 A, B, C, respec-
tively), relative light attenuation correlated best with final F3> and was therefore
chosen as the covariate in the regression of MPB characteristics against light and
overlying water characteristics. Differences in light levels to the tank surfaces
did not covary significantly with final Fg> values (Fig. 4.12A) and were therefore
dropped from the regression of MPB characteristics against light and water
properties (Table 4.6: Model 4.5.2). Mean unit ammonium and phosphate fluxes

(Figures 4.12B and 4.12C, respectively) did not covary significantly with Fg®

and
were also dropped from the final model. Only the presence and identity of mac-
rofauna in each tank (fMF) and light attenuation covaried significantly with final
Fg® (Table 4.6: Model 4.5.2): surface biomass decreased with the presence of

feeding macrofauna (Nereis, Corophium, Hediste) and with increasing light at-
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tenuation. Final F}® and model 4.10 residuals were checked for correlations
with starting F015 (cor =0.19, DF = 30/32, p = 0.308), water content (cor = -0.07, DF
=30/32, p = 0.719), organic content (cor = 0.16, DF = 30/32, p = 0.379), or chloro-

phyll-a content (cor = 0.27, DF = 30/32, p = 0.132) and none were significant.

21 o AL O B L O c
o
o | A | | _i A | |
*»
af w - %0 - w4 e [ ™ E‘E”.
Ty B m-:\*&_‘QL—‘: s -: A &
™ - A “ . <o fUTQLE\‘\\-
21 O 1< ) ] 1 » &
&l ° o © i < o i &
L ¢ aAa | Can R A® A
8--I 1 L l‘Ilﬂ 1 T L |A 1 L 1 1 1 T L 1 A| L 1 L 1 1
81 D1 E T F
C . C e [ .
_‘-ﬂ ST A I A I A
S50 m 5oon [M . r mm® .
O L

T
o}
TTT

50
°p
e
*

_- I:lgl

N (>

[ o

B
P o
*

(s]
. .A iy [a] ‘ﬁ. , (8]
c.--l L) T T
= ‘:'D
I o
%8t o .
1*]
= 52
*® &
| .
3-.l L L L 1 A L L L L Il L L - L 1 L L 1 L L 1
g-- e JT . K T L] L
- * FAY - & A - FANE
o [m] *H 1 o oHoe | o A
Qe . u] El. .
YRR s o ’“ejiﬂ@ﬁ&——_aﬁy
oT o cﬁgﬂ T . T o 9‘00 ¢
150 200 250 300 350 0O 4 X 8 12 1 02 +Sufe 14
PAR ANH] -N APO P

Figure 4.11: F}3, Chlorophyll-a, Species richness (# Taxa), and Simpson’s Diversity in-
dex (D) in each tank against mean incident light (PAR, pumol m? s), ammonium flux
(ANH]), and phosphate flux (AP0O;*) within each unit over the course of the experiment.
Trend lines represent correlations, none of which are significant (all p > 0.10, all R? <
0.10). Open and closed symbols represent MP and MA tanks, respectively, and control,
Corophium, Hediste, and Macoma treatments are represented by squares, circles, triangles,

and diamonds, respectively.
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Figure 4.12: F}5, Chlorophyll-a, Species richness (# Taxa), and Simpson’s Diversity in-

dex (D) in each tank against mean Turbidity (ntu), suspended sediment (g), and light

penetration (%) within each unit over the course of the experiment. Trend lines repre-

sent correlations, none of which are significant (all p > 0.10, all R? < 0.10) with the excep-

tion of the correlation in C and G. Open and closed symbols represent MP and MA

tanks, respectively, and control, Corophium, Hediste, and Macoma treatments are repre-

sented by squares, circles, triangles, and diamonds, respectively.
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Table 4.6: Regression results for models with MPB biomass (Chlorophyll-
a and F§3) and diversity (Species richness and Simpson diversity) meas-

urements from day 7 as response variables.

Model Nr/ Res/Tot | Variables Est Standard | p-value
Details DF error
4.5.1 Chl-a 23/32 Int (fMF = 0) 58.4 3.95| 6.18*1010
Day 7, Tanks Cv -42.2 8.40 0.0002
LME with MF as Hd -21.9 6.83 0.007
variance category Mb 4.56 7.61 0.560
and unit as a ANHI 4.00 0.96 0.0010
random factor
4.5.2 Fa_% 23/32 Int (fMF =0) 414.9 37.9 2.98*108
Day 7, Tanks Cv -75.3 30.8 0.029
LME with MF as Hd -228.8 35.6 2.28*10
variance category Mb -153.1 27.8 1.02*10+4
and unit as a %ULA -4.03 1.75 0.037
random factor
4.5.3 31/32 Int (fMF =0) 28.03 1.02 2.7*10
Sp. Richness
Day 7, Tanks
GLS
4.5.4 31/32 Int (fMF = 0) 1.99 0.061 1.7%10-%
Species Diversity
Day 7, Tanks
GLS
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Figure 4.13: Model visualization: bootstrapped (n = 10,000) means and
95 % C.Ls from Models 4.5.1 (bottom) and 4.5.2 (top).
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3.3.7 MPB assemblage

Of the 127 taxa found across all 32 tank assemblages, the dominant 3 species in
each assemblage, in order of overall abundance, were Navicula gregaria Donkin,
Stauroneis dubitabilis Hustedt, and Navicula phyllepta Kiitzing, which together
made up just over 50% of the total cell count. However, in addition to those taxa
Gyrosigma fasciola (Ehrenberg) Griffith et Henfrey, Pleurosigma angulatum
(Quekett) Smith, and Nitzschia cf. distans Gregory (1857) were present in every
tank and in > 1% total abundance. Finally, in order of overall abundance, Ach-
nanthes delicatula (Kiitzing) Grunow (which in this thesis includes Achnanthes
hauckiana according to van der Werff & Huls 1974, see Appendix 1), Catenula ad-
haerens Mereschkowsky, Navicula digitatoradiata (Gregory) Ralfs in Pritchard
1861, and Plagiotropis vanheurckii Grunow in Van Heurck 1880 also all made up >
1 % of total cells, and, together with the previous taxa, made up just over 80 % of

total cell count.
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Figure 4.14: Mean Species richness (number of taxa per sample, left) and Simp-
son’s diversity index (D, right) on day 7. Grey points and error bars represent
the MP treatments and black points and error bars represent the MA treatments
of the control (C), Corophium (Cv), Hediste (Hd), and Macoma (Mb) treatments.
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3.3.7.1 Taxa richness

In addition to the 6 taxa present in all 32 assemblages, each assemblage con-
tained between 10 and 32 other taxa. Mean species richness per treatment group
varied between 22 and 33 taxa. Species richness was higher in the MP treatment
than in the MA treatment of the control, Corophium, and Macoma treatments but
the opposite was the case in the Nereis treatment where species richness was
substantially lower in the grazed treatment than in the ungrazed treatment (Ta-
ble 4.2 and Figure 4.11, left panel). Therefore, while there were no significant
overall effects for macrofaunal identity and presence treatments (Table 4.5,
Model 4.4.3 p = 0.652 and p = 0.591, respectively), the interaction was significant
(p =0.005). In the regression against the presence and identity of feeding macro-
fauna, light intensity (Figure 4.12 G), mean unit ammonium (Figure 4.12 H) and
phosphate flux (Figure 4.12 I), and mean unit light attenuation (Figure 4.13 I),
none of these variables significantly explained the variations in species richness

(Table 4.6, Model 4.5.3).

3.3.7.2 Assemblage diversity

Simpson diversity index calculated from MPB taxa counts from each replicate
did not vary much between treatment groups: the highest mean probability of
two individuals being from the same species was 0.20 and the lowest was 0.11
(Table 4.2, Figure 4.11). In the control treatments the diversity was similar but in
the Corophium and Macoma treatments the MP tanks had higher mean diversities
than the MA tanks (Figure 0.13 vs. 0.20 and 0.12 vs. 0.16, respectively). Con-
versely, in the Nereis treatment the MA tanks had higher diversity than the MP
tanks. The differences in species diversity by macrofauna identity or presences
were not significant (Table 4.5, Model 4.4.4 p = 0.833 and p = 0.556, respectively)
but there was a significant interaction (p = 0.041) due to the inverse relationship
between MP-MA diversities in Nereis versus the other treatments. The variation

that existed in species diversity was not explained by either the presence of feed-
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ing macrofauna, light intensity (Figure 4.12 J), mean unit ammonium (Figure
4.12 K) or phosphate flux (Figure 4.12 L), or mean unit light attenuation (Figure
4.12 L; Table 4.6, Model 4.5.4). An MDS plot on Bray-Curtis similarity indices of
log-transformed taxa counts (Figure 4.15) showed no within treatment group-

ings in assemblage composition.
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Figure 4.15: MDS plot from Bray-Curtis matrix of log-transformed
diatom counts. Open and closed symbols represent MP and MA
tanks, respectively, and control, Corophium, Hediste, and Macoma
treatments are represented by squares, circles, triangles, and dia-

monds, respectively.

4.4 Discussion

4.4.1 The effects of Corophium, Hediste, and Macoma on sediment and overly-
ing water column

The null hypothesis (Ho4.1) that bioturbation by Corophium, Hediste, and Macoma
produces similar effects on the overlying water column must be rejected in terms
of sediment resuspension, turbidity in the water column, and the resulting at-
tenuation of light to the sediment bed. Only Corophium resuspended significant
amounts of sediment into the water column (Table 4.4, Model 4.2.1, p = 0.022)
and, therefore, only Corophium treatments exhibited significant light attenuation
through a 10 cm water column (Table 4.4, Model 4.2.2, p = 0.0002). However,
Hediste did generate more suspended sediment than the control and Macoma
treatments though this was statistically detected only in the turbidity measure-

ments on days 2 and 7, which were significantly higher than those from control
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treatments (Table 4.3: Model 4.1.1, p = 8.4*10% Model 4.1.3, p = 1. 7103). Tur-
bidities in the Macoma treatments were never significantly different from those
in the control treatments (Table 4.3: Model 4.1.1, p = 0.228; Model 4.1.2, p =
0.928; Model 4.1.3, p = 0.813 ) and turbidities in Corophium treatments were al-
ways significantly higher than in the control tank Table 4.3: Model 4.1.1, p =
6.8*10; Model 4.1.2, p = 3.8*105; Model 4.1.3, p = 1. 9*10%), and the effects were
visibly within 20 minutes of adding Corophium to the tanks (Figure 4.3 C). The
pumps distributed the suspended sediment efficiently between test tanks so that
no significant differences and only slightly lower turbidities (Table 4.3: Model
4.1.2 & 4.13 all MA p-values > 0.05), suspended sediment (Table 4.4: Model 4.2.1
all MA p-values > 0.05) and light attenuation (Table 4.4: Model 4.2.1 all MA p-
values > 0.05) were found in the secondary (MA) tanks (compared to MP tanks).
Therefore, it could be assumed that the MPB in the two treatments in each unit

were subjected to the same conditions in the overlying water columns.

The differences in water column turbidity are most likely due to differences in
waste disposal between Corophium, Hediste and Macoma. Corophium ejects its
waste into the overlying water column by means of the irrigation current it
maintains through its burrow (Meadows & Reid 1966a). Hediste also maintains
an irrigation current through its burrow, which is presumably why some sedi-
ment inevitably becomes resuspended into the overlying water column although
this does not appear to be the primary waste disposal method. Rather, waste
and loose sediment probably becomes part of the burrow wall by the same un-
dulating motion and parapodia wall-pressing by which the worm originally
builds it burrow (Trevor 1977). Macoma uses its exhalant siphon to deposit waste
somewhere within the sediment matrix away from the feeding area so it does

not come into contact with the overlying water column (Green 1968).

Dissolved inorganic nitrogen levels in the coastal seawater used to fill tanks

were very low ( NOy =~ 6.6 umol L' or 93 pg L''and NH; = 0.6 umol L' or 9.0
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ug L1). According to previous studies in the North Atlantic and Baltic, during
summer, DIN levels in the water column are usually low, NO, fluxes to the over-
lying water column are either low or negative, whereas NH; fluxes are often
higher in late summer (Henriksen et al 1980; Rizzo 1990; Rysgaard et al 1995,
Sundback et al 2000). In addition, both NO; and NH; fluxes between sediment
and water column are ‘filtered” by MPB biofilms whose activities are modified
by light (Henriksen et al 1980; Andersen & Kristensen 1988; Feuillet-Girard et al
1997; Rizzo 1990; Sundbéck et al 2000): in the dark, in the absence of photosyn-
thesis, fluxes tend to be positive and in the light they tend to be low or negative.
NOy levels in the overlying water were nil across all treatments, indicating a
negative flux into the sediment that was either sequestered by MPB or denitrify-
ing bacteria in all treatments. NH; flux, however, did vary between treatments:
fluxes were significantly higher in the Corophium and Hediste treatments (Table
4.4, Model 4.2.3, p =0.017 and p = 0.004, respectively), than in control treatments.
These results agree with the findings of previous studies in which either Coro-
phium, Hediste, or both increased NH flux from the sediment to the overlying
water, particularly in the dark (Henriksen et al 1980, Andersen & Kristensen
1988, Mortimer et al 1999, Emmerson et al 2001, Biles et al 2002, Ieno et al 2006,
Bulling et al 2010). Water samples for nutrient analysis were taken early in the
morning prior to experimental daylight hours, following 9 hours of darkness, so
while to some degree they represented cumulative effects of 6 days of flux, they
were probably more representative of a “dark” flux than a “light” flux. A few
studies have shown that Macoma increase NH; flux, partially due to excreted
NH; (Henriksen et al 1983; Biles et al 2002; Mortimer et al 1999) but NH; flux in
the Macoma treatments in this experiment did not differ significantly from the
control treatments (p = 0.830). It is possible that the lack of effect in Macoma
treatments was due to mortality. Corophium and Hediste died at the surface
where they could be easily removed and then replaced with live individuals,

Macoma did not surface so it was not possible to determine whether they were
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alive or dead at the end of the experiment, but some siphons were still visible a

day prior to the end of the experiment.

PO;* fluxes to the overlying water were negative in the control treatments, nega-
tive and near zero in the Hediste treatments, low but positive in Corophium treat-
ments and highest in the Macoma treatments (Figure 4.8). This means that in the
control treatments PO;* from the overlying water was absorbed into the sedi-
ment, whereas in the Corophium and Nereis treatments were relatively neutral
suggesting neither uptake nor release. PO;* fluxes in Corophium and Macoma
treatments were significantly different from the control treatments (Table 4.4,
Model 4.2.4, p = 0.025 and p = 0.002, respectively) whereas Nereis treatment was
not (p = 0.092). It is unclear why Macoma should release more phosphate from

the sediment than Corophium and Hediste who are far more active bioturbators.

4.4.2 The effects of Corophium, Hediste, and Macoma on MPB biomass

The two different measurement of MPB biomass, F}°

and chlorophyll-a, did not
respond uniformly to experimental treatments. In addition to the presence and
identity of feeding macrofauna, which both measurements responded negatively
to, F3® covaried only with the light attenuation by the overlying water column
and chlorophyll-a covaried only with NH; fluxes. However, this result does not
necessarily imply a contradiction as the two measurements are not replicate
measurements of the exact same variable: F}° measures biomass at or within 100
umol of the sediment surface (Consalvey et al 2004), whereas a chlorophyll-a as-
say of the top 2 mm contains > 90 % of the sediment microalgal content (Paterson
1986), not just the actively photosynthesizing proportion. The abundance of
MPB at the sediment surface is highly changeable and responds very quickly to
changes in light and/or tidal conditions due to the high motility of epipelic dia-
toms that make up most of the MPB in silty sediments (Consalvey et al 2004).

On the other hand, chlorophyll-a content in the sediment is far more resilient to

change as diatoms can survive in the absence of light and in anoxic conditions
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for well over a week (Kamp et al 2011). The increase in biomass with agrees
with results from a 4 week experimental study of MPB assemblages in shallow
water systems by Sundback & Snoeijs (1991) in which biomasses of MPB (and
diatoms specifically) in nutrient enriched (DIN & IP) treatments were signifi-

cantly higher than in unenriched treatments.

The bulk of MPB biomass in the sediment, quantified by chlorophyll-a concen-
tration, was reduced significantly by the grazing and sediment turnover of Coro-
phium and Hediste (Table 4.6, Model 4.5.2: p =0.0002 and p = 0.007, respectively)
but not by Macoma (p = 0.560). Neither variations in incident light levels nor in-
creased light attenuation through the water column reduced bulk MPB biomass.
As mentioned above, diatoms are resilient to the absence of light, and can sur-
vive by NO3 based respiration of organic compounds, which is hypothesized to
be an adaptation to burial by bioturbating macrofauna in benthic organisms and
SiOs-depletion related sinking in pelagic organisms (Admiraal & Peletier 1979;
Kamp et al 2011). Highest chlorophyll-a concentrations in sediment were found
in the MA treatments of the Corophium and Hediste and this coincided with in-
creased NHS flux in these treatments, hence the model estimated a significant
increase in chorophyll-a content with increasing NH] flux (Table 4.6, Model
4.5.2: p=0.001). The increased flux probably originated from the MP side of the
unit (Henriksen et al 1980; Andersen & Kristensen 1988; Emmerson et al 2001;
Biles et al 2002; Bulling et al 2010) but, due to pumping, made NH; more avail-
able in the MA side of these units. In the absence of grazers, the overnight in-
crease in nutrients via the water column increased biomass (Figure 4.14 bottom).
This relationship could be more effectively delineated with a one-way flow-
through system where in each unit the secondary tank (MA) receives water from
the primary tank (MP), which is supplied by a filtered seawater reservoir, but
not vice versa. In this scenario, flux measurements could be made on the two
tanks separately, to determine if and where the increased NH; flux originates,

and would still enable an increase in biomass on the secondary side if indeed in-
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creased NH] increased biomass. The previous experiment showed no increase
in biomass with increased DIN, although this could have been due to poor chlo-
rophyll-a data without phaeopigment correction, and Underwood and col-
leagues (1998) found no relationship between MPB biomass and DIN in either

their enrichment experiment or in their field studies.

The presence of each species of macrofauna significantly reduced the photosyn-
thetically active biomass (Fj°) in the respective tank (Table 4.6, Model 4.5.2: p =
0.029, p = 2.28*10°, p = 1.02*10* for Corophium, Hediste, Macoma, respectively)
presumably due to grazing but also partially due to disruption of the sediment
surface. However, of all the covariates in the original model (incident light to
each tank, % light attenuation through the water column, ANH;, and 4P0;™)
only the % light attenuation was significantly covaried with surface biomass. It
should be noted that mean light attenuation over the experimental period is a
mean between the pure seawater column that each tank was filled with (0%) and
the final value measured from the water column from each tank on day 7 (max
78.7 % + 5.3 in Corophium-MP) and therefore is most certainly an underestima-
tion because sediment resuspension occurred as the animals burrowed into the
sediment, i.e. almost immediately after being added to the tanks (Figure 4.3 C).
It is thought that benthic MPB adjust themselves in the sediment so as to maxi-
mize photosynthetic efficiency but minimize photoinhibition due to excess light,
desiccation at the surface, and resuspension into the water column during tidal
immersion (Consalvey et al 2004). As the assemblage in this experiment was
removed from the intertidal and placed in a subtidal regime, it stands to reason
that they would maximize the time spent at the surface to maximize photosyn-
thetic window without suffering deleterious consequences from excess light or
desiccation or resuspension (as there was very little flow in the water column).
By that reasoning, the surface biomass in the tanks with higher light attenuation
but absence of grazers (Corophium-MA, Hediste-MA) should be higher than in the

control tanks and yet the reverse occurred. In fact, according to the model the
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migratory response in the Corophium tanks is largely due to light attenuation
rather than grazing (Figure 4.14 top). It would appear that light levels in these
tanks were insufficient to keep MPB at the surface and they are responding by
migrating down into the sediment (Fauvel & Bohn 1904; Perkins 1964; Hay 1983;
Pinkney & Zingmark 1991; Consalvey 2002).

4.4.3 The effects of Corophium, Hediste, and Macoma on MPB assemblage
composition

Only assemblages in the Hediste treatments showed a marked difference in spe-
cies richness and were distinct from the other treatments because in this case and
unlike the other treatments , the MP tank had lower species richness than the
MA tank. In the Corophium and Macoma treatments, the presence of the grazer
coincided with greater species richness. However, as this was also the case in
the control treatment, where the “MP” treatment is simply the tank with the
pump attached, and the errors on the counts were large, nothing can reasonably
be concluded from these results. The presence of Hediste significantly reduced
the diversity of the assemblage by approximately 10 taxa compared to the MA
treatment (Figure 4.11; Table 4.5, Model 4.4.3: interaction p = 0.005). With the
exception of A. delicatula, 90 % of the assemblage consisted of taxa that were
epipelic motile, large, or both. Noticeably absent was Catenula adhaerens
Mereschkowsky which was abundant in the Hediste-MA treatment, suggesting
that perhaps smaller epipsammic taxa are more likely to be consumed by He-
diste. The dominant taxa (Navicula gregaria Donkin, Stauroneis dubitabilis Hust-
edt, and Navicula phyllepta Kiitzing) were consistent across all treatments and
were not affected by ANH;. Underwood and colleagues (Underwood et al 1998;
Underwood & Provot 2000) determined that Navicula phyllepta preferred low
ANH, concentrations, however, in their system, low concentrations were < 400
umol L, so the additional NHJ released from the sediment by Hediste and Coro-
phium (< 10 pumol L) was probably much too low to induce differences in re-

productive rates amongst diatoms.
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Characteristically for diatom assemblages, the frequency distributions were
heavily skewed to the left, i.e. a very low mean from a few dominant taxa with a
very long tail of infrequent taxa. Presumably the MDS plot of log transformed
Bray-Curtis similarity indices (Figure 4.15) displayed no assemblage similarities
(or differences) between treatment groups because the dominant taxa were con-
sistent across treatments whereas the numbers of infrequent taxa, 10 to 32 in
each sample distributed over 121 taxa, were completely different across all
treatments. In addition, neither variation in species richness or Simpson diver-
sity could be explained by the presence of grazers, even Hediste, or any of the co-
variates describing environmental conditions in each tank (Table 4.6, Model 4.5.3
& 4.5.4). Perhaps the lack of resolution between assemblages was due to insuf-
ficient counts per sample: a larger sample may have delineated greater differ-
ences in the large number of moderate to very rare species in each sample, mak-
ing the distribution less skewed towards the extremely dominant taxa. Counts
per sample for describing MPB assemblages in previous studies vary from 200 —
1000 and have detected distinct assemblages over a range of environmental con-
ditions or experimental treatments (Sundback et al 1996; Underwood et al 1998;
Hillebrand et al 2000; Thornton et al 2002; Hagerthey et al 2002; Forster et al
2006). It is possible that for samples coming from different field sites fewer
counts may be required than for experimental treatments that all began with a
similar assemblage as the differences are likely to be more extreme. An experi-
mental study comparing natural succession of MPB assemblages between nutri-
ent enriched and unenriched treatments found no substantial differences in
dominance of major diatom and major taxonomic groups after counting 500 cells
per sample (Sundback & Snoeijs 1991). Secondly, the assemblages were not de-
scribed in terms of biovolume as commonly done by other diatom ecologists
(Sundback et al 1996; Hillebrand et al 1999, 2000; Snoeijs et al 2002). Biovolumes
might show important differences between assemblages as large species like

those from Gyrosigma, Pleurosigma, and Plagiotropis (Appendix 1, taxa 94) are
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rarer but more influential community components than small, frequent species
like Achnanthes delicatula or Navicula phyllepta (Snoijes et al 2002). However,
Ribeiro (2010) who analysed Tagus estuary diatom assemblages by environ-
mental variables, biovolume and functional group found it laborious and not
particularly informative. Using biovolumes effectively means assigning a vol-
ume (cm®) taken from mean measurements to each species; for species with lim-
ited size ranges like Navicula phyllepta and Gyrosigma fasciola (see Appendix 1,
taxa 14 and taxa 3) this could be very effective but for species like Stauroneis dubi-
tabilis and Pleurosigma angulatum where there is large variation in sizes (see Ap-
pendix 1, taxa 4 and 94) it seems less intuitively useful (unless each individual is
measured for length and a biovolume calculated from mean ratios of dimensions
but this would be extremely laborious). Functional trait analysis as in Ribeiro
(2010) was not carried out as not all taxa were identified to genus and species
and some species have more than one lifestyle depending on morphotype (Ap-
pendix 1 and Ribeiro 2010 e.g. Navicula gregaria) but this would perhaps be a

productive approach.

4.4.4 Biodiversity and ecosystem function of MPB

Considered as an ecosystem function of MPB, biomass (i.e. potential for primary
productivity) was regressed against biodiversity (Figure 4.16) to establish
whether there was any relationship as those described in examinations of vari-
ous ecological systems (Tilman & Downing 1994; Naeem & Li 1997; Emmerson et
al 2001; Solan et al 2004; Forster et al 2006, Bulling et al 2010, Hicks et al 2011).
No significant relationships were found between either of the two measures of

biomass with either of the two measurements of biodiversity.
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Figure 4.16: Correlations between Biodiversity and Ecosystem function (bio-
mass) of MPB. Chlorophyll-a (A, by species richness, p = 0.207, and B, assem-
blage diversity, p = 0.946) or by Fg3 (C, by species richness, p = 0. 243 and D,
assemblage diversity, p = 0.256). Open and closed symbols represent MP and
MA tanks, respectively, and control, Corophium, Hediste, and Macoma treat-
ments are represented by squares, circles, triangles, and diamonds, respec-
tively.
The relationship between chlorophyll-a concentration and species richness (Fig-
ure 4.16 A) was negative but not significant (cor = -0.229, p = 0.207) and there
was no relationship at all between chlorophyll-a concentration and Simpson’s
diversity (Figure 4.16 B). The relationship between photosynthetically active
surface biomass (F3°) and species richness (Figure 4.16 C) was positive but not
significant (cor = 0.212, p = 0.243) but the relationship with Simpson diversity
was non-significant and negative (cor = 0.207, p= 0.256). In their examination of
natural MPB assemblages compared to biomass in the Ems-Dollard estuary,
Forster and colleagues (2006) found that there was a significant negative correla-
tion between chorophyll-a concentration and species richness of the assem-

blages. However, they found that there was a significant positive correlation
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between net primary production (a short term variable) and both the species
richness and Shannon index. While Colijn and Dijkema (1988) and Thornton
and colleagues (2002) did not present a regression chlorophyll-a against species
richness, the former reported that the highest biomasses were formed almost ex-
clusively by single species and the latter reported that the highest biomass oc-
curred in a sample in which a single species was very dominant (> 65%). These
reported patterns of total biomass (and productivity) against species richness
correspond to the overall patterns in this study so perhaps the non-significance
here was due to the insufficient resolution in the MPB assemblage description
(discussed above). However, why there should be a negative relationship be-
tween chlorophyll-a and species richness remains unclear but Forster and col-
leagues (2006) speculate that there are high occurrences of founder events and
that once favourable conditions are stable, the more competitive species begins

to monopolize the space.

Finally, as a useful follow up experiment would be to run the experiment in a
flow-through system (as discussed in section 4.4.1) and measuring nutrient flux
in each tank independently, as mentioned above, fluxes would have allowed

them to be investigated as an ecosystem function and compared to diversity.

4.5 Conclusions

4.5.1 Null hypothesis Ho4.1 that bioturbation by Corophium, Hediste, and Macoma
produces similar modifications to the overlying water column is false with re-
spect to sediment resuspension. Corophium resuspends significantly more sedi-
ment which significantly increases turbidity in the overlying water column
which reduces light penetration to the sediment bed. Hediste generates some
turbidity and moderately reduces the light penetration to the sediment bed.
Macoma generates hardly any suspended sediment and cannot be said to reduce

light penetration to the sediment bed.
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4.5.2 Null hypothesis Ho4.1 that bioturbation by Corophium, Hediste, and Macoma
produces similar modifications to the overlying water column is false with re-
spect to NH{ flux which is significantly higher in Corophium and Hediste treat-

ments than in the control and Macoma treatments.

4.5.3. Null hypothesis Ho4.2 that ecosystem engineering by Corophium, Hediste,
and Macoma bioturbation cannot affect MPB biomass via resource modification is
false with respect to chlorophyll-a concentration. Sediment chlorophyll-a con-
centration is estimated to increase with increased (dark) NH; fluxes in the Coro-

phium and Hediste treatments.

4.5.4 Null hypothesis Ho4.3 that ecosystem engineering by Corophium, Hediste,
and Macoma bioturbation cannot affect MPB biomass via resource modification is
true. None of the modifications of the overlying water column in either the
Corophium Hediste treatments affected either species richness or diversity (D) of

the MPB assemblages.

4.5.5 Null hypothesis Ho4.4 that there is no relationship between MPB biomass
and biodiversity is true: there was no relationship between either measure of

biomass with either measure of biodiversity.



Chapter 5: Ecosystem engineering effect of
Corophium volutator Pallas on the water

column: daily and tidal time spans

Abstract

Previous experiments have demonstrated that Corophium volutator (Pallas) can sub-
stantially modify the biogeochemical environment of both the sediment and the
overlying water column. However, many previous studies, including the ones in
this thesis, examined these effects in sub-tidal systems. While C. volutator does in-
habit sub-tidal soft sediment, it is most common and abundant in the intertidal
sand- or mudflats. In the intertidal, its modification of the overlying water column
is limited to the immersion period. This experiment was designed to determine
whether significant changes to the overlying water column could be achieved
within an average tidal immersion period and whether this effect changed with C.
volutator residence time. Eighteen mesocosms were set up to contain homogenized
mud (10 cm) from a C. volutator dominated habitat in Eden estuary and a seawater
column (10 cm); 9 of these contained 1 g C. volutator (corresponding to an in situ
biomass of 2000 ind m2), the remaining 9 were control treatments. Mescosms were
sampled in a way that allowed both ongoing overlying water column changes to
be measured every two days, and to allow measurement of a fresh seawater col-
umn after 3 and 6 hours on days 0, 2, 6 and 12, as well as enabling porewater and
sediment measurements on those days. Overlying water was analysed for turbid-
ity, suspended sediment, % light penetration through a 10 cm water column, de-
posited sediment, DIN and DIP, and sediment was sampled for water and organic

content and porewater DIN and DIP. The experiment demonstrated that: (1) in the



absence of laminar flow, C. volutator can reduce light penetration to the sediment
bed by about 50% within one tidal period; (2) that DIN fluxes within a tidal period
are highly variable depending age of the sediment column but that generally there
is more DIN release from C. volutator inhabited mud; (3) that C. volutator prevents

the de-watering and compaction of sediment.
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Pallas on the water column: daily and tidal time spans

5.1 Introduction

In the previous two experiments engineering effects of infaunal bioturbation
were examined in subtidal mesocosms. However, both the MPB assemblages
and the macrofauna used in those experiments came from intertidal areas of the
estuary. The experimental systems were not ‘flow-through” but rather water
was cycled within units containing MPB and macrofauna for a week and this
would have had 2 important ramifications. First of all, the effects that bioturba-
tors had on the water column and sediment-water interface were able to accu-
mulate over a week, and secondly, each experimental unit contained MPB as
well as macrofauna, so the purely macrofaunally engineering effects on the wa-
ter column would have been masked by MPB effects on the water column (Hen-
riksen et al 1980; Andersen and Kristensen 1988; Sundback et al 2000). This
would have been especially important for nutrient dynamics which differ radi-
cally not just in the presence and absence of MPB and macrofauna but also be-
tween day and night. In situ, ecosystem engineering effects on the overlying wa-
ter column must be powerful enough to change the water column in a way that
will have an effect on estuarine MPB within a single average tidal period (~ 6
hrs) because following that, modified estuarine waters will be diluted back to
ambient coastal levels. Effectively, the clock is back to zero at the start of each

tidal immersion.

Water column modifications potentially affecting MPB previously investigated
were: changes in turbidity, increased DIN release from sediment, and increased

phosphate release from sediment (see Chapter 3.1 and 4.1). The effect of benthic
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fauna on sediment metabolism is best achieved using ‘dark’ systems to remove
the effect of microalgae on Oz and nutrient fluxes (Henriksen et al 1980; Ander-
sen and Kristensen 1988; Ieno et al 2006). In Chapter 4, Corophium volutator Pallas
was shown to have a greater engineering effect on MPB biomass than the other
two species, so C. volutator was chosen as the model organism for this experi-
ment. As light intensity has not previously been shown to change feeding and
pumping behaviour of C. volutator, the resuspension of sediment was not as-
sumed to be affected by the ‘dark’ (< 4 pmol photons m? s™) conditions required
for nutrient flux measurements. Finally, another engineering effect of C. voluta-
tor which could not be properly examined in the previous experiments due to
the presence of MPB biofilms is their effect on surface sediment compaction
which is also examined here. Surface sediment compaction is important because
it regulates light penetration into the sediment and therefore influences the
thickness of the photic zone. Obviously, surface compaction does not need to act

over a single tide. Hypotheses to be tested:

Ho5.1: Turbidity created by C. volutator in one average tidal period is not differ-
ent from control groups and is a simple proportion (6/168 hrs) of what is gener-

ated over a week.

Ho5.2: DIN release from sediment modified by C. volutator in one average tidal
period is not different from control groups and is a simple proportion (6/168 hrs)

of what is released over a week.

Ho5.3: Phosphate release from sediment modified by C. volutator in one average
tidal period is not different from what is released by control group and is a sim-

ple proportion (6/168 hrs) of what is released over a week.

Ho5.4: Surface sediment compaction is not modified by C. volutator.
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5.2 Materials and Method
5.2.1 Setup

Surface sediment, containing C. volutator but without visible biofilm, was col-
lected from the paper mill site of the Eden estuary (see Chapter 2.1) two days
prior to starting the experiment. Sediment was sifted through 500 um mesh into
filtered seawater (1 pm) mixed with deionised water to a final salinity of 25 psu
(in situ pore water salinity), homogenized, sampled, and distributed amongst 18
experimental tanks (clear Perspex tubes, i.d. 12.1 cm, 20.5 cm height) to a depth
of 10 cm (~1150 ml). The tanks were randomly assigned to one of two treatments
groups (C. volutator present or absent) and for examination on one of three final
sampling days. C. volutator were collected from the sieves during sediment sift-
ing and damp weighed into batches corresponding to the in situ macrofauna
biomass per m? at the paper mill site scaled down to the area of the tanks (0.84 g
or 200 — 230 individuals) and added to 9 tanks. Once all individuals had bur-
rowed into the sediment the tanks were carefully filled with a 10 cm column of
tiltered seawater to (1150 ml). A 15 ml plastic centrifuge tube was inserted into
the sediment in each tank to serve sediment trap; tubes protruded 1 cm above
the sediment to prevent sediment from simply falling in from sediment surface.
Tanks were kept at 10°C with the only illumination coming from overhead fluo-

rescents (<4 umol m? s™) for 8 hours each day.
5.2.2 Sampling regime

The experiment lasted for 12 days following the addition of sediment and C. vo-
lutator to the tanks on ‘day 0" (schematic presented in Figure 4.1). Prior to ho-
mogenizing and distributing the sediment amongst the tanks fluorescence
measurements were made on the sediment surface using a Hansatech FMS2 and
no chlorophyll-a signal was detected. Samples collected from sifted sediment

were used to determine grain size and starting values of sediment water and or-
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ganic content, pore water salinity, and nutrient levels. Filtered seawater was
also sampled to determined starting turbidity, salinity, and nutrient levels.
Overlying water in the tanks was then sampled at 3 and 6 hours to represent the

half-way and end point of an average tidal immersion period.

Overlying water in the tanks was sampled for turbidity, suspended sediment
and nutrients on the mornings of days 2, 4, 6, 8, 10, and 12. After very gentle
stirring of the overlying water column a 50 ml sample was syringed from the
middle of the column and salinity (Atago hand refractometer, ChemLab Scien-
tific Products Ltd) and turbidity (in triplicate with a Eutech Instruments TN-100
turbidimeter) were measured before the sample was stored (in the dark at ~
10°C) for suspended sediment quantification. In addition, a 12 ml sample for
nutrient analysis was filtered through a 0.45 pum syringe filter (Nalgene) and
stored at -80°C. In addition to the daily series of overlying water samples, to
compare flux of nutrients and sediment from the sediment bed to the overlying
water column within a tidal period 3 tanks from each treatment on days 2, 6, and
12 were drained, refilled with sampled filtered seawater and re-sampled after 3
and 6 hours; on days 2, 6, and 12 turbidity was also measured Y2 hour after re-
filling the tank. Sediment traps were also collected on these days and replaced

for the 6 hour tidal window.

Following sampling after the 6 hour ‘tidal period’, sediment traps from the 6
tanks (3 per treatment) were collected and pore water was extracted from the
sediment with a Rhizon SMS 5 cm Soil Moisture Samplers (Rhizosphere Re-
search Products) connected by microlance to a 9 ml untreated plastic vacuette
(Becton-Dickson). The sampler was placed vertically so that it was sampling
from the top 5 cm of sediment, which is the approximate burrowing depth of C.

volutator.
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Figure 5.1: Schematic of Experiment

Salinity was measured for each sample and vacuettes were stored at -80°C prior
to nutrient analysis. Finally, 3 sediment cores (i.d. 2 cm * 5 cm deep) were ex-
tracted to determine sediment water and organic content (2 frozen at -80 °C) as

well as total ammonium.

Total ammonium (dissolved in the pore water and adsorbed to the sediment par-
ticles) was extracted from the sediment following the method described by Hen-
riksen and colleagues (1980). One of the sediment cores was expelled into a 50
ml centrifuge tube with 1M KCl at a 1:1 ratio to its own weight. Samples were
shaken for an hour, centrifuged (1300 g, 10 minutes), and the supernatants were

filtered through a 0.45 um disposable Nalgene filters into 9 ml untreated plastic
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vacuettes, and, following salinity measurement, were stored at -80°C prior to

NH4*-N analysis.
5.2.3 Sample analysis

5.2.3.1 Nutrient analysis

Nutrient analysis was carried out as detailed in General Methods (Chapter 2.3).
Bound NH4*-N samples were run separately from as they required separate cali-

bration solutions.

5.2.3.2 Sediment composition

The water and organic content of the top 3 cm of sediment were determined
from duplicate cores from each tank and triplicate cores from the original sifted
sediment in triplicate as detailed in General Methods (Chapter 2.3). Grain size of
sifted sediment, and deposited sediment (from the sediment traps) were meas-

ured by a Coulter LS230 Laser Diffraction Particle Size Analyzer (Beckman).
5.2.3.3 Light attenuation through a 10 cm water column

Each of the 50 ml samples of the overlying water in the tanks and the filtered
seawater samples were decanted in turn into a narrow glass beaker to create a 10
cm water column. The beaker was placed on top of a light sensor (Macam Quan-
tum Photometer Q101-4, settings 400 — 700 nm at the 0 - 300 pmol m? s scale,
Macam Photometrics Ltd) underneath a 175 pmol m s light source and pene-
trating light levels recorded for later correlation against turbidity and suspended

sediment values of each sample.

5.2.3.4 Suspended sediment

Overlying water samples from days 0, 2, 6 & 12 as well as seawater samples
from those days were pumped through pre-combusted and pre-weighed

Whatman GF/F glass fibre filters (0.7 um mesh, 47 mm @) dried for 48 hours,
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reweighed, and mean seawater weight subtracted off (to determine salt content)
to determine total suspended sediment. Following that they were combusted in
muffle furnace at 450°C to determine proportion of organic content in the sedi-
ment. Water samples from days 4, 8 & 10 were washed, dried and weighed for

suspended sediment quantification

5.2.3.5 Deposition

Contents of the sediment traps were recorded by volume and by dry weight
(washed) to compare to suspended sediment quantities. Following drying and
weighing, samples were pooled to get a sample large enough to measure the
grain size abundance in the Coulter Counter for comparison to the overall ex-
perimental sediment and suspended sediment. In still water a cylindrical sedi-
ment trap with should give a representative sample of the vertical sedimentation

rate in the surrounding water (Hargrave & Burns 1979).

5.3 Results

Means and standard errors of all measurements within treatment group and

sampling occasion (daily and hourly) are presented in Table 4.2.
5.3.1 Sediment

5.3.1.1 Sediment grain size, water and organic content

Grain size of the sifted sediment was all < 63 um in diameter with a peak abun-
dance of 20 um in diameter particles. Starting sediment had a water content of
54 + 0.7 % and remained thereabouts in the C. volutator treatments, ending at a
final value of 52 * 1.3 % on day 12 (Figure 5.2). However, in the control treat-
ment water content of the sediment declined over the course of the experiment

arriving at a final value of 46.7 + 1.3 % by day 12.



Table 5.1: Treatment means (+ 1 st. err) at each sampling occasion

Day Start 0 2 4 6 10 12
Treatment con ‘ Cvol | con | Cvol | con Cvol con Cvol | con Cvol | con Cvol | con Cuol
Sediment properties
% Water 53.7+07 48.4*07 | 53.6*2° 47.7:03 | 54.2+23 46.7:04 | 51.6*'2
0/0 Org 7.1201 6'710.3 6'710.04 6.910.2 6.810.1 7.1205 6'910.05
Deposition
00:00 0 9t0.9 12i3 51 11222 71i15 440t69 263i124 8851630
06:00 86t57 4418.5 23i6.9 55124 24i6.5 35i15
NH} 06:00 | 1691 260#12 | 25315 2014 | 111=1 283% | 171+
tNH;  06:00 118+ 103+ 91+7 180+13 | 120+1° 17313 | 4412
NO; 06:00 | 0.76%00 3.424 | 11.6%° 587 | 9.6710 5.5¢05 | 14.3:13
Po3* 06:00 | 4.9+0¢ 3.8:08 | 2.8%03 8.0+ | 1.4 11.4:05 | 10.7+7¢
Overlying water properties
NHI 00:00 0.0=0.0 4 506 29.4#37 14.3+14 3(0.96.7 0.0=0.0 11.8%83 1.4#14 14.6%83 4.8+48 6.96.9 5.6%30 1.6%16
03:00 2.0=0.6 11.016 0.0=0.0 1.2#03 0.3+03 0.0=0.0 0.0=0.0 0.0=0.0
06:00 4.1+09 17.312.9 0'010.0 3.910.6 0.010.0 0.010.0 0'010.0 0.909
NO; 00:00 | 16.5%02 19.8:02 | 23.3#13 | 23.4:06 | 26.8+82 | 8.6*44 | 37.522 | 15310 | 37.1#19 | 27.7+74 | 26.0:68 | 35343 | 2788
03:00 16.202 | 15.7:002) 16.1:004| 15.8+08 15.8%03 | 17.4202 16.6401 | 17.6+03
06:00 17.1204 | 142411 | 16.7002| 16.902 15.3:05 | 37.1:03 16.4:01 | 18.0:02
P0431_+ 00:00 3‘9i0.04 2.7i0.7 1.3t0.2 1‘5i0.3 1.2i0.1 0.7t0.1 1‘4i0.2 0‘9i0.05 1‘5i0.03 1‘4i0.2 2‘3i0.9 1.9i0.2 1.6i0.05
03:00 4‘0i0.7 3‘1i0.1 3‘7i0.04 3.1i0.05 3.3i0.01 3‘0i0.1 3‘7i0.02 3.3i0.04
06:00 3.4t0.04 2‘7i0.04 3‘3i0.17 2.5i0.06 3.1t0.1 2‘5i0.1 3‘6i0.02 3.0t0.1
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Table 5.2 cont: Treatment means (+ 1 st. err) at each sampling occasion

Day Start 0 2 4 6 10 12

Treatment con Cool con Cool con Cool con Cool con Cool con Cool con Cool

Suspended

sediment 00:00 | 0.0:00 0.0:00 | 16%7 | 13911 | 165%2 | (.0:00 | 17:38 9012 146+ 9512 | 155%5 | (.00 | 13:24
03:00 0.0t0.00 3'2i0.02 0.010.0 2.6t0.8 0.0t0.0 8'6i1.4 0.010.0 6.3t1.3
06:00 0.010.00 4'1t0.02 0‘3i0.03 6.1t3.1 1_5i0-8 13t3.6 2.7i2.7 5.9t4.0

Turbidity 00:00 | 0.02:00 4. 5516 | 27719 | 4217 | [49+23 | 42+72 | D718 | D 105 1814 | 1.5%06 | 164+16 | 3414 | DD7=84
00:30 1943 53:15 2547 7219 6.5+27 6528
03:00 7.912.6 87'1113.4 1113.2 89114 13:1.2 121122 4'612.1 120110
06:00 6.848 | 11027 | 11210 | 124+ 8.697 | 151 41415 | 13915

0/0 PAR 00:00 100¢O.2 86i3,1 2310.9 95t0.6 43i4.3 9310.1 50121 95i0.4 39i9.1 96t1.3 39i2.7 73i23 75i24
03:00 9323 5853 9011 5344 89+1.0 4343 9611 46431
06:00 02110 49:8.1 85+15 4328 92+0.6 3863 95111 47132




Organic content of the original sediment was 7.1 + 0.1 % and remained thereabouts
for the duration of the experiment in both treatments (final values 7.1 + 0.1 % and

6.9 + 0.1 %, respectively).

5.3.1.2 Ammonium

The NHJ content of the pore water from the sifted sediment (salinity 25 psu) ab-
sorbed by the sediment sippers was 169 + 0.1 umol L-1 but the total NH; content of
the sediment, adsorbed and dissolved, which ought to have been higher, was only
118 + 6 umol L-1. Porewater salinity by day 2 had increased to 29 and 31 psu in the
control and C. volutator treatment groups and dissolved NH; concentrations had
increased to 260 + 12 and 253 + 15 umol L-1, respectively (Figure 5.3 top left).
Thereafter, the pore water salinities continued to rise until, by day 12, they were
approximately equal to the overlying seawater levels (24 vs. 35 psu) and whereas
NH{ concentrations increased to 283 + 5 umol L' in the control treatments, they fell

to 171 £ 6 umol L-'in the C. volutator treatments.

5.3.1.3 Combined nitrite and nitrate

The original NO, content of the porewater of the sifted sediment was 0.76 + 0.1
umol L but had increased in both treatments by day 2 (Figure 5.3 centre left). Con-
trol treatments rose from 3.4 + 2.4 on day 2 to 5.5 0.5 umol L by day 12 but in the
C. volutator treatments they rose from 11.6 = 5.5 on day 2 to 14.3 + 1.3 umol L by
day 12; i.e. the activity of C. volutator increased pore water NO; levels approxi-

mately 3 fold.

5.3.1.4 Phosphates

Porewater PO;* content of the sifted sediment was 4.9 + 0.6 umol L (Figure 5.3 bot-

tom left). In the control treatments pore water PO;* increased over the 12 days to
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final value of 10.7 £7.6 umol L on day 12. In the C. volutator treatments pore wa-
ter decreased initially, to 1.41 + 7.6 umol L, but ultimately reached 11.4 + 0.05 by
day 12.

5.3.2 Water column

5.3.2.1 Turbidity

Following addition of C. volutator to tanks, turbidity increased to 87 + 13 ntu within
3 hours and 110 + 27 ntu within the 6 hour tidal window, whereas turbidity in the
control tanks had hardly changed (7.9 + 2.7 and 6.8 + 1.8 at 3 and 6 hours). By day 2
turbidities in the C. volutator tanks reached 277 + 19 ntu (Figure 5.2, centre right)
whereas turbidity in the control groups had declined to 4.5 + 1.6 ntu. Turbidity in
the C. volutator tanks declined after day 2 and fluctuated around 200 ntu until day
12 whereas control treatments fluctuated around 1.7 ntu. Turbidities reached
within the tidal windows in the C. volutator treatments on days 2, 6 and 12 were ap-
proximately 19, 33, and 29 % of means on those days within %2 hour, 32, 55, and 53
% within 3 hours, and 45, 68, and 61 % within 6 hours (Figure 5.5A). Increases in
water column turbidities approximated a growth curve where >80 % of full turbid-

ity is achieved within the first half of the tide.
5.3.2.2 Suspended and deposited sediment

Suspended sediment in the water column, estimated from 50 ml samples, fluctuated
substantially between 0 and 160 g m?in the C. volutator treatments and 0 and 152 g
m in the control treatments (Figure 5.2, top right). The fluctuations over days were
consistent between control and C. volutator treatments but variations in the control
treatments were so large that the difference in suspended sediment between the

two treatments was not resolved. Mean organic content of the suspended sediment
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in the C. volutator treatment (3.4 + 0.1 %) was significantly higher (t =5.99, DF =53, p

=1.9*107) than in the control treatments (2.7 + 0.05 %).

Sediment deposition over 2, 6, and 12 days was higher in the C. volutator treatments
than in the control treatments(Figure 5.2, top left). Trapped sediment over the tidal
periods on days 2, 6, and 12 was too small to detect differences between the two
treatments. Organic content was not estimated from these samples as they were
used to compare grain size suspended sediment to total sediment. Grain size did
not differ from the grain size of the total sediment (100% < 63 um, with peak abun-

dance of 20 pm).
5.3.2.3 Light penetration through water column

Light penetration, measured as a % of light penetration through a 10 cm column of
filtered seawater, was substantially and consistently greater in C. volutator than con-
trol treatments (Figure 5.2, bottom right). Within the tidal windows, light penetra-
tion in the control treatments never dropped below 80 %, whereas in the C. volutator
treatments light penetrations were < 60 % by 3 hours and <50 % by 6 hours. In the
C. volutator treatment, loss of light at the sediment bed expressed as a proportion of
the mean on the day reached by on days 2, 6, and 12 was 53, 43, and 46 % within 3

hours, and 43, 38, and 41 % within 6 hours (Figure 5.4, row 4). Light penetration

(%) declined exponentially with increasing turbidity (Figure 5.5B: y = 95e00%; + €;).
5.3.2.4 Ammonium

The filtered seawater with which the tanks were filled contained no NH; so all of
the NH; released over the 12 days of the experiment came from the sediment. The
difference in NH; released from sediment between the two treatments was greatest
on day 2 where measurements in the overlying water column were approximately 6

fold higher in the C. volutator treatments than in the control treatments (Figure 5.3
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top right). From then on the difference between the NH; released shrank but re-
mained above 10 umol L (or 1 mmol m) until day 10 where there was little differ-
ence between the two. By day 12 NHj levels in the overlying water column of the

control treatments were 3x higher than in the C. volutator treatments.

NH{ fluxes over the 6 hour tidal window were only noticeably different between
the two treatments on days 0 and 2 (Figure 5.4 top row). On day 0 C. volutator
treatments released 4 — 5 fold more NH; than the control treatments: NH; released
from C. volutator treatments were 17.3 umol L (corresponding to as 288 umol hr-!
m?). But by day 2, while total NH; released from C. volutator tanks was still ~ 4 x
higher than that released by the control treatments, it was only 3.9 pumol L (or 65
pumol hr' m?). By days 6 and 12 NH; released from the sediment over a 6 hour tidal

window was too low to detect.

5.3.2.5 Combined nitrite + nitrate

NOy levels in the filtered seawater used to fill the tanks was 16.5 + 0.8 umol L' and
these levels increased in both treatments over the following 4 days, more so in the
C. volutator treatments than the control treatments, (Figure 5.3 centre right). Follow-
ing day 4, NOy levels in the overlying water of the C. volutator treatments contin-
ued to increase to a maximum of ~ 37 umol L' over days 6 and 8 and declined
slightly thereafter. The control treatments on the other hand declined sharply on
day 4 but then steadily rose thereafter reaching a maximum level of 28 + 5 umol L-!

on day 12.

NO; fluxes over the 6 hour tidal window varied over days and between treatment
groups(Figure 5.4 274 row). While fluxes in C. volutator started out negative and
then became slightly positive over days 2 and 6, control treatments began with posi-

tive fluxes on the first 2 days and then became negative on days 6 and 12. How-
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ever, both treatments showed maximum, and negative, fluxes by day 12: in C. volu-
tator treatments the change in water column NOy after 6 hours was -6.1 + 0.2 pumol
L1 (corresponding to an hourly flux of -10.1 pmol hr! m?) and in control treat-
ments it was slightly higher at -7.7 = 0.1 umol L! (corresponding to an hourly flux
of -12.8 umol hr' m).

5.3.2.6 Phosphate

PO;* in the filtered seawater used to fill the tanks (3.9 + 0.2 umol L) was slightly
lower than in the pore water of the sifted sediment (4.9 + 0.6 umol L?). Neverthe-
less, PO fluxes in the first 6 days were negative (Figure 5.4, row 3) and in the con-
trol treatments PO;* levels in the overlying water declined over the first 6 days
(Figure 5.3, row 3). Negative PO;* fluxes in the C. volutator treatments on days 0, 2,
and 6 (-21.7, -15, -13.7 pmol hr' m2) were higher than in the control treatments (-8.5,
-10.5, -12.5 pmol hr' m?). However, between days 6 and 12 PO;* increased in the
water column in both treatments, so that by day 12 levels in the control and C. volu-

tator treatments were similar (1.9 +0.2 and 1.6 + 0.05 pumol L*).
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Figure 5.2: Sediment (left) and overlying water (right) characteristics in between treat-
ments over the 12 days of the experiment. Open symbols represent control treatments and
filled symbols represent Corophium treatments. Circles represent levels at each day and
triangles and squares represent levels at 3 and 6 hours, respectively, following refilling with

filtered seawater.
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Figure 5.3: Nutrient levels (umol L) in the porewater (PW, top 5 mm of sediment) and
overlying water column (OW). Open symbols represent control treatments and filled sym-
bols represent Corophium treatments. Circles represent levels at each day and triangles and
squares represent levels at 3 and 6 hours, respectively, following refilling with filtered sea-
water. Nutrient levels in filtered seawater did not change over the course of the experi-

ment.
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Figure 5.4: Nutrient fluxes (umol L) and on days 0, 2, 6, and 12. Dotted lines represent
nutrient levels in the filtered seawater used to refill the tanks which did not vary much over
the 12 days of the experiment. Fluxes out of the sediment into the overlying water are rep-
resented as positive values. Open bars represent control treatments and solid bars repre-
sent Corophium treatments. The amount of light penetration to the sediment bed is repre-
sented as a percent of light reaching the sediment through a 10 cm column of filtered sea-
water (% PAR). Grey bars represent the light penetration through the seawater used to re-

fill the tanks on each day and did not vary substantially over the course of the experiment.
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Figure 5.5: (A) Turbidity in Corophium treatments on days 2 (circles), 6 (triangles), 12
(squares) expressed as a percentage of total turbidity achieved by those days. (B) Light

penetration (as a percent of light penetrating a 10 cm column of filtered seawater) against
the turbidity of each sample. Light penetration decreased exponentially (yi = 950005 + &i)
with increasing turbidity. Grain size of suspended sediment was 100% < 63 um (mode = 20

um). Open symbols represent control treatments and closed symbols represent Corophium

treatments.
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Figure 5.6: Compaction over 12 days in the control treatments (2", 4" and 5" tank from

left) was approximately 5 mm whereas hardly any compaction was visible in Corophium
treatments (1%, 314, 6t tank from left).
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5.4 Discussion
5.4.1 Sediment grain size, water & organic content

Final sediment columns of the control treatments were compacted by approxi-
mately 5 mm by day 12 of the experiment whereas there was no substantial com-
paction in the sediment of the C. volutator treatments (Figure 5.6). The lack of com-
paction in the sediment of C. volutator treatments is reflected in the water content
(%) of the top 5 cm of sediment (Figure 5.2, centre left) which was slightly () but
significantly higher than in the control treatments (Treatment: DF = 1/12, F=16.7, p
= 0.001) from day 2 onward although they did not vary significantly between days
2, 6, and 12 (Day: DF =2/12, F = 6.6, p = 0.472; no significant interaction). The evi-
dence suggests that C. volutator prevents sediment compaction by maintaining high

water content in the top 5 cm of sediment.

Organic content (%) of the top 5 cm of sediment did not vary over the course of the
experiment or between treatment groups (Figure 5.2, bottom left). Mean organic
content of suspended sediment (~ 3 + 0.1 %) was much lower than in the sediment
bed (~ 7 £ 0.1 %) in both treatments. However, this could simply have arisen from
the very small suspended sediment quantities (< 1 g) for combustion increasing the
chances of measurement error (HIMOM 2005). Grain size distribution of sus-

pended sediment did not differ from grain size distribution of sifted sediment.

5.4.2 Sediment resuspension, turbidity, and light attenuation

Turbidities measured over the 12 days of this experiment were much greater than
those measured in the previous two experiments (Figures 3.8 & 4.6) which suggests
that perhaps the absence of biofilm increased resuspension of sediment. However,
when raw maximum turbidities from each experiment were adjusted to biomass

specific turbidity standardized to 1 L shows the maximum turbidity in this experi-
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ment was 383 ntu g'! L' compared to 87 and 387 ntu g L in the previous two ex-
periments (grain size over the 3 experiments were more or less the same). So, in
fact, the turbidities in the present and previous experiments were very similar al-
though one contained biofilm and the other did not. Daily turbidities in the C. volu-
tator treatments stabilized by day 4 and fluctuated around 200 ntu (230 ntu g! L)
until the end of the experiment whereas in the control treatments they fluctuated
around 3.7 ntu (4.25 ntu L1). Analysis of variance between turbidity in independent
tanks from each treatment on days 6 and 12 results showed significant treatment
effects (Tr: DF =1/8, F = 64.4, p = 4.3*10®) but no significant differences between
days (Day: DF =1/8, F = 0.73, p = 0.418; no significant interaction). Following 2
days of ‘settling in” by C. volutator, the surface sediment was so disrupted that
within % hour of refilling the tanks with clean seawater 33% of full daily turbidity
levels (~200 ntu) were reached, ~50 % were reached halfway through the tidal im-
mersion, and 60 % reached over the full immersion. In an actual tidal system tur-
bidity would not accumulate statically over the same location but the laminar flow
carrying sediment away would also increase sediment erosion and would therefore
also increase turbidity. Turbidities in control treatment were slightly higher than
daily turbidity levels as some resuspension occurred during refilling, however tur-

bidity due to resuspension did not exceed 15 ntu.

Turbidity is a measure of light penetration through a water column but turbidity
units do not give an intuitive sense of the loss of light at the sediment bed during
immersion. According to the Lambert Law of Absorption light decreases exponen-
tially with water column depth and according to the results here (Figure 5.5B) it
also decreases exponentially with turbidity units (over a constant depth and grain
size). From day 2 onward, by halfway through an average immersion period, mean

light penetration through a 10 cm seawater column dropped by almost 50 % and
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slightly more than that over the full immersion period whereas light penetration in

the control tanks did not decrease beyond 90% during the tidal period.

The poor resolution in the suspended sediment between the two treatment groups
and the large errors in the control groups (Figure 5.2, top right) was probably due to
the measurement method. Instead of washing the salt out of the water samples
prior to pumping them through the glass fibre filters and calculating sediment con-
tent by weight difference, the filtered seawater samples were from each day were
also pumped and the weight of salt subtracted from the weight of the samples. A
clearer signal of differences in suspended sediment between treatment groups came
from the sediment traps (Figure 5.2, top left). Sediment traps with aspect ratios of
at least 12:1 in relatively still water collect reasonably representative samples of
sediment in the water column (Hargrave & Burns 1979). Analysis of variance de-
termined that sediment trapped over days 2, 6, 12 in C. volutator treatments (mean =
570 £ 188 g m?) was significantly higher (Treatment: DF =1/12, F = 4.7, p = 0.049)
than sediment trapped in control treatments (mean = 115 + 52 g m?). Trapped
sediment was washed prior to drying and weighing and the removal of salt (rather
than quantification) clearly improved quantification of sediment. However, even
with salt removal, the amount of sediment deposited in a 1 cm? trap is very small
(actual quantities trapped ranged from 1 to 374 mg) and several points indicate this
is a likely source of measurement error. First, there was no significant difference in
trapped sediment after 2, 6 and 12 days of C. volutator occupancy (Day: DF=2/12, F
= 0.85, p = 0.451). While this is a reasonable scenario for turbidity and suspended
sediment in the water column (assuming a consistent pumping rate by C. volutator),
trapped sediment would have accumulated over this time. In addition, the stan-
dard error on day 12 weights (885 + 630 g m) is so large that the mean value is vir-

tually meaningless.
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In conclusion, unless very large samples or numbers of replicates are col-
lected/trapped, which is not practical in mesocosm experiments, turbidity meas-
urements are a quicker, less invasive, more accurate and informative variable of
sediment loading than measuring sediment weight per volume water. C. volutator
assemblages are capable creating substantial water column turbidity within the first
half of the tide and once settled into the sediment (and assuming no large popula-

tion changes) the turbidity they generate is quite consistent over time.

5.4.3 Dissolved inorganic nitrogen dynamics

DIN levels in seawater, in the form of NO;, in St Andrews Bay were noticeably
higher (16.5 + 0.2 pmol L) in November when this experiment was carried out,
than in the summers (6.6 + 6.4 umol L), when the previous two experiments were
carried out. A similar pattern in ambient levels of NOy , i.e. much higher in winter
than spring and summer, was also found at a silty coastal site in NE Kattegat
(Sundback et al 2000) but not by other studies from the coastal North Atlantic (Rizzo
1990; Rysgaard et al 1995). During this experiment, there was no measurable NH;f
in the ambient seawater and there had also been very low the previous summer
levels (0.64 + 0.54 pumol L1). In contrast, DIN in the sifted, homogenized sediment
was mostly in the form of NH (168 + 11 umol L') and NO; levels were low (0.76 +
0.05 umol L7) as expected. To extract total NH from the sediment, cores were
placed in KCI which has a higher salinity than the pore water and therefore is sup-
posed to cause adsorbed NH to become desorped and added to the NH; already
dissolved in the pore water (Henriksen et al 1983; Rysgaard et al 1999; Pelegri &
Blackburn 1994). It, therefore, ought to contain higher NH; levels than than the
pure porewater collected directly by the sediment sippers but this was not the case
for any of the pore water samples but one (Table 5.1: sediment properties, NH; vs

bNH{). It is possible that there was not much NH; adsorbed to extract and that
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during extraction, where some contact with air was unavoidable, some of it oxi-
dized to NO; (which was not measured in these samples) and this would not have
happened in the sediment sipper samples as they were extracted directly from the
sediment into vacuum tubes. Alternatively, as they were measured in separate
runs of the autoanalyser because they required different blanking solutions, it is

possible that error was introduced at this stage.

The increased in pore water NH; in both treatments upon addition of seawater to
the mesocosms (Figure 5.3) is most likely caused by desorption due to higher salin-
ity (Rysgaard et al 1999). The sediment had been sieved into seawater, diluted with
deionised water to 25 psu, to match the in situ pore water salinity; upon adding the
filtered seawater column on top, some diffusion would have taken place which in-
creased the salinity of the pore water (to 29 and 31 psu in control and C. volutator
treatments, respectively). The concurrent increase in NHS in the overlying water
can be explained by positive NH; fluxes from sediment to water (Figure 5.4): 68
and 288 umol hr! m?, in control and C. volutator treatments, respectively). The con-
current increase in pore water NO;y was probably due to nitrification of the NH.
Nitrification is facilitated by aerobic bacteria and can occur in aerobic areas of
sediment and water column (Libes 1992). Because the NH] fluxes on days 0 and 2
were so much higher in the C. volutator treatments than in the control treatments,
they are depleted more quickly by nitrification. In the control treatments there is a
curious and dramatic decline in both DIN forms suggesting that a substantial
amount of denitrification of seawater but not pore water DIN took place between
days 4 and 6 which did not occur in the C. volutator treatments. Previous studies
have shown that when levels in overlying water are high, overlying water will be
denitrified prior to pore water (Pelegri et al 1994; Rysgaard et al 1995; Sundback et al
2000). However, the consensus so far on denitrification in coastal and estuarine

sediment is that bioturbators, in particular gallery diffusers such as C. volutator and
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various polychaetes, increase denitrification (Pelegri and Blackburn 1994, 1995; Pe-
legri et al 1994; Rysgaard et al 1995) because they increase the anaerobic-aerobic
border area in the sediment that anaerobic denitrifying bacteria inhabit (Serensen
1978). However, these previous studies were carried out either on intact sediment
cores or by adding C. volutator to previously established sediment cores which pre-
sumably already had O: gradients. While there was no evidence of denitrification
in the C. volutator treatments during this experiment, final NO; fluxes was strongly
negative (Figure 5.4 day 12, corresponding to -12.8 and -10.1 pmol hr! m-? in control
and C. volutator treatments, respectively) and this was presumably because NO,
was beginning to be sequestered by denitrifying bacteria in the sediment. It would
have taken denitrifies longer to re-establish themselves in their preferential habitat
from the sifted, aerated and homogenized sediment than it would have taken nitri-
tying bacteria and this process would have presumably been further delayed by C.
volutator bioirrigation but had the experiment run longer the previously observed

patterns may have arisen.

In conclusion, as found in previous studies (Henriksen & Blackburn 1980; Henrik-
sen et al 1983; Pelegri & Blackburn 1994; Rysgaard et al 1995; Emmerson et al 2001;
Biles et al 2002; Bulling et al 2010), DIN dynamics were more extreme in the C. volu-
tator treatments than in control treatments: NH; release and nitrification were both
enhanced by C. volutator presence. However, denitrification was more evident in
the control treatments but this trend was on the brink of changing towards the end
of the experiment. Previous studies, where flux measurements were performed on
more established sediment cores with or where water columns were shallower,
measured . However, in this study fluxes of DIN, with the exception of NH; on day
0 and NO; on day 12, were very low in both treatments throughout most of the ex-
periment, making it rather tenuous as to whether C. volutator exert much effect on

water column DIN in the estuary within one tidal period.
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5.4.3 Phosphate dynamics

In contrast to the previous two experiments (Figures 3.12 and 4.8) and other studies
estuarine sediment (Hylleberg & Henriksen 1980; Rysgaard et al 1995; Bulling et al
2010; Ieno et al 2006), where PO;* was released from sediment bioturbated by gal-
lery diffusers, in this experiment PO;* seemed to be absorbed from the overlying
water into the sediment even though starting pore water had higher PO;* than
seawater. In the control treatments fluxes were negative and pore water PO;* in-
creased over the course of the experiment (Figures 5.3 and 5.4, row 3). However, in
the C. volutator treatments, where fluxes were more negative than in the control
treatments, pore water PO;* decreased over the first half of the experiment but did
increase dramatically to a similar level as the control treatments by day 12. Ulti-
mately, PO;* in the pore water was about 6 x higher in the pore water (11.38 & 10.7
umol L) than in the overlying water column (1.9 & 1.6 umol L) but at this point
fluxes began to reverse to being positive (Figure 5.4). Given the general similarity
in phosphate dynamics in control and C. volutator treatments it is unlikely the

phosphate is a resource strongly modified by C. volutator engineering.

5.5 Conclusions

Ha5.1: Turbidity created by C. volutator in one average tidal period is different
from control groups and is not a simple proportion (6/168 hrs = 7.2 ntu) of what is

generated over a week.

Rather, it is 30 — 60 % (60 — 120 ntu) of the turbidity generated over a week. Light
penetration is reduced by C. volutator (at 1.2 g m? or ~ 300 ind m? in muddy sedi-
ment) by approximately 50% of pure seawater levels over the course of one tide. In
addition, turbidity is a far more accurate predictor of light attenuation to the sedi-

ment bed than quantification of suspended sediment.
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Ha5.2: DIN release from sediment modified by C. volutator in one average tidal pe-
riod is different from control groups and is not a simple proportion (6/168 hrs) of

what is released over a week.

DIN fluxes in both treatments were different from each other and changed over the
course of the experiment due to nitrification and denitrification. NHj fluxes in were
positive and higher in C. volutator treatments and nitrification was higher in C. volu-

tator treatments judging from rising levels ofNO3.

Hi5.3: Phosphate release from sediment is not modified by C. volutator in one aver-

age tidal period but dynamics remain unclear.

Hs5.4: Surface sediment compaction is modified by C. volutator: as measured by
sediment depth where ~5 mm loss in surface level was coincided with the absence
of C. volutator and ~0 mm in the presence of C. volutator. Water content of top 5 cm

was ~ 5 % higher (p = 0.001) in sediment occupied by C. volutator.

In conclusion, modification of turbidity and subsequent light loss to the sediment
bed is the most consistent and powerful ecosystem engineering effect that C. voluta-
tor exerts on the water column. DIN release from the sediment is increased by C.
volutator but not necessarily consistently in magnitude due to dependence on nitri-
fying and denitrifying bacteria and ambient levels. Sediment compaction is pre-
vented by C. volutator and it is, therefore, likely that C. volutator inhabited sediment

has higher light penetration than sediment not inhabited by C. volutator.



Chapter 6: Investigating the effects of an
overlying water column on microphytobenthic
migration and productivity.

Abstract

Corophium volutator Pallas can create sufficient turbidity in an overlying water col-
umn to reduce light penetration to the sediment by 50 % during a single immersion
tide. However, it has long been established that intertidal diatoms migrate verti-
cally in the sediment and currently MPB productivity in estuaries is normally es-
timated for emersion periods only as there is no light limitation during this period.
This experiment was designed to examine whether variable light penetration to the
sediment during immersion would result in variability in photosynthetically active
(surface) biomass and how this would affect biofilm productivity over the tidal cy-
cle. Forty-four sediment cores containing biofilm slurry from the Eden estuary
were transported to a laboratory environment in which the in situ tidal cycles were
maintained by immersion/emersion of cores in filtered coastal seawater but light
intensity to each core was manipulated for minimum variation between cores dur-
ing emersion (435 to 628 pmol photons m? s!) and maximum variation (1 to 426

umol photons m? s?) during immersion. Surface biomass (Fg) and maximum pho-

tosynthetic efficiency (:—”) were repeatedly measured over the in situ tidal cycle
m

with a fluorometer. Rapid light curves (RLC) without previous dark adaptation
were used to estimate actual productivity at ambient light levels prior to start and
around mid-emersion and -immersion. The experiment was repeated over 3 dif-
ferent in situ daytime tidal cycles. Results clearly demonstrated that bulk migra-
tion was driven by in situ tidal patterns rather than opportunistically responding

ambient light availability patterns. However, at the site the diatoms were collected



it was usual for MPB to be photosynthetically active during the immersion tide:
surface biomass during immersion was at least as high or higher than during
emersion regardless of when during the day they occurred. Variation in ambient
light levels and dark adaptation times caused micro-cycling of diatoms within the
photic zone but did not appear to drive bulk migration. In addition, bulk migra-
tion occurred prior to and during in situ sunrise and MPB did not re-emerge to the
surface post in situ sunset regardless of laboratory light levels. Finally, ambient
productivity (rETR) estimated from RLCs showed that productivity during immer-
sion tide was a tiny proportion of emersion productivity regardless of increased
surface biomass and photosynthetic efficiency which raises an interesting question

as to why diatoms surface during immersion.
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microphytobenthic migration and productivity.

6.1 Introduction

6.1.1 Rationale

Previous chapters dealt with the effects that macrofauna can have on the water
column and how this might affect microphytobenthic biomass and assemblage
composition. However, it has long been established that intertidal diatoms mi-
grate vertically in the sediment, following diurnal and tidal rhythms, and the
general consensus is that microphytobenthic cells accumulate at the sediment
surface during daylight tidal emersions to photosynthesize and then re-
submerge into the sediment prior to tidal immersion or sunset (Round & Palm-
er 1966; Pinkney & Zingmark 1991; Hay 1993; Guarini et al 2000a; Serddio et al
2001; Honeywill 2001; Consalvey 2002; Jesus 2006). If this is the case, then, in
tidal systems, turbidity in the overlying water column is unlikely to exert selec-
tive pressure on microphytobenthic community composition or productivity
because if cells have migrated out of the photic zone of the sediment anyway
during immersion, then variation in light attenuation to the sediment bed can-
not affect them. However, while diatoms from permanently submerged marine
and freshwater systems often experience comparable irradiance levels to the in-
tertidal at emersion due to the clarity of the water (Miles & Sundback 2000;
Glud et al 2002), they will still photosynthesize at light intensities of < 30 PAR
(Sundback & Graneli 1988; Glud et al 2002; Longphuirt et al 2006; Du et al 2010;
Spears 2010). As the species (such as Navicula phyllepta, N. gregaria, Gyrosigma
fasciola, G. balticum, Pleurosigma angulatum, Tryblionella apiculata, and Achnanthes
delicatula) commonly found in subtidal marine habitats (Sundback & Snoeijs
1991) and even freshwater habitats (Kelly et al 2005) are also commonly found

in the estuarine intertidal assemblages of the Eden (Appendix 1), it is not unrea-
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sonable to extrapolate that they could also photosynthesize during immersion
in the intertidal if they were at the sediment surface and given sufficient irradi-
ance (> 1 PAR). The benefits of remaining at the surface to photosynthesize
during immersion are that cells can be more productive and are less likely to
become photoinhibited, or become nutrient-limited (Miles & Sundback 2000;
Perkins et al 2001). The deleterious effects of photosynthesizing under immer-
sion are the increased likelihood of resuspension due to oxygen production
(Sundbéack & Miles 2000 and an increased vulnerability to surface grazing. This
study investigates whether cells automatically migrate downwards pre-
immersion, regardless of irradiance, or whether downward migration during
immersion is a function of irradiance. If cells do not automatically migrate
downwards, then the influence of turbidity in the water column is possibly sig-

nificant.

6.1.2 Previous migration studies

Fauvel and Bohn (1904) reported on the behaviour of diatoms in the intertidal
sandflats on the Island of Tatihou: diatoms followed diurnal and tidal cycles,
“exiting” the sediment during the daytime emersion and re-entering the sedi-
ment during the daytime immersion or prior to sunset. Another important ob-
servation made by Fauvel & Bohn (1904), was that when the biofilms were
transported to the laboratory, the in situ rhythm observed prior to removal per-
sisted, ex situ, regardless of the absence of light and tidal cues. Finally, Fauvel
& Bohn (1904) observed that during neap tides, in calm weather conditions, dia-
toms could also be seen surfacing during the high tide, which suggested that
while diatoms motility followed diurnal and tidal cycle rhythms, cells could re-
spond opportunistically when environmental conditions allowed (e.g. when the
light environment was favourable) and, presumably, extend their light dose.

Subsequent investigations into cell motility patterns have been extensively re-
viewed by Consalvey and colleagues (2004). The main research questions

raised by Fauvel & Bohn (1904) were whether cell migrations were triggered by



Chapter 6: Effect of overlying water column on MPB 207

light cues, and if so whether the migrations were rhythmic, or ‘entrained” by
prevailing in situ conditions, or were they simply an opportunistic phototactic
response to light availability as the reported observations gave evidence of both
scenarios. Further investigations also generated evidence for both scenarios.
Some field and experimental studies showed that diatoms migrated in respond-
ed opportunistically to changes in irradiation which were modified by tidal
immersion (Aleem 1950; Perkins 1960; Hopkins 1963, 1966) and were also driv-
en to migrate downwards by disturbance due water flow (Hopkins 1966;
Consalvey 2002) but could not migrate once water content of the sediment
dropped below 66% during daytime emersion (Hopkins 1966). Perkins (1960)
found that in situ diatoms in the Eden estuary immersed in up to 18 inches of
water remained at the surface during daylight hours and, when transported to
the laboratory, would migrate towards the surface at night if given artificial
light and would migrate away from the surface in darkness regardless of time
or day. Paterson (1986) found that cells could be drawn to the surface with the
application of as little as 0.5 pmol photons m? s'. On the other hand, other re-
searchers found that cells accumulated at the surface prior to in situ daytime
emersion migrated away from surface prior to immersion even in the absence of
tidal stimulus in the laboratory for several days (Round & Palmer 1966;
Happey-Wood & Jones 1988; Hay et al 1998; Kingston 1999; Guarini et al 2000).

Since the 1980s a variety of methods have been employed to investigate the mi-
gration of micoralgal cells (also reviewed in Consalsvey et al 2005): LT-SEM
(Paterson 1986; Hay et al 1993; Janssen et al 1999), EPS (extracellular polymeric
saccharide mucilage) assays (Smith & Underwood 1998; Perkins et al 2001),
pigment assays (Pinckney & Zingmark 1991, Hay et al 1993, Guarini et al 2000),
Clarke-type O: electrode (Revsbech & Jorgensen 1986; Pinckney & Zingmark
1991, 1993 a, b, ¢; Serodio 2001), spectral reflectance (Paterson et al 1998;
Kromkamp et al 1998), and chlorophyll fluorescence (Serddio 1997; Honeywill
2001; Perkins 2001, 2002, 2006, 2010; Consalvey 2002; Jesus 2005). Develop-

ments in fibre optics allowed the measurement of light attenuation through sed-
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iment at a micron scale (Kiihl & Jorgensen 1994 and references therein) and us-
ing this method Consalvey (2002) established that for Eden estuary intertidal
mud (though organic & water content and grain size information were unfortu-
nately not given) > 50% of light was attenuated by 100 um sediment depth, 85%
by 200 pm, and 99% of incident light was attenuated by 400 um. LTSEM imag-
es and spectral reflectance measurements of biofilms over a tidal emersion peri-
od show that showed that once a biofilm had formed on the surface, almost all
the cells were in the top 200 um in a 2 — 3 cell layer (Paterson 1986; Kromkamp
et al 1998). This layer of cells, from the surface to 400 um depth, is often re-
ferred to as the “photosynthetically active biomass” (PAB, Guarini et al 2000a,
2000b) or “productive biomass” (Serddio et al 2001). In addition to bulk migra-
tion cells “micro-cycle” within the photic zone, presumably to optimize light
climate and productivity (Kromkamp et al 1998).

With the expansion of methods, the focus of migration studies shifted from the
visual enumeration of microalgal biomass at the surface (colouring and cell
counting), to the quantification of physiological and functional responses to en-
vironmental cues, i.e. photosynthetic and polymer production. Studying the
functionality of biofilms in different estuarine habitats and under variable tidal
rhythms was necessary for estimating large scale primary productivity of these
systems, the fluctuations therein, and the relative importance of MPB assem-
blages to local and global carbon budgets. Pinkney & Zingmark (1991, 1993a)
used Revsbech & Jorgensen’s (1986) Oz microelectrode methods to generate P-E
curves (see General Methods 2.4.2.2) in order to calculate maximum photosyn-
thetic rate (Pmax) of MPB over a range of tidal cycles and estuarine habitats.
They devised a formula for estimating Pmax based on a combination of ‘tide an-
gles” and ‘sun angles’ (time relative to peak high tide and sunrise) and found
that their model predicted empirically measured productivity from their own
and other studies reasonably accurately. Guarini and colleagues (2000a) simi-
larly used pigment analysis from lens tissue samples taken at the start and end

of the emersion tide to make ground truthing measurements to test their 2-
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compartment model (photic and non-photic zone) for predicting the
photosynthetically active (surface) biomass in Marennes-Oleron Bay. They used
this data to develop a model of productivity of temperate intertidal MPB based
on irradiance, temperature, and tidal patterns. In their model the immersion pe-
riod were non-productive, presumably due to in situ turbidity and depth of wa-
ter column. Finally, Serddio and colleagues (2001) used a combination of fluo-
rescence measurement (Fo) and P-E curves from O: microelectrode measure-
ments to calculate total productive biomass and biomass specific productivity
over a tidal cycle. They found that productivity peaked at emersion as did sur-
face biomass as estimated by Fo. From the analysis of O: levels at different
depths they demonstrated that productivity at immersion shifted to lower sed-
iment depths and that biomass corrected productivity was about 1.3 and 0.66
times the measured productivity at emersion and immersion, respectively. They
concluded that short and mid-term variability in productivity could be ex-
plained by bulk migration over the spring-neap cycle.

Due to the relative difficulty of sampling biofilms in the field during immersion
and maintaining tidal systems in the laboratory, studies tended to focus on ei-
ther just the migration during emersion hours (Guarini 2000; Jesus 2005; Perkins
2001) or, given the convenient inertia of tidal rhythms demonstrated previously
(Round & Palmer 1966; Happey-Wood & Jones 1988), during immersion hours
but in the absence of immersion conditions (Pinckney & Zingmark 1991, 1993 a,
b, c; Underwood et al 2005). The former studies simply assume that productivi-
ty during immersion is negligible and the latter studies assume that changing
light levels due to actual immersion would not have any effect on PAB or
productivity. Of the relatively few laboratory studies that did maintain cores in
tidal systems (Hay 1993; Consalvey 2002; Defew et al 2002, 2004; Serodio et al
2001) only Consalvey (2002) actually made biomass and photosynthetic rate
measurements during the immersion period under immersed conditions. Us-
ing a fluorometer, Consalvey (2002) monitored surface biomass (Fo) in intact

sediment cores placed in either light/exposed, light/immersed, dark/exposed, or
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dark/emersed conditions in the laboratory over their in situ emersion period.
By the end of the in situ emersion period, surface biomass in cores from the
light/exposed treatments was twice as high as in the light/submerged treatment
and about 9 times higher than in both the dark/exposed and dark/submerged
treatment. In a second part to the experiment, Consalvey (2002) monitored an-
other set of intact cores over their in situ emersion period but did not apply the
experimental treatments (as above) until the start of the in situ immersion peri-
od. Surface biomasses dropped in all cores at the start of the immersion period
and differences halfway through the immersion period when the experiment
terminated were not as extreme as in the first part of the experiment. However,
surface biomasses in light treatments were significantly higher than in both
dark treatments and surface biomasses in both exposed treatments were higher
than submerged treatments (biomasses at mid-immersion in descending order:
light/exposed, light/immersed, dark/exposed and dark/emersed). Consalvey
(2002) demonstrated that light was the most important factor in determining
PAB and that actual, rather than entrained, immersion conditions also reduced

PAB.

6.1.3 Using Fluorescence to monitor migration

Depending on the number of samples, cell enumeration by microscopy (light
and LTSEM) and pigment analysis, can take days to weeks to process, so one
great benefit of using O: microelectrodes (Revsbech and Jorgensen 1986, Glud
1992) and fluorescence methodology (Consalvey et al 2005) is that each meas-
urement takes seconds (for Fo and Fv/Fm measurement) or minutes (for a P-E
curve) to carry out. Jesus et al (2005) made 100 Fo measurements in 6 minutes.
Another benefit is that these methods are non-destructive, allowing the same
biofilm to be measured repeatedly over time and under different environmental
cues. As discussed above, O2 measurement has the advantage over fluorescence
in that it measures gross O: production at known depths and, therefore, also

measures depth of PAB whereas with fluorescence measurements the true
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depth of PAB is unknown (Serodio et al 2001; Perkins et al. 2002). Because true
depth of PAB is unknown and photosynthetic efficiency is higher at lower irra-
diance, i.e. at lower sediment depths, the photosynthetic efficiency measured by
fluorescence can be over- or underestimated (Perkins et al 2011). However,
while an Oz microelectrode can measure depth of PAB it cannot measure quan-
tity of PAB, even in arbitrary, relative units as in Fo, as the quantity of photosyn-
thesizing units is confounded with photosynthetic efficiency in Oz production
(Glud 2008). Migration studies that used Oz microelectrons to track migration
over tidal cycles had to use secondary methods to measure surface biomass,
which meant they were once again destructive (Pinckney & Zingmark 1991,
1993a; Serddio et al 2001).  Finally, fluorescence measuring equipment is far
more robust and easy to use, both in the field and in the laboratory, than O mi-
croelectrodes, which are extremely delicate and require far more expertise to
make fast and accurate measurements. So, over a lengthy experiment there is
much less scope for the introduction of error by the experimenter using

fluorometry.

6.1.4 Hypotheses

The aims of this work were to test the following hypotheses:
Ho6.1: MPB bulk migration is triggered by changes in tidal state
Ho6.2: MPB bulk migration is triggered by changes in irradiance

Ho6.3: MPB productivity is negligible during emersion
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6.2 Materials and Methods

6.2.1 Biofilm collection and treatment

Biofilm was scraped off the sediment surface from a site on the southeast shore
and also from below Guardbridge on the Eden estuary (see Chapter 2.1). To
remove macroinvertebrate grazers, the sediment slurry was then sieved
through a 500 um mesh into two plastic trays (internal dimensions: 36.5 x 26.5 x
11.6 cm) containing 4 cm depth of filtered (1 pum filter) seawater until the mix-
ture reached 8 cm in depth. Experimental trays were placed outdoors to allow
the sediment to settle and compact and for the MPB to migrate to the surface.
Trays were then placed in a 10°C room overnight and surface seawater was si-
phoned off the following morning leaving an approximately 4 cm deep sedi-
ment bed with a biofilm at the surface.

Slurry samples were collected to measure grain size distribution by coulter
counter (Chapter 2.2.2) and to describe the MPB community assemblage. For
the MPB assemblage description, samples were fixed in 4 % glutaraldehyde so-
lution and subsamples from these were acid-washed and permanently mounted
with Naphrax (Chapter 2.5.3). Triplicate live-dead counts of 300 diatom frus-
tules or cyanobacterial colonies (or total counted in 3 hours per replicate) were
made on wet mounts under 788x magnification (x63 lens) for each run.
Live:dead cell count ratios were classified by size and shape categories (pre-
sented in Appendix 2) and the categories which constituted >1 % of the com-
bined live counts for each run were identified where possible (from 300 valves

per run) on the permanent mounts under 1250x (x100 lens) magnification.

6.2.2 Experimental set up

Twenty-two corers (PVC pipe: i.d. 5.2 cm, e.d. 6.0 cm, depth 4.5 cm, with one
rim tapered by sanding) were inserted into the mud of both trays to create 4
rows and 6 columns, where the 6% column contained only two cores. The ex-

periments were run in a temperature-controlled room with the thermostat at
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11°C (approximate shore water temperature 12°C). Illumination was provided
by two low bay metal halide lights (400W HQI-T, Newey & Eyre/Hagemayer
Ltd, Birmingham, UK). Metal halide lights provide high intensity
photosynthetically active radiation (PAR; A =400 — 700 nm). Variation and rise
in temperature across the sediment, due to the proximity of lights to the sedi-
ment, was prevented by running a fan next to each tray to circulate the air and
by placing the sediment trays on a stand within a larger tray of water which
could be iced when necessary (Figure 6.1). Sediment temperature between
cores was monitored throughout the experiment and maintained at 12 + 1 °C.
The positions of each tray were marked to ensure that the light intensity at each

core was consistent over the three runs of the experiment.

Figure 6.1 a (left) & b (right): (a) Tray 2 at emersion with PAM making RLC measure-
ment. (b) The shading unit was held in position over the sediment tray with dowels.
Each layered muslin square could be individually removed to allow access of PAM
probe to individual core entry during RLC measurement at immersion without greatly
affecting light levels whereas for the dark-adapted measurements the shading unit was

removed entirely.

6.2.3 Light intensity at emersion and immersion

PAR during emersion hours in the field varies with season and cloud cover but
on sunny summer days in Scotland it is generally in the vicinity of 1000 — 2000
umol PAR m? s? on a sunny day. While this level of irradiation could not be
replicated in the laboratory, emersion light intensities of 400 — 500 umol PAR m-
2 s1 have previously been shown to be sufficient to saturate the photosynthetic

activity of Eden estuary diatom biofilms at temperatures below 20°C (Defew et
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al 2004, Jesus et al 2006) and irradiances higher than 600 pmol PAR m? s

downward migration (Perkins et al 2010a).

Figure 6.2: Schematic of shading units (left) and light level at the centre of each core
position at emersion and immersion (right) for tray 1 (top) and tray 2 (bottom) . The
PAR values, in umol photons m? s, represent light intensity at the center of each core
at emersion (top) and immersion (bottom). The wide beams represent internal barrier
blocking horizontal light to cores to create very low light treatments. These were only
in place, underneath the shading unit, during immersion. Light levels were measured

in situ under immersion conditions with the Imm diameter Diving-PAM light sensor.

High tide was simulated with a 6 cm seawater column depth and a shading
structure for each tray that created a different level of immersion light level for
each core. The shading structure had an outer frame constructed from wooden
slats whose internal dimensions matched the internal dimensions of the sedi-
ment trays and an internal frame, constructed with duct tape, demarcated the
rows and columns of the corers inside the tray. Squares of muslin were pinned
to the inner frame to create differential shading levels for each core (Figures 6.1,
right, and 6.4, left column). Higher shading levels were created simply by add-
ing more layers of muslin. Muslin sheeting attenuates light but acts as a neutral
density filter (Perkins 2010, personal communication). As the shading level of

neighbouring cores affected light levels to any particular core, the shading lev-
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els had to be assigned in situ under seawater immersion, using the PAM light
sensor (30 x 3.5 mm, sensor diameter = 2.5 mm) to measure light intensity at the
centre of each core in its experimental position. Light levels were highest in the
central areas of the trays, nearest the bulb, and lowest around the edges. To get
shading levels of < 50 umol PAR m? s lateral as well as downwelling irradia-
tion had to be shaded. Lateral irradiation was blocked out entirely along 1 row
and 1 column on the edges of both trays by opaque removable barriers within
the water column but above the sediment (Figure 6.4, right column). Light in-
tensity to the cores during emersion ranged from 435 to 628 umol photons m? s-
lin tray 1 and 440 to 623 pmol photons m? s'in tray 2; during immersion light
levels ranged from 1 to 459 and from 3 to 426 umol photons m? s in trays 1 and
2, respectively (Figure 6.4, left column). To keep light levels to each core con-
sistent throughout, within and between runs of the experiment, the outer frame
of the shading structure was locked into the edge of the sediment tray by dow-

els.

6.2.3 Measurements and tidal rhythms

Presence and photophysiology of microphytobenthic organisms at the surface
of the sediment was monitored over consecutive tides by chlorophyll-a fluores-
cence measured with a Diving-PAM (Heinz Walz GmbH). Surface biomass
proxy, Fo, and maximum light utilization efficiency, Fv/Fm (Genty et al 1989),
were monitored over the tidal period with a series of Fv/Fm measurements
made following 5 minutes of low light (< 4 pmol PAR m s) adaption (Chapter
2.3.2). Measurement order was randomized within trays for each measurement
occasion to prevent covariation between measured parameters and core posi-
tions. To assess the impact of variation in dark adaptation times for each core,
the starting time of the dark adaptation period for each tray was subtracted
from the measurement time for each core in that tray and expressed as time in
excess of 5 minutes (in seconds) and used as a covariate (‘dark’ adaptation

time) in regressions against Fo and Fv/Fm.
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To evaluate photosynthetic potential, rapid light curves (RLCs, Chapter 2.3.2)
were run on selected cores at the start of the experiment (before the lights were
switched on) and near the peaks of the following tides without prior dark adap-
tation. RLCs were made using the Diving-PAM’s 8 light-step protocol (0, 104,
186, 270, 368, 533, 752, 1133, 1660 pmol photons m? s at 5 mm probe distance
in air) with 20 s at each light step. Each RLC took approximately 3 minutes so
could not be performed on each core. Therefore, 12 cores were selected to cover
the broadest range of emersion/immersion light treatments. However, RLCs
were only completed if the initial F’ yield was greater than 130 (stipulated by
the Walz GmbH Diving-PAM protocol) so in some cases cores were used simp-
ly because they had a high enough yield. In addition light curves were not
used if NPQ induced during measurement resulted in a reduction of F yield be-
low 130 units by the latter stages of each light curve. These light curves are
used to extract photosynthetic parameters describing the maximum relative
electron transport, rETRmax, maximum light use coefficient, «, and light utili-
zation coefficient, Ex (for mathematical formulation and a fuller explanation see

section 2.3.2).

Figure 6.3: The Diving-PAM probe (A) was encased in a hous-
ing (B), constructed of the same PVC pipe as the corers (C) that
ensured that the probe could always aligned at the same loca-
tion over the sediment (D) in each core.

Diving PAM settings throughout this experiment were as follows (following the

notation of Walz): Al-Fact = 1; RLC time step width = 20 sec; RLC starting in-
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tensity level = 3; ETR FAC = 1; Sat Width = 4 sec; Saturating flash intensity level
=12 (~8600 pmol photons m? s! at 5 mm probe height in air); Damping level =
2; Gain = 10; Measuring light intensity = 9 (< 1 umol photons m? s at 5 mm
probe height in air). The Diving PAM probe was encased in the centre of a sec-
tion of the same PVC pipe as the corers, so that it could be lined up with the rim
of the corer and the probe would always measure the sediment in centre of each
core where the light intensity measurements were made (see Figure 6.2).

The experiment was repeated three times in order to investigate MPB migration
patterns under different tidal and diurnal regimes. The experimental tidal pat-
terns followed the in situ patterns but experimental lights were switched on on-
ly after starting Fv/Fm and RLC measurements were made, but then remained on
for the full length of the experiment, regardless of in situ sunrise and sunset.
The in situ tidal immersion and emersion periods for each run were calculated
from the UKHO Admiralty Tidal predictions for Anstruther Easter, Scotland,
and the Fv/Fm measurement schedule was designed to measure surface biomass
in all 44 cores over two consecutive tides and into a third tide (night time) if a
surface signals remained strong enough. Four Fv/Fm measurements were made
in each of the first two tides (MT = measurement time): halfway to peak tide
(MT2 & MT6), peak tide (MT3 & MT7), halfway between peak tide and tidal
change (MT4 & MTS8) and just prior to tidal change (MT5 & MT9). RLCs were
carried out on selected cores at the start of the experiments and as near to each
peak (the mid-point) of each tide as possible. A list of all measurements is pre-
sented (Table 6.1) and in situ tidal and diurnal patterns with Fv/Fn measurement
times are given in BST (GMT+1) (Figures 6.7 a — ¢, centre plots). Trays were
flooded or drained halfway between peak high and peak low tide, which is ap-
proximately when the mid-shore of the south bank at Guardbridge begins to
flood.
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Table 6.1: List of Measurements in all 3 runs.

Measurement | MT Tidal state Run 1 Run 2 Run3
(15 Sep) (21 Sep) | (4 Oct)
Fv/Fm 1 | Start 11:15 05:34 08:15
RLC 1 | Start
Experimental lights switched on
st 1 .
Fv/Fm 2 l_ tide: halfway to peak Emersion Emersion X
tide
RLC 2 | Isttide : near peak tide Emersion Emersion | Immersion
Fv/Fm 3 | 1t tide: peak tide Emersion Emersion | Immersion
RLC 2 | Isttide : near peak tide Emersion Emersion | Immersion
RO .
Fv/Fm 4 1 tide: halfway to tide Emersion Emersion | Immersion
change
NOYEPE : .
Fv/Fm 5 I*tide: just prior to tide Emersion Emersion | Immersion
change
nd 1 .
Fv/Fm 6 f'd tide: halfway to peak Immersion | Immersion | Emersion
ide
RLC 3 | 2nd tide : near peak tide Immersion | Immersion | Emersion
Fv/Fm 7 | 2nd tide: peak tide Immersion | Immersion | Emersion
RLC 3 | 2nd tide : near peak Immersion | Immersion | Emersion
PR .
Fu/Fun g |2 tide: halfway to tide Immersion X X
change
A . .
Fy/Fm 9 2+ tide: just prior to tide Immersion | Immersion | Emersion
change
Fv/Fn 10 | 3¢ tide: halfway to peak Emersion Emersion X
Fv/Fm 11 | 3 tide: peak tide Emersion Emersion X
RLC 4 | 3+ tide: near peak Emersion Emersion X
P :
Fu/Fun 12 3 tide: halfway to tide X Emersion X

change
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6.2.5 Calibration measurements

Three sets of calibration measurements were made. First, the Diving-PAM light
sensor was used to measure in situ light levels at the centre of each core because
its small size enables measurement at small spatial scales. It was calibrated
against the LICOR 189 cosine corrected light sensor (LI-COR Biosciences, USA)

and found to be consistent (Figure 6.3).
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Figure 6.4: Calibration between the cosine corrected Licor LI-189
light meter Diving-PAM ‘s own light sensor. The Diving PAM’s
Imm diameter sensor was used to determine light intensity to

the centre of each core at emersion and immersion.

The second calibration measured the effect of probe height and medium (air or
seawater at emersion and immersion, respectively) on fluorescence yield using
a fluorescence standard provided by Walz GmbH. The Diving-PAM probe was
designed to be held at a fixed distance from the corer rims throughout a run
(see Figure 6.2) but it is impossible to maintain an equal distance between sed-
iment surface and corer rim across all corers, therefore, mm differences in probe
height over the sediment arise between cores. The distance of the sediment sur-
face from the rim of each core was recorded before beginning measurements in
each run and the probe was fixed inside its housing so that probe height at all
cores lay within 3 and 9 mm; this resulted in the majority of cores having a
probe height of 5 mm. The fluorescence standard’s signal strength was meas-
ured in triplicate at 1 to 10 mm probe heights in both air or seawater mediums

using a stage micrometer. The relationships of mean ratios (Fo*m:Fommair, where
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x is the probe height and m is the medium) to probe height (Figure 6.5) were
used to standardize all Fo measurement to 5 mm probe height in air.

A third calibration measurement accounted for variation in actinic light levels,
during the RLCs, reaching the sediment surface due to different probe heights
and mediums. RLCs were run at representative probe heights in air and sea-
water with the PAM’s own light sensor at substratum. Again, empirical rela-
tionships between measured proportions of light intensity (PAR¥™:PARSmmair 5
mm) and probe height and medium to provide correction factors for actinic
light levels during an RLC at each core. During experiments, the Diving-PAM
was run from a mains supply to ensure that battery degradation did not reduce

light intensity from the internal actinic light source.

6.2.6 Analysis

All statistical tests were preceded by graphical examination of data and models
were fitted using the “Im” (“stats” package), “nls”(stats package) and “gls”
(nlme package) functions in R (v2.13.0). Model assumptions were investigated
and error structures and fixed parameters were selected as described in Chapter
2.6. Full models to address each of the analytical questions (from section 6.1.6)
are presented in Table 6.2.

As each core had a different starting Fo, so to compare migration over the entire
tidal period, statistical analysis was performed on (calibrated) surface biomass

change, AFo (Equation 6.1), rather than raw Fo.

. pit _ pit
AFY = <°FT°> x 100
0

(Equation 6.1)

where:
i = index for individual core (1,...,44)

t = Measurement time (1,...,1)

Photosynthetic efficiency is known to be a function of accumulated light dose.

Accumulated light dose was calculated as
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aLD¢; = (PARemi X hemy ) + (PARim; X him¢)

Equation 6.2

Where:

i = core index (1,...,44)

t = measurement time (1,...,n)
h =hours accumulated

PARem/im = umol PAR m s at each core

For regressions against light intensity (Qu. 2 and 4), PAR values were central-
ised (cPAR) within tide (immersion mean = 171 + 61; emersion mean = 552 +
132) to prevent large errors on intercepts at emersion skewing the model. Dark
adaptation times (DAT) were expressed as seconds in excess of 5 minutes dark
adaptation also to bring them to the intercept. The 130 threshold is stipulated
by Walz GmbH Diving-PAM as the minimum level for accurate Fv/Fm estima-
tion; Fo levels for biomass comparison within a study are much more flexible
(Mouget 2010, personal communication; Perkins 2010 personal communication)
but 100 was chosen so that variances would not be truncated. Therefore, re-
sponse variables, Fo and Fv/Fn, were dropped where Fowas below 100 and 130,
respectively. In addition, cores with damaged biofilms or erroneous measure-
ments (see Appendix 4) were removed from data sets prior to analysis.
Photosynthetically evolved oxygen bubbles sticking to the biofilm tend to cause
biofilms to blister and peel away from the sediment at immersion due to their
buoyancy. Floating pieces of biofilm were removed from the water surface to
prevent them shading the sediment below.

The empirical RLC data was used to generate a P-E curve for each core by non-
linear least squares estimation (“nls” function) using Eilers and Peeters (1988) 3-
parameter model (described in section 2.4.2.2). The 3 estimated parameters
from adequately fitting curves (parameters a, b, c had p - values < 0.1) were

subsequently used to calculate photosynthetic parameters rETRmax, o, and Ex
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(section 2.4.2.2).

Photosynthetic parameters were compared statistically be-

tween tidal periods (Model 6.5) and regressed against PAR.

Table 6.2: Statistical models for Ho6.1 — 6.3 where: “(3” represents parameters to be

estimated; 7 = 1,...,m where m is the maximum core number at each measurement

time or tide; t = index for measurement time 1,...,n where n is the maximum meas-

urement time in each run; j = index indicating tide; p =1,...,8 and is an index for each

actinic light level in an RLC; cPAR represents centralized PAR (umol photon m? s™)

for each core prior to Fv/Fm measurement, DAT represents dark adaptation time (s)

over 5 minutes; Prev represents the previous measurement (f-1) of the response vari-

able at the same core; PAR represents each actinic light level in an RLC; & ~ N(u,0?)

represents normally distributed errors structured by a variance-covariance matrix.

Ho | Model | R Response | Formula, fixed effects
Nr func | variable
6.1 | 6.1.1 gls AFo Yir = B*MTi + €it; €ir ~ N(u,02*V)
6.1 |6.2.1 gls AFo Yij = B*Tideu + eij; €ij ~ N(u,0%*V)
6.2 |63 gls Fo Yij = Tideis* Previ*cPARy*DAT# + &i; €ij ~ N(1,0%*V)
6.3 | 6.1.2 gls Fv/Fm Yit = B*MTit + €it; €ir ~ N(u,02*V)
6.3 | 622 gls Fv/Fm Yij = B*Tidei + eij; €ij ~ N(1,0%*V)
6.3 | 6.4 nls rETR Yir~PARy/((a*PAR»"2)+(b*PARi+c) + €ip; €5 ~ N(1,0%*V)
6.3 | 6.5.1 gls rETRmax, Yij= 3*Tideij + eij; €ij ~ N(1,0%*V)
6.5.2 Q,
6.5.3 Ex
6.3 | 6.6.1 gls TETRmax, Yii = Bo*Tidei + Br*Runij+ B2* cPARjj; &ij ~ N(1,0%*V)
6.6.2 Q,
6.6.3 Ex

All starting (maximum) models (Table 6.2) and final models are reported by

giving either the model equation and the output table for the fixed portion (for

covariate regressions) or by a table of estimates and confidence intervals (for

factorial regression). For covariate regressions from Models 6.3 the estimated

parameters from the final model were bootstrapped using the multivariate

normal distribution (“rmvnorm” function, “MASS” package, 10000 replications)

and predicted means and confidence intervals estimated over the range of pre-

vious values with dark adaptation time fixed at 1s and PAR fixed at the central-

ized values for 553 pmol PAR m? s-1 (mean) at emersion and 50 and 500 pmol

PAR m? st at immersion.
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6.3 Results

6.3.1 Sediment grain size and microphytobenthic assemblage

Coulter counter analysis of the sediment slurry from runs 1 and 3 showed that
both could be classified as “mud” with clay:silt ratios of 19:81 and 21:79 , re-
spectively, and mean grain sizes of 14.1 and 10.8 um diameter, respectively.

Size-shape groups identified in live counts from the sediment slurry are listed
in Appendix 3. In run 1, of the 3 (slides) x 300 counts made, 89 + 0.05 % of cells
or colonies (when cyanobacteria) were live (see General Methods) and cyano-
bacteria comprised only 0.38 + 0.02 % of the assemblage, and no chlorophytes
were found. Of the live assemblage, 90 % was comprised of 12 size-shape taxa
and 40 taxa were represented in the live total. The 12 taxa were all solitary
epipelic diatoms from genera Navicula sensu lato, Gyrosigma, and Nitzschia and
possibly Placoneis. In run 3, there were noticeably fewer diatoms in the sediment
and the slides did not yield 300 cells/colonies (144, 220, 202 cells were counted
on 3 slides) and 79 + 0.05% of those were live cells/colonies and all were dia-
toms. 90 % of the assemblage came from 22 size-shape taxa and 44 taxa were
represented in the live total. Of the 22 taxa 52% were solitary epipelic cells from
genera Navicula sensu lato, Nitzschia, Tryblionella, Gyrosigma, Fallacia, and 39 %
were epipsammic, either semi-motile (pennate, monoraphid cells) or non-motile

(pennate, araphid, colonial cells), dominated by Achnanthes cells.

6.3.2 Calibrations

The calibration of the Diving-PAM light sensor against the LICOR-189 cosine
corrected light sensor (Figure 6.3) was near perfectly linear (R?=0.9999).

The calibration of fluorescence signal strength through different mediums and
at different probe heights (Figure 6.5) showed an exponential decay pattern of
signal with increasing probe heights and that signal attenuation was less steep
in seawater medium over these distances.

Yi = Pyyxefai + g 5 g ~N(po?)
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(Model 6.7)

Where
i=1,...,10, mm probe height
j =medium (air or seawater)
Yi = Fluorescence signal strength (F),
Xi = Height of probe over the substrate,
B1, B2 = curve parameters to be estimated by non-linear regres-
sion.
& = errors from non-linear regression follow a normal distribu-

tion

Parameters 1 and (32 estimated for fluorescence measurement in air (emersion)
were 2.22 (+ 0.009) and -0.160 (+ 0.001), respectively with R? =0.9998, p < 0.001.
Parameters (31 and (2 estimated for F measurement in seawater (immersion)

were 1.68 (+ 0.01) and -0.120 (+ 0.001), respectively and R?=0.9991, p < 0.001.
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Figure 6.5: Ratios of Fo:Fosmm in air and seawater plotted against
probe height. Calibration curves were fitted according to Model 6.7.

All Fo values were subsequently adjusted to using these equations.

The calibration of RLC actinic light attenuation through different mediums and
at different probe heights showed a linear attenuation of light with increasing
probe heights and again signal attenuation was less steep in seawater medium
over these distances (Figure 6.6).

Yi = Boj + Py*xij + &i; & ~N(W,0?)
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(Model 6.8)

Where

i = height iteration 1,...,6

j =medium (air or seawater)

x = Height of probe over the substrate;

Y =ratio PAR:PARsmm ;

Po = intercept fixed so that regression for air and seawater
passed through 1 and 0.78, respectively, at 5mm;

1 = estimated slope.
The linear regression was constrained so that ‘air” measurements would pass
through the ratio = 1.0 at 5 mm, and the regression for seawater would pass
through the ratio = 0.78 at 5 mm. The intercepts (30) and slopes ([31) for meas-
urement in air (R? = 0.979, p = 6.1¥10°) were 1.451 (+ 0.014) and -0.083 (+ 0.005),
respectively, and 0.995 (+ 0.11) with -0.043 (+0.003), respectively, for measure-
ment in water (R?=0.962, p = 2.5*10*).
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Figure 6.6: Mean ratios of PAR:PARsmm in air and seawater plotted against
probe height. Calibration lines were fitted according to Model 6.8 con-

strained to pass through 1 and 0.78 at 5mm in air and seawater, respective-

ly.
6.3.3 MPB bulk migration over tidal periods
For visualisation of MPB bulk migration over the tidal cycle, calibrated Fo for
each core in both trays were plotted against time and in situ diurnal and tidal

pattern for each of the three runs (Figures 6.7 a, b, c). For each run, the estimat-
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ed means and confidence intervals for each measurement time (Model 6.1.1) are
presented graphically (Figure 6.8 a, b & c) and estimated means and confidence

for each tide (Model 6.2.1) are tabulated (Table 6.3).

6.3.3.1 Run1

The first run (Figures 6.7 a) took place on the 15 September 2010 and tidal peri-
odicity lay between neap and spring tides. The shore would have become
emersed at approximately 11:15, 4 hours after in situ sunrise. The peak of the
emersion period was at approximately 14:00 and the subsequent immersion
would have begun approximately 2 hours prior to in situ sunset at 19:30. The
flood tide would have begun to reverse at approximately 21:00 and the sedi-
ment would have become re-emersed at approximately 23:30. The last meas-
urement was made at the peak of the second emersion tide at 02:30. Average
surface biomass at MT1 was quite high (Fo = 669 * 93) and estimated mean AFo
(Model 6.1.1) decreased very slightly in the first half and sharply in the second
half of the emersion period (Figure 6.8 a). Following immersion, estimated
mean AFo rose sharply so that by the peak of the immersion AFo was at the same
level as at the peak of the daytime emersion (mean AFo were estimated at-6.9 +
2.6% and -6.4 + 4.2% of starting values at peak emersion and immersion, respec-
tively). AFo also decreased dramatically in the second half of the tide and then
dropped further during the second emersion that night (at peak mean AFo esti-
mated at -73.9% starting values). Pooled factorial regression by tide (Model
6.2.1 results in Table 6.3) shows that overall AFo during immersion was actually
slightly higher than during the first emersion (AFoe=-11.0 and -23.0, n = 145 and
162, respectively, p < 0.0001). Overall AFo during the second emersion was sig-
nificantly lower than at both previous tides (AFo=-58.4, n = 73, p < 0.0001,
against both previous). However, 3 cores did show the “expected” downward

migration pattern during the immersion tide (Figure 6.7 a, tray 1).
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Figure 6.7 a, b, c: Calibrated Fo data from each run (1,2,3, respectively) showing the
surface biomass in each core over the tidal period. Incident light to cores is indicated
by line colour. The central graph shows the in situ tidal cycle on the black line (with
the cross-bars denoting Fv/Fm measurement times) and the in situ diurnal cycle as the

bar across the bottom (day in yellow; night in blue).

Both Models 6.1.1 and 6.2.1 for run 1 contained a within-core continuous tem-
poral autocorrelation structure and errors were categorically weighted by

measurement time.

6.3.3.2 Run 2

The second run took place on the 21 September 2010 where tidal periodicity al-
so lay between neap and spring tides. The first emersion period began at
05:34, approximately an hour before in situ sunrise (06:35), peaked at approxi-
mately 09:00 and ended just before midday (Figures 6.7 b). The afternoon im-
mersion period lasted until 17:00, with its peak at 15:00. Many cores had to be
dropped from this experiment due to extremely high O: production during

immersion tearing off biofilms.
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Figure 6.8 a, b, c: Boxplot displaying AFo at each MT overlayed (in

red) with the estimated means and confidence intervals estimated

by Model 6.1.1 for each run 1, 2, 3, respectively.
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Table 6.3: Estimated means and confidence intervals for each tide (from Model 6.2.1)
in each run. V represents a variance-covariance matrix; MT represents measurement
time; DA time represents dark adaptation time. The p-values come from the t-tests
within each model and the *p-values come from reparameterized models to test the dif-
ference between the immersion and 24 emersion. The errors in all runs varied by MT
(factor) and have continuous temporal autocorrelation within each core, run 2 addi-

tionally had DA time as variance covariate.

Run | DF | Tide Lower 95% | Estimated | Upper 95% | t-test,
(Res Confidence | mean Confidence | p-value
/Tot) Interval Interval

1 AFoit = 3*Tidejj + & ; € ~ N(u, 0Z*V)
V : a within-core continuous temporal autocorrelation structure and cate-
gorical weighting of errors by measurement time

386/ | Emersion -26.7 -23.0 -19.3 1.2¥10-»
398 | Immersion |-7.4 -12.0 -16.7 4.5*107
Emersion2 | -39.6 -35.3 -31.1 5.4*10-4
t8.5°1077

V:

2 AFoi = 3*Tidejj + & ; € ~ N(y, 0Z*V)

a within-core continuous temporal autocorrelation structure and cate-

variance-covariate

gorical weighting of errors by measurement time as well as DAT as fixed

293/ | Emersion 21.3 28.1 34.8 7.3*10°1
279 | Immersion | 103.8 118.0 134.0 6.5*1040
Emersion2 | -53.3 -39.8 26.3 1.7*108
t4.5%10-47

3 AFoit = Tide/*Xij + & ; & ~ N(u, 02*V)

V : a within-core continuous temporal autocorrelation structure and cate-
gorical weighting of errors by measurement time as well as DAT as fixed
variance-covariate

264/
255

-2.1
-65.7

16.7
-59.4

35.6
-53.1

Immersion

Emersion

p =0.082

Most of the damage occurred between MT 6 and MT 7 which meant that RLCs
were being made during this time took longer than anticipated, with the result
that the MT 8 measurements were not taken. The second emersion tide began
just under 2 h before in situ sunset (19:00) with its peak at 20:00.

Average starting surface biomass was 273 + 105 (Figure 6.7 b) prior to emersion.
During the first half of emersion period mean Fo rose by an estimated 48.7 + 4.3
% of starting values (Model 6.1) but values declined in the second half of the
emersion towards the changing tide ending at 38.4 + 10.0 % of starting values

(Figure 6.8 b). Following immersion, AFo increased dramatically, peaking at
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129.7 + 9.1 % but then decreased again prior to peak emersion (probably due to
the loss of cores with intact biofilms). Regardless of biofilm losses, mean AFoat
peak immersion was still significantly higher than at peak emersion (48.7 % *
4.3 % and 105.2 + 11.0 %, respectively, p < 0.0001). Following the peak of the
immersion period, AFodropped continuously until the last measurement ending
at mean -24.5 + 6.1 % of starting values. Pooled factorial regression by tide
(Model 6.2.1 results in Table 6.3) showed that overall AFo during immersion was
higher than during the first emersion (AFo= 147.0 + 7.7 and 28.1 + 4.3, n = 176
and 81, respectively, p < 0.0001; and without 2 large outliers (> +4 standardized
residuals) : AFo= 120.0 + 7.6 and 8.5 + 1.9, n = 174 and 81, respectively, p <
0.0001). Overall AFo during the second emersion was significantly lower than
during both previous tides (AFo=-11.7 + 6.9, n = 36, p < 0.0001, against both pre-
vious tides; without the 2 outliers: AFo=-12.5 + 9.6, n = 36, p < 0.0001, against
both previous tides).

The outliers came from a core which had a much higher AFothan expected at
emersion (where emersion PAR =492 umol m? s, slightly lower than mean 552
umol m? st). Both Models 6.1.1 and 6.2.1 from run 2 contained a within-core
continuous temporal autocorrelation structure and had measurement as a vari-

ance category and dark adaptation time as fixed variance covariate.

6.3.3.3 Run 3

The final run took place on 4 October 2010 during a neap tide. The first day-
light tide in situ was an immersion tide which began at approximately 08:45, 1
Y5 hours after sunrise, maximized just before noon, and ended before 15:00. The
following emersion peaked at sunset, at about 18:30, and ended by 21:00 (Figure
6.7 ¢). Low surface biomasses (starting Fomean = 120 + 58.6), meant that RLCs
had to be restarted repeatedly which meant experimental immersion was de-
layed by a half hour beyond in situ immersion, and there was insufficient time
to make measurements at MT 2 and MT 8. Estimated AFo (Model 6.1.1)rose

during most of the immersion tide and then declines towards the end of immer-
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sion and continued to decline throughout the subsequent emersion (Figure 6.7
& 6.8 ). The estimated mean AFoat peak immersion (188 + 16.2 %) was signifi-
cantly larger (p = 0.00005) than the estimated mean AFoat peak emersion (26.4 +
6.3 %). Also, none of the 95 % confidence intervals on the estimates between the
two tides overlap (Figure 6.8 c¢). However, the large variation in AFo between
cores and measurements resulted in Model 6.2.1 being unable to estimate rea-
sonable mean values for immersion and emersion; estimated means for immer-
sion and emersion are 16.7% and -59.4%, respectively, as compared to the actual
means which are 195.4% and 24.3%, respectively. Consequently there was no
significant difference (p = 0.082) between surface biomass during immersion
and emersion (Table 6.3).

Both Models 6.1.1 and 6.2.1 applied to data from this run contained a within-
core continuous temporal autocorrelation structure and had measurement as a
variance category and dark adaptation time as fixed variance covariate. While
neither model displayed any obvious outliers, heteroscedasticity, or skews in its
residuals, both models estimated extremely large variances with 29% of meas-
urements having an errors more than 2| standard deviations from their esti-

mates.
6.3.3.4 Summary of results of bulk migration over tidal period

Fo was at least as high or higher during tidal immersion as it was during tidal
emersion. On run 1, where tidal emersion occurred several hours after sunrise,
Fo dropped slightly over the first half of emersion, but on run 2 where the emer-
sion followed sunrise mean Fo rose over the first half of the emersion tide. While
there was some decrease in Fo during the second half of the emersion tide in
runs 1 and 2, Fo levels increased again following in situ and laboratory immer-
sion, with the exception of 3 cores in run 1. In the first run, the first half of tidal
immersion occurred around dusk and mean surface biomass at mid-emersion
and -immersion were similar but in the second run, where the first half of tidal

immersion occurred well within daylight hours mean Fo was 2 — 3 fold higher
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during immersion than emersion. In both runs 1 and 2, Fo declined following
the mid-immersion and did not re-emerge during the second emersion which
was after sunset in situ but not in the laboratory. In run 3, where immersion
occurred just after sunrise and lasted until 15:00, Fo increased almost two fold.
The first half of the emersion tide occurred in the 2 hours prior to dusk and Fo

but declined throughout.

6.3.4 MPB migration over different levels of irradiation within tidal periods

If cells migrated as a response to light intensity at the surface then surface bio-
mass should be explained by the surface biomass at the previous measurement
and the light intensity in the interim, while accounting for differences in dark
adaptation time. Calibrated Fo measurements from MT > 1 (Fo) for each run
were plotted, separately and pooled (Figure 6.9, rows 1 to 3 and row 4) against
the previous measurements (Fot1), cPAR, and dark adaptation time to deter-
mine overall trends in the data. The variation in the slopes and intercepts of Fo.
against Fot1 between each MT in each run reflected the degree to which surface
biomass increased or decreased between measurements. However, the plots
against Fot1 (Figure 6.9, column 1) for individual runs do not show any clear
differences in slopes within tides between runs, rather for run 2 there is much
higher variance than for runs 1 and 3, and run 3 has a much smaller range of Fo.-
1 values than runs 1 and 2. The pooled plot shows that the slopes within tides
have similar gradients and that there is a slight difference in gradient between
tides, i.e. immersion values seem to have a higher gradient than emersion val-
ues. The plots against centralised PAR (Figure 6.9, column 2) show a convinc-
ing negative trend for immersion values in run 1, but much slighter gradients at
runs 2 and 3; at emersion there is a shallower negative trend at run 1 and no
trend at all in runs 2 and 3. The pooled data suggest an overall slightly decreas-
ing gradient for both tides although there is a large amount of variation. Final-
ly, the plots against dark adaptation time > 5 minutes (Figure 6.9, column 3)

show a slightly declining trend in run 1 emersion and a less obvious declining
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trend at immersion but there are no clearly discernable trends for either tides in
runs 2 and 3. The pooled data also showed no clear trend presumably due to
the large variation.

The minimum adequate regression model of Fo against PAR between tides,
while accounting for the previous level and slight differences in DA times (full
model described in on Table 6.2, Model 6.3; minimum adequate model present-
ed in Table 6.4), contained only the main effects, and three two-way interac-
tions: Tide:Fot1, For1:DA time and Tide:DA time. The model estimated a slightly
negative intercept for emersion time but this refers to a previous value of 0,
which does not exist, and the actual intercept at the minimum previous meas-
urement (48) is 21. The intercept for immersion was 108, reflecting increasing
values with subsequent measurements at immersion but the rate of increase
was lower at 0.633 than at emersion (+1). While overall there was a significant
negative effect of irradiance (-0.149 + 0.04, p = 0.0001), cPAR, on surface bio-
mass, the effect was very slight, only 15 points decrease (on a scale of 100 to
~1600) with 100 umol increase in irradiance, and did not vary between immer-
sion and emersion. The effect of dark adaptation time on the other hand did
vary significantly between emersion and immersion (p = 0.0007): it was slight-
ly, but not significantly negative at emersion (-0.09, p = 0.094), but slightly posi-
tive (0.039) at immersion. In fact both effects were small: at emersion and im-
mersion each additional minute means a 5.4 point decrease and a 2.4 point in-
crease in Fo, respectively. However, the significant interaction between previ-
ous measurement and dark adaptation time suggests that the relationship be-
tween the surface biomass and the previous surface biomass decreases slightly

(-0.003, p=0.001) with increasing dark adaptation times.
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400 800 1200-200 0
Foics cPAR DA time

Figure 6.9: Calibrated Fo values for emersion (o) and immersion (0) at MT =t =2,...,9

against calibrated Fo values at time t-1 (column 1), cPAR at each core prior to that
measurement (col 2, units = umol m™ s?), dark adaptation times at each measurement
(col 3, units = seconds beyond 5 minutes) in run 1 (row 1), run 2 (row 1), run 3 (row 1),
and with all the data combined (row 4). The second emersion is not included as run 3
did not have a third tide.



Chapter 6: Effect of overlying water column on MPB 236

Table 6.4: Estimated intercepts and slopes of from Model 6.3 (gls) applied to
calibrated F,, value at each MT (t= 2,...9) with the value from previous

measurement time (Fy;_;), cPAR, and DA time, as explanatory variables.

AICc | resDF/ | Parameter for EST Std p-value
totDF Error
9530.2 | 743/781 Foij = Tidei*Previ*cPARy*DATs + €ij; €5 ~ N(1,07*V)
95225 | 751/781 | Yij = Bo+ 1 *Tidej + Bz*Fot1 + Ps*cPARj+ B4*DAT; + Bs*(Tidei*
For1) + Be*(Tidei*DATj) + + Be*( Fot1*DATy) + €ij; i ~ N(1,0%*V)
V = variance-covariance matrix (within core and run continuous
temporal autocorrelations and errors to vary by run and MT
Intercept (Emersion) -27.1 11.2 0.012
Immersion +135.2 17.3 1.86 *1014
Fot1 +1.00 0.026 1.64*10-178
cPAR -0.149 0.037 0.0001
DAT -0.09 0.059 0.0935
Fot1: Immersion -0.367 0.037 1.13*10-1
DAT : Immersion +0.129 0.038 0.0007
Fot1: DAT -0.0003 0.0001 0.0011
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8— PAR varies ﬁ— DA time varies
(=1 (=]
& &
L2l £
8 3
= T = T T
0 300 600 900 1200 0 300 600 900 1200
Fllr-i Fn.t-f
§ Fiy_varies §—
[=]
& &7
B3 $-1
w w
& &
=g Em =553 Im = 169 =5
20 400 0 10 200 300 0 300 600 900 1200
centralized PAR (umolm™~s™) Foes

Figure 6.10: Estimated Fo: (Model 6.3) against Fot1, where cPAR (top left) and DA time
(top right) are represented in their 25% quantile (solid), 50t (dashed), and 75" quantile
(dotted) and DA time (top left) and cPAR are at lowest (1s) and mean values (553 &
169), respectively. Bottom left: the estimated relationship between Fot and cPAR, with
For1at 25" (solid), 50* (dashed), and 75" quantile (dotted). Bottom, right: the esti-
mated relationship between Fo: and Fo1 (bottom right) between at emersion (black) and
immersion with low (10 PAR) and high (450 PAR) irradiance (red and green, respec-
tively) with bootstrapped (10000 draws) 95% confidence intervals.
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In summary, pooled Fo over all three runs was on average much greater during
immersion than emersion (Figure 6.10, top plots, immersion intercept higher).
Fo decreased with increasing irradiance (< 2 % decrease in Fo per 100 umol PAR
m s7) consistently in both tidal states (Figure 6.10, bottom left). Because emer-
sion tides had higher irradiances than immersion tides, the estimated change
from the previous measurement was steeper over emersion tides (Figure 6.10,
top plots). The large difference between light levels during immersion tide (458
umol PAR m? s7) hardly affected the change in Fo between consecutive meas-
urements at all (Figure 6.10, bottom left). However, response to dark adapta-
tion varied significantly (p = 0.001) between tidal states: with each minute of
dark adaptation decreased Fo slightly (< 0. 1 %) during emersion, but increased

Fo slightly (<0. 1 %) during immersion.

6.3.5 Photosynthetic efficiency over the tidal cycle

Maximum light utilization efficiencies (Fv/Fm) at each MT and tide were esti-
mated separately for each run (Model 6.1.2 & 6.2.2, where variance-covariance
matrices, V, for all 3 runs had a within core continuous temporal autocorrela-

tion structure and errors were categorically weighted by measurement time).

6.3.5.1 Run 1

Dark adapted maximum quantum efficiencies started at an estimated mean of
0.738 + 0.002 and decreased to 0.673 (+ 0.003) by the first measurement (Model
6.1.2, Figure 6.11a), where experimental lights had been on for ca. 1 %2 hours,
and decreased further to 0.613 (+ 0.003) by the end of emersion period. There
was no further decrease during immersion and even a slight increase to 0.638 (+
0.006) by the third measurement (MT 8). At the start of the second emersion,
the remaining biofilms had efficiencies just slightly lower (0.600 + 0.008) than at
the end of the first emersion. Overall (Model 6.2.2, Table 6.6), efficiencies dur-

ing the 1% emersion (0.658 + 0.002) were significantly lower than at the starting
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efficiencies (0.733 + 0.002, p = 1.2 x 10?), slightly higher than the immersion ef-
ficiencies (0.637 + 0.006, p = 0.0003), but much higher than the efficiencies at the
2nd emersion (0.604 + 0.001, p = 4.8 x 10°).

6.3.5.2 Run 2

Starting efficiencies were estimated at 0.732 (+ 0.002) and dropped to 0.691 (+
0.004) by the first measurement, ca. an hour later. They continued to decrease
reaching 0.632 (= 0.006) by the end of the first emersion (Figure 6.11b). During
the immersion mean efficiencies increased from 0.631 + 0.010 at the first meas-
urement (MT 6) to 0.703 (+ 0.007) at the last measurement (MT 9). By the first
measurement of the subsequent emersion, mean efficiencies had returned to
slightly lower levels than at the end of the first emersion 0.611 (+ 0.012) and de-
creased further to 0.573 (+ 0.015) by the last measurement (MT 12). Overall
(Model 6.2.2, Table 6.6), efficiencies at the 1%t emersion (0.653 + 0.003) were sig-
nificantly lower than the starting efficiencies (0.723 + 0.003 , p = 2.5 x 10%),
slightly lower than the immersion efficiencies (0.683 + 0.005, p = 6.7 x 10%), but

much higher than the efficiencies at the 2"¢ emersion (0.585 + 0.01, p = 1.6 x 10-
10).

6.3.5.2 Run 3

Starting efficiencies were slightly lower than in the previous two runs at 0.724
(+ 0.003). The initial decline after exposure to experimental lights but under
immersion, ca. 3 h after starting time due to missed measurement (MT 2), was
relatively small at 0.687 (+ 0.005) and mean efficiency was still at 0.669 (+ 0.006)
at the end of the immersion tide (Figure 6.11 c). However, by first measurement
of the subsequent emersion, ca. 2 h later, mean efficiency had dropped to 0.599
(= 0.006) and continued to decline thereafter to 0.551 (+ 0.012) at the last meas-
urement of the emersion. Overall (Model 6.2.2, Table 6.6), efficiencies at immer-
sion (0.726 + 0.003) were significantly higher than the starting efficiencies (0.616
+0.005, p =1.8*10"*) and the emersion efficiencies (0.684 + 0.005, p = 5.1*10-%).
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Figure 6.11 a, b, c: Boxplot comparing Fv/Fm at each measurement time

for each run 1, 2, 3, respectively, with the red points, confidence intervals,

and lines presenting the results of Model 6.1.2.
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Table 6.5: Estimated means and confidence intervals of Fv/Fm for each tide

(from Model 6.2.2) in each run. V represents a variance-covariance matrix in

which errors vary by MT (factor) and have a continuous temporal autocorrela-

tion (corCAR1) within each core; MT represents measurement time; DA time

represents dark adaptation time. The p-values come from the t-tests within

each model and the *p-values come from reparameterized models to test the dif-

ference between the 1st emersion and the immersion and 274 emersion tides.

Run | DF | Tide Lower 95% | Estimated | Upper 95% | t-test,
(Res Confidence | mean Confidence | p-value
/Tot) Interval Interval
1 [Ev/Em]it = Bi*Tidejj + &ij ; €ij ~ N(u, 0**V)
410/ | Start 0.730 0.733 0.737 0.000
496 Emersion 0.653 0.658 0.663 1.2*10112
Immersion | 0.629 0.639 0.650 7.9*105
2.8*104
Emersion2 | 0.593 0.604 0.615 2.8*1072
t4.8%1018
2 [Ev/Em]it = Bi*Tidejj + &ij ; €ij ~ N(u, 0**V)
310/ | Start 0.720 0.723 0.727 0.000
326 Emersion 0.646 0.653 0.660 2.5*10
Immersion | 0.673 0.683 0.694 2.3*1012
6.7*108
Emersion2 | 0.566 0.585 0.605 2.1*1033
t1.6%1010
3 [Fv/Fm]it = Tide/*Xi + &ij ; €i ~ N(u, 0**V)
197/ | Start 0.717 0.723 0.729 1.8*1021
208 Immersion | 0.668 0.684 0.699 1.2*1014
Emersion 0.599 0.614 0.631 2.0*10%2
t1.2*1025

6.3.5.3 Summary of maximum photosynthetic efficiencies over tidal cycle

Starting (fully reduced PSlls) efficiencies prior to sunrise were approximately

0.731 + 0.002 and decreased over exposure time but less so during the immer-

sion period (in runs 1 and 2 efficiency even recovered somewhat during the

immersion). Maximum photosynthetic efficiencies followed the same declining

trend with increasing light dose across all runs except for at low light levels

during the immersion periods of runs 1 and 2 where maximum efficiencies

were higher than expected (Figure 6.12).
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Figure 6.12: Photosynthetic efficiency by accumulated light dose in the

h) " 1000

first two tides (where emersion = black, immersion = red) of all three

runs (run 1 =0, run 2 =0, and run 3 = A).

6.3.7 Are photosynthetic parameters (rETRmax, @, Ex) a response to tide, ex-

posure time, or light intensity?

Rapid light curves from each tide for runs 1 — 3 ( Figures 6.13 a, b, and c) show
that while in the first two runs in most cores photosynthetic rates were reaching
saturation within the maximum light step (1660 umol PAR m? s) at the start
and during the immersion period, they were hardly reaching saturation during
emersion, but this pattern was reversed in run 3 where immersion occurred

first.

6.3.7.1 Maximum relative photosynthetic rate (rETRmax)

The RLCs of the first two runs (Fig. 6.13 a and b) clearly show that the maxi-
mum photosynthetic rate was much higher from the two emersions than from
the immersion period. For run 1, mean estimated rETRmax during the two emer-
sions (Model 6.5.1 estimates in Table 6.6) were not significantly different from
each other (res/tot DF = 36/40, p = 0.810) but were significantly higher than the
immersion mean (p = 5.5 x 10%°) and the starting mean (p = 1.4 x 10%). Maxi-
mum photosynthetic rate during the two emersion tides in run 2 (Table 6.6)
were also not significantly different from each other (res/tot DF = 35/43, p =
0.180), but significantly higher than estimated mean at immersion (p=2.5 x 10%°)

and at the start (p =9.3 x 10°55).
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Figure 6.13a,b,c: Rapid Light Curves from runs 1 (a), 2 (b), and 3 (c) on selected cores

at the start and near the peak of each subsequent tide.
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Finally, RLC parameters from run 3 (Fig. 6.18 c) were not as different between
starting, high and low tides as the first two runs (Table 6.6); estimated mean
maximum photosynthetic rate at emersion was not significantly higher than at
immersion (res/tot DF = 31/35, p = 0.180), but both were significantly lower than
the starting mean (p = 0.001 for emersion and p =1 x 10" for immersion).
The plot of pooled rETRmax from all runs against irradiance level suggests a
slightly positive, linear correlation (Figure 6.14: top left). The final model (Table
6.7), estimated a single slope against irradiance (cPAR) but estimated a unique
intercept for each run and tide. The overall effect of irradiance on maximum
photosynthetic rate was estimated as 0.079 (+ 0.023, p = 0.001): which means
that with each 100 umol increase in PAR maximum photosynthetic rate increas-
es by only 8 points which means the full range of irradiance can only explains
52 points (~ 20.5 %) where the full range of rETRmax values is 267.
Table 6.6: Estimated (Model 6.5) mean and 95% confidence intervals for photosyn-
thetic parameters for each tide in each run. Means are in the centre with lower and
upper confidence limits above and below. Variance-covariance matrices required in
models were: categorical weighting of errors by measurement period for ot in run 1,

rETRmax in run 2, and Ek in run 2, as well as a within-core temporal autocorrelation
in for ain runs 1

Tide Start Emersion Immersion Emersion2

Run 1 2 3 1 2 3 1 2 3 1 2

fETRmax | 127 79 192 187 232 143 80 78 124 179 167
139 90 212 200 258 163 92 87 143 198 219
150 101 232 213 232 182 104 96 163 216 271

o 0.263 | 0.262 | 0.321 | 0.287 | 0.306 | 0.287 | 0.303 | 0.324 | 0.353 | 0.234 | 0.289
0.284 | 0.283 | 0.331 | 0.309 | 0.315 | 0.302 | 0.324 | 0.345 | 0.373 | 0.266 | 0.306
0.305 | 0.304 | 0.342 | 0.331 | 0.324 | 0.317 | 0.345 | 0.367 | 0.392 | 0.298 | 0.232

Ex 441 286 572 607 726 474 253 223 322 0.638 | 569
487 318 645 655 822 544 299 256 392 0.638 | 702
533 350 717 703 918 613 345 288 461 780 836

The intercepts for the tides between runs were significantly different in each
run: the highest intercept at emersion was at run 2 (258 + 10.9) which was signif-
icantly higher than that at run 1 (200.4 + 5.0) and run 3 (164.5 + 8.8). Immersion
intercepts for runs 1 to 3 were 180.2 (+ 7.0), 201.7 (+ 15.7), and 254.7 (+ 12.3), re-

spectively. Most notably though, the ranges of the starting rETRmax values,
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184.7, represents 69% of the range of values at subsequent two tides, 266.9 but
as the same cores were not tested at each peak tide a correlation could not be

fitted to account for it.
6.3.7.2 Initial slope (o)

In run 1, estimated (Model 6.5.2 estimates in Table 6.6) mean « in the first emer-
sion and subsequent immersion were not significantly different (res/tot DF =
31/40, p = 0.281) but significantly higher than the starting mean (p = 0.0001) and
final emersion (p = 3.7 x 107). In run 2, mean a at immersion was significantly
higher than the both daytime emersions (res/tot DF = 35/43, p = 0.021), as the
two emersion means were not significantly different from each other (p = 0.180),
and significantly higher than mean a at the start (p = 0.023). In run 3, a during
the immersion tide was significantly higher at the start (p = 0.001) but not signif-
icantly higher than at emersion (p = 2.3 x 107).

There is a negative linear trend between o and ambient PAR in the pooled data
from the first 2 tides of all runs (Figure 19: top right). However, while no signif-
icant change in a with increasing PAR was estimated (Model 6.6) for emersion
(Table 6.7, cPARem =-0.0001, p = 0.099), there was a significant estimated decline

in a with increasing PAR at immersion (cPAR-im =-0.0002, p = 0.019).
6.3.7.3 Saturation light coefficient (Ex)

In run 1 mean estimated Ex at both emersions, were not significantly different
from each other (res/tot DF = 36/40, p = 0.21), but were twice as high as at im-
mersion (p = 6.5 x 101%) (Model 6.5.3 estimates in Table 6.6). The starting value
lay between emersion and immersion values and was significantly different
from both of them (p = 1.0 x 10-° and p = 1.0 x 10, respectively). In run 2 Ex fol-
lowed the same pattern as in run 1, i.e. estimates for emersions 1 and 2 did not
differ significantly (p = 0.150), but the estimated emersion mean was significant-
ly higher than in the subsequent immersion (p = 8.1 x 10¥) and from the start (p

=2.4x10"2). During run 3 the estimated emersion mean was again significantly
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higher (p = 0.004) than the immersion mean Ex (391.8 + 34.2) but not significant-

ly different (p = 0.049) from the mean starting Ex which was actually slightly

higher (644.7 + 35.7).
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Figure 6.14 : Photosynthetic parameters (clockwise from top left: rETRmax,
a, TETR, and Ek) against PAR at each core in runs 1 (o), 2 (0), and 3(A)
showing starting values (black), 1t emersion (red), immersion (green), and

2nd emersion (red).
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confidence intervals for each tide and run.
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Solid characters represent estimated means and 95 %

There was a positive trend between pooled Ex from the all runs and tides

against ambient PAR (Figure 6.14: bottom left). While there was a good deal of

scatter at the top of the relationship, a single significant positive slope was esti-

mated (Model 6.6.3) between Ek and PAR (Table 6.6, est = 0.47, p < 0.0001) for

the first two tides across all runs. An increase in 100 umol PAR m s light in-

tensity increases Ex by 47, which means that over the full range of PAR Ex can

vary by 305.5 which is 32.4% of the full variance of the observed Ex values (942).



Chapter 6: Effect of overlying water column on MPB

246

Table 6.7: Estimated intercepts and slopes of from (Model 6.6) applied to

each photosynthetic parameter with centralized PAR (cPAR) as covariate

and runs and tide as a factor. V represents a variance-covariance matrix.

Estimates are relative to intercept (ie. they are not independent values).

AICc | resDF/ | Parameter for EST Std p-value
totDF Error

646.7 | 53/68 | rETRmaxij=Run *Tidej *cPAR;j + €i; &j~ N(u, 0**V)
V = categorical weighting of errors by run

634.8 | 58/68 | rETRmaxij = fo*Run + f1*Tidej + f2*cPARj + B3*( Run: *Tides)
+¢&ij; &~ N(u, o%*V)
Intcpt (Run 1:em) 200.4 5.0 2.9%103%
Run 2 57.3 10.9 1.3*10°
Run 3 -35.9 8.8 0.001
Run:Tide (1,im) -110.4 7.0 1.9*1015
Run:Tide (2,im) -56.0 15.7 0.0006
Run:Tide (3,im) 90.2 12.3 5.6*10%
cPAR 0.079 0.023 0.001

-303.4 | 54/68 | aij=Bo*Run *Tidej* cPARj + €i; &ij ~ N(1, 0%*V)
V = categorical weighting of errors by tide

-302.8 | 58/68 | aij = Po*Run + P1*Tidej + B2*cPAR; + $s*( Runi *Tidey) + &j;
&ij ~ N(u, o%*V)
Intcpt (Run 1-em) 0.306 0.008 8.2%10-5
Run 2 0.01 0.011 0.213
Run 3 -0.006 0.011 0.460
Run:Tide (Run 1-im) 0.023 0.012 0.026
Run 2:Tide -0.003 0.016 0.760
Run 3:Tide 0.051 0.015 0.002
cPAR-em -0.0001 0.00004 0.099
cPAR-im -0.0002 0.00006 0.019

814.7 | 54/68 | Ewij=po*Run *Tide;j cPAR; + &ij; &ij~ N(u, 0**V)
V = categorical weighting of errors by tide

806.1 | 59/68 | Exii=Bo*Run + p1*Tidejj + (2*cPARy + fs*( Runi *Tidey) + &ij;
gij ~ N(u, o%*V)

59/68 | Runl 656 34.5 2.5%10%

Run 2 166 48.8 0.0012
Run 3 -99.4 47.8 0.042
Run 1-Tide:im -367.9 38.5 9.8*10-14
Run 2- Tide:im -173.5 55.2 0.0026
Run 3- Tide:im 208.9 53.5 0.0002
cPAR 0.47 0.07 2*10°
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6.4 Discussion

6.4.1 Migratory response of MPB (Fo) to diurnal and tidal cycles and light
variation.

The primary aim of this experiment was to determine whether MPB were active
during immersion and whether different light levels under immersed condi-
tions would modify their behaviour and physiology. The bulk of the previous
literature on the subject suggested that surface biomass would decrease dramat-
ically during the immersion tide due to entrained rhythms (Round & Palmer
1966; Pinkney & Zingmark 1991; Hay 1993; Guarini et al 2000a; Serddio et al
2001; Honeywill 2001; Consalvey 2002; Jesus et al 2006). However, some studies
did show that in shallow, relatively clear water MPB would remain at the sur-
face throughout the tidal immersion, presumably as there is sufficient light for
photosynthesis (Fauvel & Bohn 1904; Aleem 1950; Perkins 1960, Hopkins 1966),
so it could be perhaps be quantified as continuous response with respect to ir-
radiance. This experiment was designed to examine the natural migratory re-
sponses under different in situ tidal cycles so that migration could be attributed
to in situ tidal pattern or laboratory light intensity. Hence, irradiance at emer-
sion was kept as high as laboratory conditions would allow (> 400, < 600 pumol
PAR m s, still well below outdoor irradiance on a sunny day) and irradiance
at immersion was designed to capture a range of conditions from almost no
light (1 pmol PAR m?2 s7) to approximately emersed light intensities (> 400 m? s’
). In situ tidal cycles were maintained in the laboratory but in situ diurnal cy-
cles were not in order to (1) monitor surface biomass by irradiance over a full
emersion and immersion tide (which day length in September-October would
not allow), and (2) compare surface biomass at daytime and night-time emer-
sion. Over diurnal cycles night-time surfacing would occur given the same lev-
el of irradiance as during daytime emersion.

The unexpected result was that the surface biomass did, roughly, follow in situ

tidal patterns but rather than reaching during maximum levels during emer-
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sion, maximum levels were reached during immersion regardless of in situ di-
urnal cycles or experimental irradiance level (Figure 6.7 a — ¢ and Figure 6.8 a -
c). In all 3 runs, surface biomass was significantly higher during immersion
than during emersion (Model 6.2.1, run 1 p = 4.5*107; Model 6.2.1, run 2: p =
6.5*104% Model 6.1.1 run 3: p = 4.6*10%, details described in section 6.3.3.3).
There are several possible explanations for this phenomenon. First, it is possi-
ble that this is an artefact of fluorescence methodology. At immersion there
could be a slight resuspension of surface sediment meaning that Fo readings are
higher either because the photosynthetic biomass is effectively closer to the
probe (Figure 6.5) or because measuring light can penetrate deeper into the sed-
iment. There is some evidence for this possibility in run 3 which had extremely
low starting biomass levels compared to the previous runs, and yet following
immersion there was a 200% increase in surface biomass which then dramatical-
ly declined upon emersion, even though emersion started 4 hours prior to in
situ sunset. The MPB assemblage in this run consisted of a much larger propor-
tion (39 %) of semi-motile and non-motile epipsammic diatoms which may have
only received light once the sediment layers were loosened at immersion. This
is could have been examined within the experiment had a subset of dark- and
non-tidally-maintained cores been monitored alongside the experiment cores
over the tidal cycle or had a second, night-time, immersion been monitored (just
as in runs 1 and 2 a second emersion tide was monitored to elucidate diurnal
cycles). Had the “control” cores not shown the same level of change in surface
biomass at immersion, or had the measurements at the 2" immersion 5 hours
after sunset shown a dramatic increase in surface biomass, this would have
been a good indication that high Fo levels were not due to active migration to
the surface but due slight resuspension of surface sediment. However, if this is
the case, it does not necessarily negate all the experimental results; light attenu-
ates much faster through a few mm of sediment than through a water column,
so if the photic depth increases at immersion this would still result in more

photosynthetically active biomass. Another possibility is that because all three



Chapter 6: Effect of overlying water column on MPB 249

biofilm slurries were a mixture of diatoms from different microhabitats at the
site (the open mudflat (unshaded), the sediment along the edges of rocks over-
hung with Fucus (partially shaded), and from underneath Guardbridge itself
(shaded)), there was quite a large contingent of diatoms that were acclimated to
low light intensities and hence would have preferred immersion conditions in
the laboratory to emersed conditions. Finally, water depth the peak of spring
immersion at the site was < 1 m, which, in combination with low flow rate and
low turbidity (compared to the paper mill site) means that light levels may not
be prohibitive and the diatoms at this site may be accustomed to photosynthe-
sising during immersion.

Another unexpected result was that cells appeared to assemble at the surface
prior to emersion and sunrise. In run 1, where in situ sunrise occurred several
hours prior to the start of the experiment, mean surface biomass was higher at
the starting measurement than over the rest of the emersion period. This means
that cells were already at the surface during the sunrise immersion, and, when
the experimental lights came on they migrated downwards to protect them-
selves from high irradiation (Perkins et al 2010). In run 2, were in situ sunrise
occurred almost simultaneously with the start of the emersion period, surface
biomass remained relatively consistent or increased somewhat over the emer-
sion tide. Again, cells were already assembling at the surface at measurement
time 1, prior to emersion (and sunrise). Assemblage of cells at the sediment sur-
face at (or prior to) sunrise implies that this was either an extremely fast
phototactic response or that there is an entrained rhythm that is specific to envi-
ronmental conditions at the site (as described above). As measurements of ver-
tical migration speed in diatoms range between 612 — 1,008 um h' (Hopkins
1963; Harper 1977; Hay et al 1993), it is unlikely that they did not begin migrat-
ing until they sensed light. Therefore, it is more likely that there is a site-
specific “expectation” of light and hydrodynamic conditions.

A final indicator of entrained tidal-diurnal rhythm was that cells did not mi-

grate to the surface at the night-time emersion regardless of the availability of
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light in the laboratory. In both runs 1 and 2 where there was a night-time emer-
sion, cells migrated downward from the end of the evening immersion period
onward and in both runs surface biomass at the second emersion was signifi-
cantly lower than during the first emersion (Table 6.3: Model 6.2.1 run 1, p =
5.4*10¢; Model 6.2.1, run 2, p = 1.7 x 10-47). Aleem (1950) found that while in
the field (Whitstable, UK) diatoms would not be coaxed to the surface by artifi-
cial light, in the laboratory they surfaced readily at night given sufficient light.
His second observation was corroborated by Perkins (1960) with diatoms from
the Eden estuary. However, according to Saburova and Polikarpov (2003) dia-
toms require a downward migration to more nutrient-rich depths in the sedi-
ment for cell division. If the diatoms at this site are accustomed to remaining at
the surface throughout the daylight hours, regardless of tidal state, then they
would require the night-time for cell division and reproduction. Interestingly,
in run 1, where the first half of the immersion occurred around sunset, cells still
maintained their surface positions and only started migrating away from the
surface midway through the tide, when it would have been dark (Figure 6.7 a).
In addition to entrained bulk migration, there was a small amount of migration
in response to experimental variation in light levels. Not enough data on the
really low (< 50) end of ambient light to give a clear pattern but as dark adapta-
tion took place in <4 PAR and responses varied.

Fo measurements were made following five minute dark adaptation times as
Serodio et al (2001) found that it was a stable measurement over a large range of
irradiances. However, as 88 measurements were made at each measurement
time, the full extent of dark adaptation time by the final measurement could be
as high as 900 seconds (15 minutes) over the initial 5 minutes dark adaptation
time. As previously described by Jesus and colleagues (2006a, 2006b) surface
biomass at emersion decreased with increasing dark adaptation time: each ad-
ditional minute of dark adaptation reduced Fo by ~ 5 units. The dark adaptation
effect was less extreme at irradiance (an increase of 2.3 for each additional dark

adaptation time), presumably because there was less of a difference between
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ambient light and light levels during dark adaption (~ 4 pmol m? s?). Jesus and
colleagues 2000b recommend low light (5 % of ambient light) or far red adapta-
tion to reduce diatom migratory response. To stagger each of the 88 measure-
ments so that each only received only 5 minutes of dark adaptation would re-
quire an unreasonable effort given the relative smallness of the effect.

In conclusion, the overall migration patterns of MPB seemed to be determined
by in situ conditions at the Guardbridge site. Cells migrated to the sediment
surface prior to or at sunrise regardless of tidal state and remained at the sur-
face for at least half of the tide but sometimes migrated downwards prior to
tidal change. Cells were more abundant at the surface during immersion than
emersion, which suggests that bulk migration is probably a site and species
specific response. Cells remained at the surface prior to in situ sunset as long as
there was light (even 1 umol PAR m? s') and did not return to the surface fol-
lowing in situ sunset, regardless of light availability. However, there was a
small but significant amount of migration away from the surface in response to
increasing light intensity which was consistent between tidal states (15 + 4 units
per 100 pumol PAR m? s, p = 0.0001 ). This suggests that while variation in
light levels during the day does not drive bulk migration but rather causes cells
micro-cycle to find optimum light levels (Perkins et al 2010). However, while
the general response to ambient light levels did not vary between tides, at very
low light levels, such as during dark adaptation (< 4 pumol PAR m? s') behav-
iour did vary between tidal state: at emersion exposure to very low light drove
cells away from the surface as described previously (Jesus et al 2006a, 2006b) but

at immersion it drove them upwards, which has not been previously reported.

6.4.2 Vertical migration and maximum light utilization efficiency

The maximum photosynthetic efficiency over measurement times (Figure 6.11)
in each run decreased with duration of exposure. The decrease with increasing
exposure time is clearly less steep during immersion tides compared to emer-

sion tide, indeed in run 2 Fv/Fm actually increases within immersion tide. In
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runs 1 and 2 where the first tide is emersion the mean Fv/Fm over these tides are
significantly lower (10% drop, p = 1.2¥10"2and 2.5*10%%, respectively) than the
starting values, but over subsequent immersion, which is roughly the same
amount of time, the change in FvFm is only a 3 % decrease in run 1 (p = 2.8*10+)
and a 4 % increase (p = 6.7*10%) in run 2. In run 3 where the immersion oc-
curred first in the day the initial decrease from starting values was only 5.4% (p
1.2x10*) where as at the subsequent emersion (again approximately the same
length of time) there was another 10% decrease (p = 1.2x10%). The logical as-
sumption, and indeed the assumption supported by the literature (Perkins et al
2011 and Consalvey et al 2005 and references therein) is that photosynthetic effi-
ciency decreases with increased irradiance (due to the increase in NPQ) which
is higher at emersion. However, the plot of FvFm against irradiance (Figure
6.12, column 2) clearly shows that this is not the case at emersion in the first two
run though it is the case in run 3. This means that at emersion, where there is
less variation in irradiance, the decline in maximum efficiency is clearly a more
a response to exposure time. At immersion in runs 1 and 2 there is a clear co-
variance between irradiance and maximum efficiency but less so at immersion
in run 3. This clearly shows that the effect of irradiance level on efficiency in-
creases with exposure time and is therefore a response to the total “light dose” a
biofilm has received (Perkins et al 2010, 2011).

The regression of efficiencies against previous values, irradiance, and dark ad-
aptation times (Model 6.3, Table 6.7) showed no significant effect of irradiance
on efficiency at emersion (+0.00002, p = 0.547) but a much larger effect at im-
mersion (-0.0001, p = 3.9*107). While this effect is not particularly large over the
251, 50t and 75% quantile of irradiance ranges at emersion and immersion (Fig-
ure 6.13, top left), it is more apparent in the plot against cPAR (Figure 6.13, bot-
tom left) and (Figure 6.13, bottom right) the plot.

As discussed in the introduction, Serddio et al (2001) found that at immersion
biomass was distributed at lower depths so that the weak measuring light (< 4

pmol m? s?) did not penetrate to the biomass, hence the underestimation of bi-
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omass by a factor of 0.66. However, the saturating flash is much more powerful
(~ 8600 umol m? s?) and hence Fm measurement is integrated over deeper cell
layers, and as a result maximum efficiency is overestimated (Perkins et al 2011).
So it is possible that immersion efficiencies are simply inflated due to this over-
estimation. However, in these biofilms the reverse is the case, emersion has
lower Fo values and hence diatoms they are more are more likely present in
lower layer of sediment, meaning that emersion efficiencies measured here are
actually overestimations. Another reason, and the more likely one, for the shal-
lower decrease and/or increase in efficiency during the immersion tide could be
due to recovery from NPQ (Serddio et al 2005; Perkins et al 2011). Non-
photosynthetic quenching of fluorescence by xanthophyll cycling (see General
Methods 2.4.2.2) increases over exposure to protect photosystems from excess
light but can be reversed at low light conditions (Serodio et al 2005; Jesus et al
2006).

6.4.3 Are photosynthetic parameters (rETR, rETRmax, @, EK) a response to
tide, exposure time or irradiance?

Ambient photosynthetic parameters were calculated from rapid light curves on
selected cores without previous dark adaptation so the rETRs estimated are not
maximum potentials but the actual rates of the biofilms. There are 4 parameters
of interest in a P-E curve (see General Methods 2.4.2.2) which is an asymptotic
growth curve: the initial, linear, rate of increase of photosynthetic rate per unit
irradiance (a), the irradiance at which the linear increase ends (Ex), the maxi-
mum rETR (rETRmax) and the irradiance at saturation (Es). The rETRmax is ac-
tually a function of the initial slope and saturation energy that is required to
reach the maximum photosythetic rate (Es). However, in the Eilers and Peeters
(1988) model the reverse approach is used: the 3 parameters estimated from
empirically measured RLCs to calculate rETRmax and «, which are then used

them to calculate Ex; Es is not used.
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The RLCs (Figure 6.14a-c) show clearly that saturation energy and rETRmax are
much higher at emersion than immersion tides. These differences are mostly
due to the fact that at emersion, higher irradiance activates xanthophyll cycles
which increase NPQ resulting in more energy being diverted from photosyn-
thetic pathway and therefore more energy is required to saturate the photosyn-
thetic pathway (Falkowski & Raven 2007). However, as demonstrated by Per-
kins and colleagues (2006) acclimation of cells (increased NPQ) during RLCs
with increasing light steps can mean overestimation of rETRmax and Ek and
underestimation of a. In addition, Jesus and colleagues (2006) found that the
other adaptation to higher light level, downwards migration, can also occur
during the RLC and will also cause overestimation of rETRmax and Ek. RLC
curves generated by decreasing lightsteps (as recommended by Perkins et al
2006) would probably have resulted in lower and more accurate rETRmax and Ex
estimates at emersion but these were not done as the automated RLC in the
Diving-PAM allows choice in actinic light levels but not direction of applica-
tion.

The effect of exposure time on photosynthetic parameters is best compared by
comparisons of parameters between the first and second emersions in runs 1
and 2 which were about 12 hours apart but otherwise under the same condi-
tions. rETRmax were not significantly different between in either run (run 1:
res/tot DF = 36/40, p = 0.810; run 2: res/tot DF = 35/43, p = 0.180) and neither are
Ex(run 1: res/tot DF = 36/40, p = 0.0.21; run 2: res/tot DF = 35/43, p = 0.150). In
the first run a was significantly lower in final emersion than in the first (res/tot
DF = 36/40, p = 3.7 x 107) but not so in the 2" run (res/tot DF = 35/43, p = 0.150).
However, when the pooled photosynthetic parameters are compared graphical-
ly (Figure 6.15) the distributions of parameters at emersion 1 (red symbols) and
emersion 2 (blue symbols) more or less completely overlap (with one high out-
lier from the 2" emersion). This is somewhat suspicious as there should have
been much higher NPQ during the 2°¢ emersion than in the first and, therefore,

higher rETRmax and Ex. This result is probably actually confounded by overes-
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timation of these parameters (Serodio 2005; Perkins et al 2011) because surface
biomass was significantly lower in the second emersion (see Figure 6.8a & b and
Table 6.3).

Regressions of photosynthetic parameters rETRmax, and Ex from the daytime
tides against cPAR show that there is a universal and significant response to
light intensity at each parameter (rETRmax: res/tot DF = 58/68, p = 0.001; Ex:
res/tot DF = 59/68, p = 2*10”) but that magnitude of the parameters vary by runs
and tides. For a, the relationship to cPAR varied by tide and was only signifi-
cant at immersion (res/tot DF = 58/68, p = 0.10 and p = 0.02 at emersion and im-
mersion, respectively). Most interesting though is that almost all of the full var-
iation of each parameter were already present in the cores at the start of each
experiment (black symbols) before any differences in light regimes were ap-
plied. And yet the between tides tests within runs showed significant differ-
ences of parameters at each tide when compared to the start almost across the
board (with the exception of the rETRmax at immersion in run 2).

The regression of rETRs at each cores PAR intercept had to be constrained to 0
and the best fitting model as a result split the data along light intensities and
irrespective of tide or runs (time along spring-neap cycle, tidal and diurnal cy-
cle, MPB assemblage). At <200 pumol m? s the rate of rETR increase with each
additional pmol of light was 0.31 (+ 0.01), and at PAR > 200 pmol m s the rate
of increase is 0.227 (+ 0.003). Within this pattern run 1 and 2 residuals of im-
mersion values are slightly lower and run 3 residuals are slightly higher reflect-
ing the reduction in efficiency at higher exposure times, but adding tide or run
to this model did not improve it. What is clear, is that during immersion rETRs
are lower because incident light is lower, they are not qualitatively different
from emersion. In this experiment there were no emersion cores at < 200 pmol
m? s, so they could not be compared but this could easily be carried out in fu-
ture. Irradiances of > 200 pmol m? s at immersion are purely hypothetical
though and are not likely to occur in anything deeper than a 5 cm water col-

umn. Some very rough calculations of photosynthetic output over a day (Day
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Pfwo) assuming constant rETR (as estimated) over the full tide (unlikely), core
mean immersion PAR values of 0, 10, 50, and 100 pmol m? s, and constant
mean Fo at immersion and emersion (also unlikely) which are estimated from
the data, multiplied up to an hourly rate and then summed over the full num-
ber of immersion and emersion hours in the tidal cycles represented in runs
1,2,3. The ratio of total daily gross photosynthetic production (per m?) at each
PAR value is then compared to the value when assuming that there is no pro-
duction during immersion tides, as is predicted by the model of Guarini and
colleagues (2000b). The ratios assuming 10 PAR at immersion are all more or
less the same as at 0 PAR and, when the tidal cycles has emersion at midday
(run 1) it also suggests that photosynthetic output during immersion is irrele-
vant regardless of PAR and Fo at immersion. Only when PAR is > 50 and peak
daylight hours fall at immersion and Fo is quite high by comparison to emersion
Fo at low tide, does their model underpredict photosynthetic output at the site
(0.6x, 0.72x, 0.76x). So if most of the time irradiance at the sediment bed is < 50
PAR, which is probably the case, it begs the question of why are diatoms surfac-
ing at these times?

Table 6.8: Rough calculations for total photosynthetic output (per m?) at different

tidal cycles and irradiances.

Run | Em | Im Em Imhrs | Em | Em | Em Im Day as ratio
PAR| PAR | hrs (day) | Fo Fo | rETR rETR Pivo of Im =
(day) 0
1 550 |0 6.25 6.50 698 |0 447104 |0 9.8*10®

550 | 10 6.25 6.50 698 | 335 | 44*10* | 5.1*102 | 9.9*10® | 0.99

550 | 50 6.25 6.50 542 | 449 | 3.4*10* | 3.4*10° | 8.4*10° | 1.16

550 | 100 | 6.25 6.50 569 | 599 | 3.6*10* | 9.2*10° | 1.0*10° | 0.97

2 550 |0 7.00 5.50 285 |0 1.8¥104 | 0 4.5*10%

550 | 10 7.00 5.50 285 | 466 | 1.8*10* | 7.1*102 | 4.6*10® | 0.97

550 | 50 7.00 5.50 429 | 519 | 2.7*10* | 4.0*10% | 7.5°10% | 0.6

550 | 100 | 7.00 5.50 317 | 409 | 2.0°10* | 6.3*10° | 6.2*10® | 0.72

3 550 |0 6.25 4.25 161 |0 1.0*104 |0 2.3*108

550 | 10 6.25 4.25 161 | 282 | 1.0*10+ | 4.3*102 | 2.3*10® | 0.97

550 | 50 6.25 4.25 133 | 312 | 8.3*10% | 2.4*10° | 2.2*10® | 1.01

550 | 100 | 6.25 4.25 150 | 366 | 9.4*10¢ | 5.6*10° | 3.0*10® | 0.76
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So it is necessary to determine whether the high surface biomass levels meas-
ured at immersion are simply an artefact of slightly ‘looser” surface layers dur-
ing immersion leading to deeper penetration of measuring light up- and
downwelling, leading to an overestimation of biomass.

The above calculation could be made much more accurately by repeating the
experiment without the RLCs but with 2 series of single saturating flash meas-
urements at each core over the tidal cycle, once without dark adaptation
(AF/En") to calculate actual rETR followed by a series with dark adaptation
(FvFm) to determine Fo. The photosynthetic rate over the entire tidal period
could then be monitored for each core using the fluorescence based index (de-
veloped by Serddio, Perkins et al 2011)

Privo = Fox rTETR

Ptiwo could then be integrated over the full tidal period and regressed against ir-
radiance at each core to determine the effects of turbidity on productivity at a
site (comparing sites as discussed above). It would have to be borne in mind
that these would be based on instantaneous tidal and irradiance change where-
as in fact change in irradiance is a gradual process as the tide ebbs and flows.
These measurements could also be used to compare Fo to Fo’ and Fv/Fm to AF/Fn’
to determine how much of an effect dark adaptation really has on biomass and

efficiency estimation.

6.4.4 For further investigation

An interesting follow up to this experiment would be to compare migratory
patterns over the same tidal cycle between diatoms from this site in one tray to
those from a different site, more exposed during emersion, and with either
deeper water during immersion or a macrofaunal assemblage dominated by

Corophium volutator.
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6.5 Conclusion

1. While migration patterns vary with tidal pattern for the populations of dia-
toms, it seems clear that they will surface during immersion. It is likely that this
is not a result of experimental irradiance as it had a relatively small effect on
surface biomass but due to in situ tidal patterns. The intertidal SE bank of the
Eden at Guardbridge has a depth of ~ 1 — 1.5 meters at peak immersion, un-
known (though probably low) flow rates, and the sediment is dominated by
Nereis diversicolor rather than Corophium volutator, suggesting low turbidity at
immersion (see Chapter 4).

2. Maximum photosynthetic efficiency is higher during immersion than emer-
sion but overall is dependent on exposure hours.

3. In order to estimate daily photosynthetic output at this particular site, aver-
age PAR over the tidal cycle needs to be estimated more accurately as well as
the accuracy of biomass estimates by fluorescence, Fo, at immersion vs. emer-
sion (by comparison to O: production over known depths at immersion vs.

emersion).
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As stated at the outset, the primary aim of this thesis was to determine whether
the engineering activities of C. volutator can modify resource flows to MPB,
whether these modifications exert selective pressure which can change MPB bi-
omass and assemblage composition and, ultimately, whether these modifica-
tions could potentially exert selective pressure on C. volutator themselves. The
deleterious effects of infauna feeding on MPB are well established (Nielsen &
Kofoed 1982; Daborn et al 1993; Gerdol & Hughes 1994a, 1994b; Hagerthey et al
2002; de Deckere et al 2001; de Deckere 2003; Dyson et al 2007; Hicks et al 2011).
This implies that C. volutator are destroying their own habitat and reducing the
survival chances of their offspring, i.e. a case of ‘negative niche construction’,
which are “...activities that change environments in such a way as to reduce the
titness” (Odling-Smee et al 2003). Furthermore, several studies have demon-
strated that active bioturbators can significantly alter water column turbidity (de
Deckere et al 2000; Biles et al 2002), sediment — water nutrient fluxes (Henriksen
et al 1980, 1983; Andersen & Kristensen 1988; Pelegri & Blackburn 1994; Pelegri
et al 1994, 1995; Rysgaard et al 1995; Emmerson et al 2001; Mermillod-Blondin et
al 2004; Michaud et al 2006; Ieno et al 2006; Bulling et al 2010), and microbial me-
tabolism (Hargrave 1970; Serensen 1978; Henriksen et al 1980; Pelegri & Black-
burn 1994; Pelegri et al 1994, 1995; Rysgaard et al 1995; Aller & Aller 199§;
Mermillod-Blondin et al 2004, 2005; Michaud et al 2006). However, whereas in-
creased sediment resuspension and turbidity are likely to have further deleteri-
ous effects on MPB populations (further negative niche construction), increased
availability of nutrients in the overlying water column could have regenerative
effects on MPB populations (positive niche construction). The current study in-

vestigated what effects C. volutator engineering had on MPB assemblage bio-
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mass and composition in comparison to their trophic effects and in comparison

to other bioturbators.

7.1 Bioturbation modifies the overlying water column and resource

flow to MPB

Experiments 1, 2 and 3 clearly demonstrated that C. volutator significantly in-
creased the turbidity of the overlying water column by increasing the suspend-
ed sediment load and that this reduced light penetration to the substratum.
Bioturbation also increased nutrient concentrations in the overlying water but

less demonstrably and consistently so than turbidity.

7.1.1 Suspended sediment, turbidity and light attenuation

Turbidity was demonstrated to increase linearly and significantly (p < 0.0001)
with increasing C. volutator biomass (Figure 3.8; Table 3.3, Model 3.12). This cor-
roborates previous findings that suspended sediment in the water column in-
creased with increasing C. volutator biomass (de Deckere et al 2000). It is likely
that this increase would have become asymptotic had larger C. volutator bio-
masses been investigated (Biles et al 2002). As there was no significant water
flow in these experiments, sediment resuspension occurred only by active
resuspension and not by increased physical erosion due to biofilm consump-
tion. After 6 days incubation in sediment columns containing a MPB biofilm,
compared to the control treatments (Table 4.3, Model 4.15), C. volutator generat-
ed the most turbidity (104 ntu, p < 0.0001), H. diversicolor generated a small but
significant amount of turbidity (4.6 ntu, p = 0.005) but M. balthica generated no
significant turbidity (1.1 ntu, p = 0.243). Experiment 3 demonstrated that signif-
icant turbidity could be generated within a single immersion tide (> 100 ntu) and
that it did not increase substantially with increased C. volutator residence time in
the sediment (Figure 5.2). Biomass specific turbidity, standardized to the same
surface area L' seawater, generated by C. volutator with and without biofilms

was similar (383 and 387 ntu g! L1). Experiments 1 and 2 also demonstrated
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that for sediment with low grain sizes (100% < 63 pm) light penetration de-
creased exponentially with turbidity (Figure 5.5B: y = 95e%%%; + g;) and that tur-

bidity is the fastest and most accurate means of determining light attenuation

potential of the overlying water column.

7.1.2 Nutrient release

Sediment — water DIN and DIP fluxes were less consistent with C. volutator bio-
mass g between experiments and between incubation times. This was to be ex-
pected because while nutrient fluxes are influenced by bioturbators (Henriksen
et al 1980, 1983; Andersen & Kristensen 1988; Pelegri & Blackburn 1994; Pelegri
et al 1994, 1995; Emmerson et al 2001; Biles et al 2002; Mermillod-Blondin et al
2004; Michaud et al 2006; Ieno et al 2006; Bulling et al 2010), they are also regulat-
ed by MPB photosynthetic activity (Henriksen et al 1980, 1983; Andersen &
Kristensen 1988; Sundback & Graneli 1988; Rysgaard et al 1995; Rizzo 1990;
Feuillet-Girard et al 1997) and microbial metabolism (Andersen & Kristensen
1988; Rysgaard et al 1995; Pelegri & Blackburn 1994; Pelegri et al 1994, 1995;
Mermillod-Blondin et al 2004; Michaud et al 2006). In experiment 1, resolution in
ANH} and APO3;* was very poor: while there was a slight trend of increased flux
out of the sediment for both nutrients with increased C. volutator biomass (Fig-
ures 3.11 and 3.13), neither were significant (Table 3.4, Model 3.2.2 a and b, p >
0.1). In experiment 2, NH} release from the sediment over 6 days (Figure 4.8) in
H. diversicolor (5.0 umol L, p < 0.05) and C. volutator (+6.18 pmol L, p < 0.05)
treatments was significantly more positive than in the control (-0.31 pumol L)
and M. balthica (0.09 umol L, p > 0.1) treatments (Table 4.4, Model 4.2.3). Exper-
iment 3 demonstrated that nutrient release varied over incubation time, which
had more to do with microbial metabolism than C. volutator irrigation rate,
which according to sediment resuspension data was quite consistent over the
course of the experiment. However, more NH; was released in the C. volutator

treatments than in the control treatments (Figure 5.3).
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7.2 The effect of macrofaunal feeding and bioturbation on MPB bio-

mass

Both feeding and engineering effects were found to affect MPB biomass. The
effects of bioturbation on the water column can affect local MPB and MPB in ar-

eas where macrofauna are not physically present.

7.2.1 Trophic effect

Feeding C. volutator have been shown to reduce MPB bulk biomass in the sedi-
ment (Daborn et al 1993; Gerdol & Hughes 1994a, 1994b; Hagerthey et al 2002; de
Deckere et al 2001). While this was not demonstrated very clearly in experiment
1 (Figure 3.16), the lack of resolution was possibly due to insufficient sample
size and interference by chlorophyll-a degradation products (see section 3.4.2).
However, it was demonstrated in experiment 2, where chlorophyll-a concentra-
tion assays (top 2 mm) were performed on homogenized sediment from larger
surface area samples and chlorophyll-a degradation products were accounted
for (Lorenzen 1967). Chlorophyll-a concentrations were lower in sediments
where H. diversicolor or C. volutator were feeding than in control treatments or

where M. balthica were feeding (Figure 4.9).

Surface biomass (Fo) declined significantly (p < 0.001) with increasing C. volutator
biomass (Figure 3.17; Table 3.5, Model 3.5). In experiment 2, compared to con-
trol treatments (Fo = 415) after 6 days incubation, Fo declined significantly in the
presence of C. volutator (Fo = 340, p < 0.05), H. diversicolor (Fo = 186, p < 0.0001),
and M. balthica (Fo = 262, p < 0.001) (Figure 4.10; Table 4.6, Model 4.5.1). This
corroborates previous findings (Hagerthey et al 2002; Dyson et al 1997; Hicks et al
2011).

7.2.2 Effect of increased turbidity and nutrient release

Increased nutrient release due to bioturbation resulted in a significant increase

in bulk biomass in experiments 1 and 2. Increasing C. volutator biomass did not
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significantly increase PO3* release from sediment but the slight positive trend
had a significant (p < 0.0001) positive effect on chlorophyll-a concentration:
chlorophyll-a concentration increased by 3.8 pg ecm?® pmol! PO3* (Table 3.5,
Model 3.4). However, due to the poor resolution in both PO3* and chlorophyll-a
concentrations in this experiment, bootstrapped predicted trend lines and confi-
dence intervals are not convincing (Figure 3.21). In experiment 2 more NH; was
released in C. volutator and H. diversicolor treatments and chlorophyll-a concen-
tration significantly increased (p < 0.01) by 4 pug cm? pumol! NH} (Table 4.6,
Model 4.5.1). This corroborates previous findings that overall MPB biomass in-
creases with increased nutrient availability (Sundback & Snoeijs 1991;

Hillebrand & Sommer 1997; Agatz et al 1999; Hillebrand et al 2000).

Surface biomass (Fo) was most influenced by light intensity. Fosignificantly de-
clined with increasing turbidity in both experiments 1 (Table 3.5, Model 3.5, p <
0.01) and 2 (Table 4.6, Model 4.5.2, p < 0.05). Model visualization (Figure 3.22)
shows that at high turbidities C. volutator feeding becomes less influential on Fo
(Figure 3.22). In experiment 2, where H. diversicolor increased NH} release the
most and C. volutator increased sediment resuspension the most, but the MA
tanks showed only a decrease in Fo and NH} did not have a significant effect on
Fo (Figure 4.10 & 4.14; Table 4.6, Model 4.5.2). It should be noted that while Fo
was consistently measured in the morning on all days in both experiments, these
morning measurements would have been at different times within the in situ
tidal cycles at the site from which the MPB were collected. So if MPB were ver-
tically migrating following entrained tidal rhythms, as suggested in Chapter 6,
they would have been at different stages of migration on different days. Chap-
ter 3 measurements were made during in situ emersion on day 1 and during in
situ immersion on day 8, and Fo most in treatments where turbidity was highest.
In experiment 2 whereas the reverse was the case in experiment 2, . Therefore

whatever effect bulk vertical migration, due to entrained tidal patterns, had on
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surface biomass the first two experiments suggested that this effect was over-

shadowed by the response to turbidity following 7 days in different regimes.

Assemblages for experiment 4 were collected from the Guardbridge site, which
is different in hydrodynamics and sedimentology from the papermill site where
organisms for experiments 1 and 2 were sourced (see 2.1). This occurred by
chance, as no biofilm was found at the papermill site due to heavy rains prior to
starting the experiment (Tolhurst et al 2008), whereas the bridge and rocks at the
Guardbridge site must have provided some shelter from the rain as biofilms
were abundant here. The site has very shallow water (< 1 m), low flow rates,
and low turbidity. In all three runs, regardless of tidal patterns, diatoms migrat-
ed diurnally and to some degree tidally. However, the bulk downward tidal
migration, as witnessed at the end of the emersion tide in so many previous
studies (Round & Palmer 1966; Pinkney & Zingmark 1991; Hay 1993; Guarini et
al 2000a; Serodio et al 2001; Honeywill 2001; Consalvey 2002; Jesus 2006), was
temporary and was counteracted by a bulk upward migration during immer-
sion (Figure 6.7). The importance of these findings are that (1) they suggest that
bulk migration and productivity are determined by site-specific water column
characteristics, and (2) models of estuarine MPB primary productivity, often dis-
regarding the immersion periods as productive periods (Guarini et al 2000a,
2000b), could seriously underestimate intertidal MPB productivity in sheltered
bar-built estuaries such as the Eden. If typical water column characteristics at a
site determine general productivity patterns, then the proximity of populations
of turbidity-generating C. volutator to the site are likely to be influential. From
the literature, as well as from the experiments described here, it appears that C.
volutator is the only macrofauna species, present in high concentrations in N. At-
lantic estuarine mud- and sand-flats, which actively resuspends sediment and
can generate significant turbidity within a single tidal immersion (Green 1968;

McLusky 1968; Henriksen et al 1980; Hylleberg & Henriksen 1980; Murdoch et al
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1986; Gerdol & Hughes 1994b; de Deckere et al 2001; Biles et al 2002; Meller &
Riisgard 2006; Dyson et al 2007).

7.3 C. volutator feeding and bioturbation does not affect MPB assem-

blage composition

In experiments 1 and 2 no significant effects were found of C. volutator and M.
balthica feeding or modification of the water column on the MPB assemblage
species richness and diversity (Figures 3.23 and 4.11; Tables 3.6 and 4.6). As ex-
pected from previous findings (Smith et al 1996; Hagerthey et al 2002), C.
volutator feeding increased overall species richness and diversity, presumably
due to probabilistic reduction of the dominant taxa. The same pattern was
found, only with less difference between the groups, for M. balthica. However,
contrary to previous findings (Smith et al 1996), the reverse pattern was found in
the H. diversicolor treatments in experiment 2: its trophic activity decreased spe-
cies richness (p < 0.01) and diversity (p < 0.05) significantly (Table 4.5, Model
443 and 4.4.4), due to the complete removal of the chain forming diatom
Catenula adhaerans Mereschkowsky. However, MPB assemblage similarity as
determined by an MDS plot using Bray-Curtis similarity index showed no
groupings according to macrofaunal biomass or identity treatment in either ex-

periment 1 (Figure 3.25) or experiment 2 (Figure 4.15).

7.4 Biodiversity and ecosystem function in MPB

If bulk MPB biomass is regarded as an ecosystem function, in this study there is
no relationship between biomass and biodiversity (Figures 3.24 & 4.16). Previ-
ous findings have found either negative or no relationship between MPB bulk
biomass of sediment and MPB biodiversity (Colijn & Dijkema 1988; Thornton et
al 2002; Forster et al 2006). However, productivity, so actual primary production
rates, have been shown to increase with biodiversity (Forster et al 2006) and this

is likely to be the case but as biodiversity was not compared within runs at high
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and low Fo during experiment 4 this cannot be confirmed. However, a rough
comparison of run 1 assemblage to run 3 assemblage, revealed that that while
run 1 had a higher live cell percentage, more cells per slide, and overall higher
maximum Fo, the run 3 assemblage was more diverse (see 6.3.1) but contained

more smaller, non-migratory epipsammic species.

7.5 Can C. volutator bioturbation be considered positive niche con-

struction?

Estuarine morphology is the result of an eternal tug of war between land and
sea (Dyer 1994; Brown et al 1999) where progradation processes leading to land
accretion are countered by transgression processes leading to the sea encroach-
ment. In this ‘battle’, C. volutator are important ecosystem engineers “pulling for
the marine side’. Previous studies have demonstrated that MPB are a stabilizing
force in an otherwise very unstable environment (Paterson 1989; Paterson et al
1999, 2000; Gerdol & Hughes 1994; Dyer 1994; Daborn et al 1993; Tolhurst et al
1999, 2006, 2008; de Deckere et al 2001; Underwood et al 2003). Sediment stabili-
zation by MPB enables plants like eel grass and salt marsh species to take root
(Gerdol and Hughes 1994b; Chocholek 2011 personal communication). The es-
tablishment of these plants in the estuary further stabilizes the sediment sticki-
ness and is thought to pave the way for grasses which further encourage sedi-
ment deposition