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Once in the laboratory, the samples were thoroughly rinsed in freshwater to remove all tr

of formalin as this degrades soft muscle tissue and leaches the organisms’ colour, and
transferred to 1% phenoxatol. The samples were hand sorted to extract the organisms from
the sediment and any organisms considered dead at the time of sampling were excluded from
the study. The macrofauna were ide ified to the lowest possible taxon and then blot-dried and

weighed.

2.1.2. Numerical analysis

Field et. al. (1982) outlined a strat y for analysing multispecies data. The starting point for
the multivariate analysis is the concept of similarity between any pair of samples, in terms of
the biological samples they contain. It is thus a biologically-motivated definition of what
constitutes similarity or dissimilarity between two communities (Clarke and Warwick 1994),
and thus multivariate techniques are much more sensitive than univariate methods to changes
in community structure. Similarities are calculated between every pair of samples and these
values entered into a triangular matrix of similarity. This similarity matrix is the basis for the

clus I« nati analyses.

Figure 2.2, Schematic diagram representing the stages in the multivariate analysis of benthic community data.
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2.2.2 Particle size analysis

Each sand fraction was split to a weight of 2-3g, weighed and then settled in a settling tube.
The weight accumulating on a pan spended from an electronic balance was recorded at 1.5
second intervals. The results produr 1 an arithmetic cumulative curve, a probability plot and a
frequency curve. The cumulative percentages at /5o phi intervals were printed out to calculate

the percentages of individual phi-fractions.

phi = -log, (particle diameter (mm)) (Rogers 1995).

The particle size analysis of the si rclay fraction was determined using a computer-linked
Sedigraph 5000D, which sends a beam of x-rays through a glass-sided cell through which the
silt+clay fraction is pumped. As the silt and clay particles settle out, relatively more x-rays are
detected. The relatively high orge c content of the samples could cause the samples to
flocculate within the cell. Therefore, the organic matter was removed using hydrogen peroxide

in a water bath, in a process taking1 to 6 weeks.

2.2.3 Measurement of organic matter, calcium carbonate and nitrogen

Representative samples were analysed for the total carbon and total nitrogen and for the total
organic carbon and the total organic nitrogen by the C.S.ILR. (Council for Scientific and
Industrial Research) at Stellenbosch. The samples were dried at S0°C to prevent the loss of
volatiles and then crushed. A subsample of the crushed material was analysed for the total

carbon and total nitrogen content 1 ng a CHN analyser. A second subsample was acidified
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Chanter 4 GR APHICAT AT TIVARTATE MFETHNNK 41

Seven groups of samples, labelled A to are revealed by the cluster analysis at 56% similarity
level. The mined samples, represented by an asterisk, form ungrouped samples distinct from all
the otl  groups, with the exception of .8 and 6.10. Samples 3.5, 3.7, 2.9, 6.6, 5.4 and 1.4
were classified as unmined and yet a positioned adjacent to the mined samples in the
dendrogram. This group of samples is| csrogeneous with a large range of faunsitic variation.
Conversely, Group A represents a very homogeneous group of samples and is composed
entirely of samples from area 1. If the similarity level is extracted back, hypothetically, to
approximately 54%, Groups A and B ¢ ster together. It is interesting to trace the change in
the grouping of samples from area 1 (( >up A) which was sampled before and after mining.
The relative shift in positioning of Group A in the dendrogram is discussed in section 4.4.
Groups C and D contain unmined samples from areas 3 and 5. Groups E, F, and G contain
unmined samples from the southern are: 5 and 6 and the two mined samples, 6.8 and 6.10. At
a coarser level of ¢ larity (42% simil y), the unmined samples all form a single group of
samples, which share similarities in te  of their species composition that are distinct from
the mined samples, excepting 6.8 and 6.10. The relationships revealed in the cluster analysis

are substantiated by the MDS in Figure 4.5
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“Life is a mosaic, and each tiny piece must be cut and set with skill.”

E.B Pusey
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“In nature, n factor ever varies alone.”

McIntosh
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6.1 which have high carbon values 1t average nitrogen concentrations. Sample 2.5 has an
anomalously high carbon (4.25%) and nitrogen (0.52%) concentration. The reason for this is
unclear. The outlier, sample 3.5, is not characteristically different from the other samples in
terms of organic content values, and one can therefore assume that its distinctiv;eness is due to

its high gravel content rather than as a consequence of organic matter content.

Figure 6.4. Pentow Salvor sampling cruise. a) The average % organic carbon superimposed as a circle on the
biotic plot, where the size of the circle reflects the relative magnitude of the percentage carbon value. b) The

average percentage organic nitrogen superi osed as a hexagon on the biological data.
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Akin to the Rockfish data, samples yielding high organic carbon values showed high nitrogen
values. The most obvious pattern that emerges from Figure 6.4 is that the unmined samples (in
the lower half of the ordination) exhibited higher average % carbon and average % nitrogen
values that their mined counterparts. The unmined areas have total organic carbon values
approximating 4%, which using a factor of 1.8, converts to organic matter cor;tents of about

7%. In stark contrast, mined areas have total organic matter values of 2-3% (Rogers 1995).
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The spectrum of nitrogen values mirrors that of organic matter values. Unmined areas have

much higher total nitrogen values (0.62%) compared to mined areas (<0.005%).

The reasons for the depauperate organic matter values in the mined areas are largely unclear.
Organic matter resides in the fine particle fraction. Mining removes this fraction and it takes

time to accumulate from planktonic detritus and mining tailings.

In retrospect, there is strong correlative evidence for the importance of sediment particle size
in determining community structu  but this does not demonstrate a cause-and-effect
relationship between environmental parameters and community structure. Nevertheless, one
can assume that the results are consistent with the assumption that grain size is a contributing

factor to the niche parameters that in ience community patterns.

A further consideration is establishir whether the relationship between the biotic and abiotic
data is as a consequence of anthropogenic disturbance or whether they correlate more closely
with differences in natural environmental variables. The nature of the mining I;rocess affects
the stratigraphy of the sediment so it is difficult, if not impossible, to divorce the two sources
of variability. However, the results of the ANOSIM statistical tests show a significant
difference between mined and unm ed areas. The most likely explanation is that mining
disturbs the natural stratigraphy and particle size distribution of an area and these altered

sediments in turn influence the structure of the benthic community in the area.
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META-ANALYSIS: comp: ative levels of disturbance.

Changes in benthic community struc -e are usually measured relative to local controls.
However, for management purposes, it is often desirable to assess the severity of disturbance
vis-a-vis other pollution events on a global scale. One of the drawbacks of multivariate
analyses is that they detect differences tween communities, but are unable to gauge the level
of community stress on a global scale. Species composition varies markedly from place to
place depending on local environme il constraints, and this variability would mask any
species-dependent response to stress. Furthermore, a high degree of standardization in terms
of taxonomic expertise would be req red to make studies comparative on a global scale.
Therefore, in order to make several macrobenthic studies from a variety of stations

comparable, they must be described or common scale.

Traditionally measures which were species-independent, such as dominance curves and
diversity indices, were used for com; ative purposes. However, diversity does not behave
predictably in response to environmental stress (Warwick and Clarke 1993a). Diversity may
ii  case, dec se or remain the san with increasing levels of disturbance (Warwick and
Clarke 1993a). Furthermore, Abunda =/Biomass comparison (ABC) curves only recognise
three broad categories of disturbance (unpolluted, moderately polluted and grossly polluted)
(Warwick and Clarke 1993a) and thi tend to overemphasise the single dominant species
(Clarke 1990). What is needed is an index of community stress which utilises the full
multivariate information and therefore retains a lot more information and is more sensitive than

univariate methods in detecting commn ity cha~~3s (Warwick and Clarke 1991).
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Warwick and Clarke (1993a, 1993b) roposed three possible approaches to measure the
severity of disturbance using multivaria techniques:

e Breakdown of seriation (Clarke et. al. 1993)

o Increased variability as a symptom « stress (Warwick and Clarke 1993b)

e Meta-analysis using phylum-level d | (Warwick and Clarke 1993a).

The first two methods are discussed briefly below and then the latter method, the meta-

analysis, is discussed in detail incorporating the results from the current study.

7.1 BREAKDOWN OF L.LIATION IN COMMUNITY STRUCTURE

Intertidal and shallow-water benthic = mmunities typically exhibit zonation patterns in the
form of sequential changes in community structure with increasing water depth (Petersen
1991). These zonation patterns are det mined by a range of environmental gradients including
light availability, competition and pred on (Sheppard 1982, Done 1983, as c¢i  |in Clarl et
al. 1993). Clarke et. al. (1993) del :d the term ‘seriation’ as ‘a sequential pattern of
community change’ and proposed tt the degree of breakdown in this seriation pattern
provides an indication of the level of disturbance (Clarke er. al. 1993). The  hnique was
tested on a study of the effects of dredging on an intertidal coral-reef assemblage at Ko

Phuket, Thailand.
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7.2 INCREASED VAT " \ABILITY Al DNG REPLICATES

Warwick and Clarke (1993b) noted that the variability among samples collected from
impacted sites was far greater than that from control areas. A comparative Index of
Multivariate Dispersion (IMD) was devised which measured the relative variability between
impacted and control samples (Warwick and Clarke 1993b). This index was computed for four
different types of marine communi :s: meiobenthos subjected to organic enrichment,
macrobenthos from the Ekofisk oil field, North Sea, corals from S. Tikus Island, Indonesia
following the 1982-3 El Nino event, and reef-fish inhabiting a coral reef which had been
subjected to mining. In each case the s ndard deviation for a mean increased with increasing
levels of perturbation (Warwick and larke 1993b). Warwick and Clarke (1993b) were

therefore able to show that variability in itself is characteristic of disturbed situations.

7.3 Ml 'A-ANALYSIS

Meta-analysis refers to the combined analysis of a range of several individual case-studies
which in combination provide a bro er perspective on the problem under inves™ ition
(Warwick and Clarke 1993a). Warwick and Clarke (1993a) compared 50 samples from 8
locations in the NE Atlantic shelf at which the pollution status was known. The comparative
severity of pollution events was theref : assessed against each other on a regional scale. The
variability in species composition on a regional scale can be overcome by working at higher
taxonomic levels (Warwick and Clarke 1993a). It has already been shown that pc  on
effects are detectable at high taxonomic levels and very little, if any, information is lost by
aggregating the data back to phylum level. Warwick and Clarke (1993a) used the following 20

phyla in the species aggregation (Table 7.1).
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e Loch Linnhe (L63...L73) and Loch Eil (E63...E73), West Scotland

Two West Scottish sea-lochs, Loch nnhe and Loch Eil, were sampled over a period
spanning 1963 to 1973, when a | Ip il was commissioned (Pearson 1975). Loch Linnhe
samples (L63...L73) and Loch Eil samples (E63...E73) show increasing pollution effects in
later years, with the exception of recc ery noted in Loch Linnhe in 1973 coinciding with a

decrease in poliution loading.

e Frierfjord, Oslofjord stations (FA...FG)
Samples were collected from six stations in Frierfjord/Langesundfjord, Oslofjord (Norway).
The stations were ranked in order of increasing stress A-G-E-D-B-C, according to thirteen

different criteria.

e Amoco-Cadiz oil spill, Bay of M( aix (A77...A81)
Twenty-one sampling stations were ay ‘egated into five years for the meta-analysis: 1977 =

pre-spill, 1978 = immediate post-spill, d 1979-81 = recovery following oil spill.

e Skag_  ak (SKl1, SK3)
Two stations were sampled at Skaggerrak, one at a depth of 100m and the other station at
300m. The 300m station showed signs of natural disturbance due to the dominance of the

sediment-reworking bivalve, Abra nitida (Warwick and Clarke 1993a).

e Northumberland, England (NR)

An undisturbed site off the coast of Northumberland, NE England.
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e (. .rthen Bay, Wales (CR)

An undisturbed site in Carmarthen Bay, S. Wales.

e Keil Bay (KL)
Twenty-two sets of samples were averaged to produce a mean production value for an

undisturbed station in Kiel Bay, Germany.

The abundance and biomass matrices of phylum-level data were then merged into a production

matrix using the following allometric equation:

where P is production,
B is bion s, and

A is the abundance of a species.

B/A is the mean body-size and 0.73 is the average exponent of the regression of annual
production on body-size for macrobenthic invertebrates (Warwick and Clarke 1993a). The
data from each study are standardised by expressing the production of each phylum as a

proportion of the total production for each sample.
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stations on the horizontal axis are th a measure of their relative severity of disturbance

(Warwick and Clarke 1993a).

Agard et. al (1993) tested the techniq in a tropical estuary in Trinidad, West Indies, where
the area was subjected to natural oil seepage and spillage from oil production activities (Agard
et. al. 1993). The MDS showed that the Trinidad samples were compatible with the NE
Atlantic data in terms of their locations along the principal axis of disturbance; however, the
samples were separated out along the upper edge of the meta-analysis ‘wedge’, which was
attributed to the higher relative prc rtion of Crustacea relative to Echinodermata and

Mollusca.

The abundance and biomass data collected off the west coast of southern Africa were entered
into a production matrix along with the original 50 samples from the NE Atlantic shelf. The
multidimensional scaling program was then re-run using the amended production matrix. The
MDS program in PRIMER is restricted to a 125x125 (dis)similarity matrix. Unfortunately,
therefore, we could not use the combined cruise data which, when merged with the original 50
samples, totals 147 samples. So fo separate analyses were performed using different

combinations of the samples collected off the west coast of southern Africa:

e The NE Atlantic Shelf samples and all the unmined samples from both cruises;
o The NE Atlantic Shelf samples and the mined and unmined samples from (a) the Rockfish
cruise and (b) the Pentow Salvor c1  se;

o The NE Atlantic Shelf samples and the mined samples from both cruises.
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in determining between-sample relationships. A one-way analysis of similarities test
demonstrates a highly significant diffe ce between the N.E. Atlantic group of samples and

the Namibian group of samples (Global R = 0.757, P < 0.001%).

The Namibian samples span halfway a ss the disturbance axis, suggesting that on a global
scale some of the samples are severely iturbed. Samples S4.6, R6.9 and R3.4 show the most
severe effects of disturbance, however, no samples are as grossly disturbed as those at the

centre of the Clyde sewage-sludge dump-ground, C6 and C7.

Within the mined group, there was no pattern in terms of temporal states. The samples
represented a range of temporal states of post-mining recovery and one might predict that the
samples with the longest recovery period would be positioned to the left of the plot with the

relatively undisturbed stations, however, no temporal trends were evident.

The relatively low stress value (stress = 0.18) indicates that the 2-D plot is a good
representation of between-sample rela nships. We can, therefore, confidently display the

- ~oups in two- TS

Possible factors which are responsible for the principal axis are summarised below:

e The principal axis could be refle ng the distinction in benthic community structure
between northern and southern hemispheres; or

e the axis could be reflecting differr ces between organic pollution studies and physical
disturbance studies. The N.E. Atla ic samples where obtained from areas subjected to
organic enrichment and the chai :s in macrobenthos communities after an organic

pollution event may be different to  ose after physical disturbance. The effects of organic
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Echinodermata were abundant in the N E. Atlantic samples and were virtually absent from the
current study. Mollusca were a major contributing phylum being approximately twice as
abundant in the Namibian samples com; ‘ed to the N.E. Atlantic samples. Their predominance
in mined areas has already been discussed in the “similarity percentages” chapter where a
marked increase in both Bivalves and Gastropods was recorded following disturbance by
marine mining. Several phyla were present in the original data set but entirely absent from the
mined Namibian samples. These phyla include the Nematoda (which did occur in the unmined
samples), the Hemichordata, Chordata, Platyhelminthes (also occurred in unmined samples),

Priapulida and Chordata. Chelicerata were absent form both groups.

This multivariate approach to comparative studies of benthic communities seems to be a lot
more sensitive than species independ t methods. The mined samples show patterns of
disturbance which are comparable on a obal scale and separate out approximately half-way
across ~ : axis of disturbance. There ¢ )ears to be a second factor which is responsible for
distinguishing between the Namibian samples (both mined and unmined) and the samples
collected on the N.E. Atlantic Shelf The phyla having the greatest contribution to this
dissimilarity | ween the two groups : the Annelida, Echinodermata and Mollusca. The
reasons for the distinction between the two groups of studies and their distribution along the
vertical axis are unclear but most likely :flect a difference in community structure due to the

characteristically oxygen-deficient Shelf-water off the west coast of Southern Africa.
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CONCLUSION

Field et. al. (1982) outlined a strategy for analysing multivariate community data which has
proven to be particularly sensitive in elucidating changes in benthic community structure
following organic pollution events. The technique is based on a biologically-motivated
definition of similarity between two communities and is therefore sensitive to the fact that
various species respond differently to disturbance. The current study uses samples from a
physically disturbed area with no p ative organic pollution to test whether multivariate
methods are also sensitive to shifts in community structure as a consequence of physical
disturbance. The five main aims of the study were treated as separate chapters and the main

findings discussed in the following five paragraphs.

A priori statistical testing was used ) test the null hypothesis that there is no difference
between mined and unmined samples. Analysis of similarities statistical testing rejected the null
hypothesis and showed a highly significant difference between mined and unmined samples in
terms of their faunistic attributes. Statistical testing also revealed inherent variability among
study sites, and it was concluded that th natural fluctuations and induced disturbance ef ts

act together to produce the observed community structure.

Graphical multivariate methods were used as a tool to discern the most salient patterns in the
macrobenthic community. Aggregation of the data to higher taxonomic levels did not result in
the loss of information, and in fact, nproved the resolution of inter-sample relationships.

nalysis of the biom .« a closely bled the results of I abuni 1ce data and it was

hence concluded that either compone of the biotic data can be used to represent the benthic
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community structure. Cluster analys revealed two major groups with the mined samples
forming a distinct group from the unmined samples in terms of their faunistic attributes. Within
these two broad groups, cluster and MDS analyses distinguished between sites 1 and 2, sites 3
and 4, and sites 5 and 6 in the Rockfis data. The Pentow Salvor data showed similar trends in
terms of natural variability among the study areas, however, area 1 which was subsequently
mined, now grouped with the mined samples from areas 3 and 4. The mining therefore appears
to have a dominant effect in terms of influencing the groupings of samples. Several samples
(R3.5, R3.7, S4.6, S4.9) are consistently distinguished as outliers in both the cluster and the
MDS analyses. Possible reasons for s anomaly are explored by relating the community

patterns to the environmental data.

The dissimilarity between mined and unmined samples was related back to the component
species in each group of samples. T  general pattern that emerges is that the Amphipoda
Ampelisca anomala and Hippomedon longimanus and the Polychaeta Prinospio pinnata,
Haploscoloplus kerguelensis and the Lumbrineris genus, are sensitive to the effects of marine
mining and are reduced in abundance. The mined areas exhibited a relative increase in the
at © of 7 roj la 1 A ¢ vfo T I BRRY

Tricolia capensis. The “opportunistic” polychaete, Terebellides stroemi, also increased in

abundance in disturbed areas.

The biological composition of an area is largely affected by the prevalent environmental
conditions. Therefore, one of the aims of the study was to assess the degree of concordance
between environmental factors and the biotic patterns. Sediment particle-size appears to play a
key role in influencing benthic community patterns and was particularly important in

distinguishing the outliers. Average percentage organic carbon and nitrogen showed a marked




Chanter 8. CONCLUSION 89

decrease in mined areas and this is ;o likely to affect community patterns. The sediment
particle-size is, in turn, affected by the mining process. Mining essentially removes the fine
sand componént of the sediment, leaving larger proportions of gravel and mud and this altered

stratigraphy presumably affects the composition of benthic communities.

The severity of the disturbance caused by offshore marine mining was estimated using a meta-
analysis of phylum-level data. A cc »Harative study of the samples off the west coast of
Southern Africa and samples from the N.E. Atlantic Shelf revealed two very distinct groups
which separated out along the vertin = axis on the MDS. The N.E. Atlantic Shelf samples
separated out along a “wedge” of disturbance. Several samples from this study stretched
approximately halfway across the axis of disturbance, however, none showed signs of stress as
severe as those noted for the benthos near the centre of the Firth-of-Clyde sewage-sludge
dump-ground. The meta-analysis ap ‘:ars to be applicable to studies of both organic and
physical disturbance, although there seems to be a second factor causing the separation along
the vertical axis. It was hypothesized that this distinction may be due to the characteristic
oxygen-deficient water on the continetal shelf off the west coast of Southern Africa. A highly
schematic di illustrati- - the most salient pat - of the meta-analysis is depicted in

Figure 8.1.
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Tru Basic rogram to estimate S.

Tru Basic v2.0 program written by Ms. Eva Plaganyi to estimate number of replicates necessary to adequately
represent macrobenthic community. Program was run using 150 permutations on the presence-absence data
for:

e the 59 unmined samples from both cruises;,

e the 32 mined samples from both cruises;

e thel0 reference samples from area 2 collected on the Rockfish cruise.

During each run, the DATA line and the size of the matrix was altered accordingly. The specifications
presented below are for the program run on the 10 reference samples from area 2. A total of 107 species in the

10 samples designate a 10*107 matrix.

rem candida problem

randomize

let row = 107

let col = 10

let perms = 150

! Number of samples species present in
dim m(107,10)

for counter = 1 to perms

print "counter = ";counter

restore
matm=10
fori=1to row
read pres
dim r(11)
matr=0
for j = 1 to pres
let r(j) = int(rnd*col)+1
if j > 1 then
fork=1toj-1
let chk = r(k)
if r(j) = chk then
do
let 1(j) = int(rnd*col)+1
loop until 1(j) <> chk
letk=1
end if
next k
end if
let num = 1(j)
let m(i,num) = 1
next j
next i
clear
mat print m;
dim cum(107,10)
mat cum = 0
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fori=1to row
for j =1 to col
if m(i,j) = 1 then
letsum=0
fork=1toj
let sum = sum + m(i,k)
next k
let cum(i,j) = cum(i,j) + sum
end if
next j
next i
mat print cum;
dim cumsum(107,10)
fori=1to row
forj=1to col
let cumsum(i,j) = cumsum(i,j) + cum(
next j
next i
print
! mat print cumsum;
print;
if counter = perms then
fori=1torow
for j=1to col
let cumsum(i,j) = cumsum(i,j) / perms
next j
next i
print "cumsum average"
mat print cumsum,;
end if

next counter

dim est(10)
for j=1to col
let sum=0
fori=1 torow
let sum = sum + cumsum(i,j)

let est(j) = sum / row
next j
print
Print " Final solution vector... "
fori=1to col

print using "#HEH #HH" est(i)
next i
print "press a letter to continue... '
input bb$

set window 0,120,0,120
fori=2to0 10
letj=1i-1
plot est(j),est(i)
PRINT #1:EST (J)
PRINT #1:EST (I)
next i
CLOSE #1
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