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Abstract:

Total abundance, numbers of taxa, abundance/taxa, and Shannon-Wiener diversityhave
been put forward as measures which may be suitable for monitoring and control as
environmental'quality standards for benthic ecosystems. !This paper addresses statistical
aspects of these,measures by analysis of three time-series of benthic data: i) at two coastal
sites off the Rive,r Tees, NE England, ii) near a discharge of particulate waste at Boulby,
Cleveland, and iii) in the Firth of Forth estuary where sewage and industrial waste are
discharged. In each case, 'treatment' and 'reference' stations were nominated and the four
measures compared as ratios between the sites. It was found that logarithmic
transformation of the ratios for aIl measures improved homogeneity of variance and
normality, as weIl as making charts of the ratios more informative. The analyses lead to
suggestions for sampling strategy and the layout of treatment and reference sites. It is
noted that it is not necessary to identify species to calculate the foUT measures, merely to
distinguish them. This could ease the taxonomie analysis of grab-samples, but it also
implies that the measures are not the most powerful for assessing the health of benthic
communities.
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In the United Kingdom, protection of marine ecosytems is based on authorisation of
'effluent discharges based on stipulated limits for certain chemical determiriands, ririd in
some cases these are based on ecological quality objeciives defined for the receivirig area.
Questions repeatedly arise on whether thc concentrations and levels laid down as
acceptable wili in fact protect the vital components of the ecosystem, and, from the other
perspective, whether there is over-protection and therefore a waste. of resotirces rieeded
elsewhere. Ideally, envirorimental quality standards (EQSs) framed in teims of ecological
measures which relate dircctly to the health and vigour of the ecosystem \vould be
available. Benthic ecosystems are especially reievarit becmise they coritain many nori­
mobile species likely to bc affect<~d by local disturbances, and because the sea bed is the
collecting pIace for the sediment which is a featUre of most of man's activities, including
wa~te disposal, mineral extraction and constniction works.

Rees & Pearson (1992) arid MAFF (iri press) reviewed recerit work in the United
Kingdom directed towards the formulation of berithic EQSs. Three basic univariate
measures were identified as suitable for routirie use: total abundance [Al (Le. the total
number of individuals of all species found in a grab-sample), total taxa [11 (Le. the total
number of the lowest taxonomie ievel identified in the grab-sample, ego species, families),
and total biomass [ß] (as ash-free dry weight). These can also be combined as the ralios
AlT and ßIA and supplemenied with the Shannon-\Viener diversity index [H'] for
interpretive purposes. The current intention is that such measures be corriprired as ratios
belween impacted or 'treatment' sites, a reference site (1) just outside the area of influerice,
and another reference site (2) some distance away. It is expected that rImlti-variate
analysis and physico-chemical determinations would also be made to aid interpretrition of
A, Tandß.

The present paper considers whether logrirlthmic tninsforrriation of results for A and T
could be beneficial for their applicatiori in EQS's, this being an obvious choice of
transformation giveri ihai ratios between two sites are of interest. Samplirig and related •
mauers are also discussed. Three daiä sets are tised: i) ut a coastallocaiion off the R.
Tees, NE England (Shillabeer & Tapp, 1990), ii) at Boulby, Cleve1arid, where large
quantities of particulate \\taste were dischrirgCd from a pipeline (Cniig el ciI., 1993), and iii)
in the Firth of Forth, near Grangemouth where sewrige and industrial wastes were preserit.
Unfortunately, results for B were not avaiiable iri these sets. The following \vork was
conducted urider the auspices of the United Kingdom Group Co-ordiririting Sea Disposal
Monitorlng (see e.g. MAFF, 1992). .

1) Tees coastal site
The data consistcd of measures made individuallyon 5 grab-samples taken at two :;andy
sitcs separated by some 500 m at about 20 m dcpth on 13 occasions, once in 1974 and .
then annually from 1976 to 1987. Taxa were available at both the species and family level,
thus permitting a comparison of how the selected measures performed when calculated
with each level. Station 1 was arbitrarily taken as the 'treated' site and station 2 as a
'refercnce'. Each of the five grab-samples from one site was arbitrarily paired \vith one
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from the other, giving five independent ratios to calculate an annual mean ratio arid a
vanarice. The variances were subjected to Bartlett's X2 test to assess homogenelty from
year to year. The individual raiios were then staridardised far year to year variation by
subtrricting the annual mean before calculatirig the other statistics shown in table 1.
[Statistical note: 'the standard deviations were calculated from the anriual variarices
weighted by their d.oJ.. Skewness and kurtosis statistics were not corrected for annual
d.oJ. but the approximate estimates suffice to examine the effects of transformation.]

By comparing the results of Bartlett's test in the first and second parts of table 1 it can be
seen that logarithmic transformation appreciably reduced thc hetercigendty of the
variances of the annual ralios of all measures. All skewness staiistics wem reduced in
magnitude by the'transformation, irriplyirig that the distributiori of the log ratios (as
deviations from the annual mean) was closer to Gaussian (normal) symmeiry than ,
untransformed ratios. Only abundance ratios were significantly differerit from normality,
as gauged from the standard errors of the skewness statistics, approximately "/(6/52) =
0.34 for all measures. Kurtosis statistics were not generally reduced by log
transformation, but abundance ratios were again exceptional, the large values seen in the
table implying that the tails of the distributioris were heavier than in a normal distribution.
The standard error of these statistics was approximately "/(24/52) = 0.68 for all measures,
arid abundance ratios \vere significantly different from normality. Presumably this also
influenced the significant kurtosisvalues seen in the table for AlT for both species rind
family level identification. A further point worth noticing in the table is that species and
family basoo measures tended to behave in unison.

The concli.Isicins to be drawn are that logarithmic transfcirrriatiori of the ratios of these ,
measures is likely to be beneficial for charting trends and for statistical tests, both of which
Ure aided hy homogerieous, normally distributed variability. Identification of all iridividuals
to the species level does not appear to be necessUry for these purposes.

2) Boulby . ' "
The data were in the form of anriual summary siatisiics for abundance, taxa and diversity
at 3stations over the penod 1970 to 1990 (except 1975). Station 33, Close to the outfall,
imlY be regarded as the treated sire, station 56 as reference site I, rind station 83 as
rcference site 2.

Charts of the ratios arid log ratios of abundance for sites 33:56 and sites 56:83 (fig. 1) are
ricitable in that the plot of (ratio-I) over time gives a very different impression of
vUriability thari the plot of log ratio beIow. \Vhen viewed as a pure ratio, site 33 compared
with site 56 showed relatively low but constant abundance from 1972 onwards; ,on the
other hand, when viewed as logarithrris, therc was a severe declinc from 1976, theri
recovery, then declirie again from 1986. The differerice hus ansen in pan from the sirigle,
unustially high abundance observed ut station 56 in 1971 which hus caused elongation of
the computer drawn veriical axis for (ratio-I), and a corisequent scalirig down of.
subscquCIlt, smaller vanatioris. Ho\\'ever, more important deceptions can he seen in the
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periods 1976 - 1980, and 1985 -1991 when the chart of untransfoimed ratios does not·
reveal the reducing fractional values which the log chart clearly does. Since these signified
low abundances at the treated site when the referencc sites were showing high and/or
inereasing abimdanees, serious eiwironmental disturbanee at the treated site could easiiy
bc overlooked without the log chart. Therc was however onc notable weakness in the log
chart: missing values arising when abundanee at the treated site was zero, e.g. 1981. This
could easily be overcome by transforming zeros to 0.1. Charts of taxa and other measures
(not shown) made at Boulby also demonstrated the generally superior visual
informaiiveness of the logarithmic plots. It is notable from the charts that sites 56 and 83
served weIl as reference sites, maintairiirig reasonably constaney in their log ratios so that
eomparisons with the treatmentreferenee pair were possible.

3) Firth of Forth, Grangeinouth
This set of data eonsisted of annual speciesxstation matrices forthe period 1972 io 1990.
Sampling did not take plaee in the same month in every year, and taxonomie eategories
were not always at the species level. Nevertheless, the set is unusually long and eomplete.
Fig 2 shows the loeatiori of the main sampling transeets. Charts of A, T, AlT, and H' on
eaeh transeet (figs 3A-D) givc contrasting impressions of the state of thc benthic
eeosystem along the estuary and over time. Data for A suggest an impoverished fauna at
transeets 3, 4 and 5. Data for AlT suggest the same but also timt transeets 7 and 9 eould
bc only sparsely settied too. T for a11 transeets is on the other hand quite uniform with
transeet 9 somewhat rieher in species than thc others; H', indieates eomparablc diversity
among a11 the transeets.

Given the widespread presenee of sewage and industrial effluents in this part of the Firth
of Forth, as wen as a salinity gradient, treated and referenee sites are diffieult to identify.
For illustrative purposes, transect 5 was laken as the 'treated' site, and transect 9 as a
'referenee' site. The stations withiri each transeet (up to 5/year)were deemed to be
replicates to permit analysis as forthe Tees site, above. Table 2 shows the results of
fonning ratios of A, T, AlT, and H' betweeri the two transeets.

It can be seen that in ri11 cases Bartlett's X2 was reduced by the logarithmic transformation.
(There were 16 degrees of freedom), although signifieant heterogeneity of variance was
still in evidenee. Skewness and kurtosis also responded favourably implying that
transformation improved normality. (Signifieance levels have riot been caleulated since
there were too few data in some years.) Comparing table 2 with table 1, it is striking that
variability of the treatinent/referenee ratios for an ineasures was substantially grcater in thc
Firth of Forth than offshore near the R. Tees.

Another consequenec of logarithmic transfonnation is worth noting. In order to givc
cffect to EQSs it is necessary to agree 'action points', in this context, maximum values for
thc ratios between treated and rcfererice sites which, if exceeded, call fOf action to
improve the erivironmental situation. For example, for A, +200% has been suggested as a
value iridicative of uriacceptable change in response to organic enrichment (Rees &
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Pcarson. 1992). The raw aburidarice figures for the 5 grab-samples takeri on tr:msects 5
arid 9 in 1979 and shown in table 3. were seleCH~d and paired arbiti-ariiy to illustrate a
propcrty of the transfonnation. \Vhen averaged as percentage change ralios (column 3 of
the table) the result. +872 %. eleady called for action. \Vheri avcraged as log ratios the
result; -0.604. elearly did not. since +200% is equivalent to a ratio of3:1; arid In 3 =
1.099 > -0.604.

", ,

Discussion
Some fonn of chai1ing as time series is likely to fonn an important part of any control
programme for EQSs framed in tenns of ecological measures. The use of logarithinic
ratios to compare treated und refererice sites seems preferable to the use of untransfonned
ratios as it produces smooth series with reasoriably nonnal errors, and is not too prone to .
erratic false alarms. The log transfonnation was better at revealing wheri the reference site
was becoming enriched ecologically even though the treated site was almost barren.
However. using logaritlimic transfonnation. it is necessary to deal separately with zero
values when ihey arise. and to be aware that ambiguity over the interpretation of results
can anse when averaging is involved. In thecase of the Firth of Forth which \vas used to '
illustrate the latter point. there was mtich variabiIity. and the validity of transect 9 as a
practical reference site is doubtful because of very lo\v abundances occuring there on ,
occasions. This points to the problem of finding adequrite reference sites in a location like
this which is both corifiried and subject to a salinity gradient. but betiei' sites would not
guararitee that similar ambiguities might not soinetiines arise.

The arbitrary pairing of data from diffen~nt sites was done here to create illustrative data
and is riot rccommended for s~aridard practice involving EQSs since different p.rlrings
\vould give differerit results. Ari objective sampling scheine woi.I1d involve the collection
of grab-samples from the treatment ami reference sites on the same occasion. Replicate
sets could be coIlected on different days within the selected season in order to minimise
statistical dependerice among the replicates caused by weathcr conditions. navigaiional
errors and other factors in commori. Apart [rom the statistical beriefits,of blocking
comparisons in this \vay. the need to average logarithnis probably would not then anse.

The four measures tested here. abundance; taxa. abundance/taxa. ~md diversity are aiI .
readily available from a standard taxaxstations data matrix and therefore mayas weIl be
computed. Charted resiJlts for ihe Fii'th of Forth suggested thai they provide indeperident
descriptors of the benthic erivironmerit. as is desirable for reguIated measüres (Cotter. in
press). However. the picture painted by these four measures is not ahvays an easy one to
iriterpret in tcnns of the heaIth of the ecosystem. parricularly when different areas. e.g. off
Tees rind Firth of Forth. show diverse ranges for ratios of the measuresbetwecn treated .
rind refcrence sites. It is likely that action levels for ecologicaIly based EQSs would have
to be site-speCific.

Another impediment to interpretation eari be the presence of environmeruul grndierüs
between ireated and reference sites. Iri the Firth ()f Forth. there \vas an obvious salinity
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·gradient between transects 9 and 5 which could render them invalid for EQS purposes.
However it is difficult to be sure that influential ecological gradients are not present everi
when the sites have been weIl studied before selecting them for EQS compansons. \Vhere
possible; it may be advisable to have more than one reference site of each type (1 or 2) and
locate them on opposite sides of the treatment site, or even in a ring around it. The
pooled grab-sarriple results would then be corrected for linear trends in abundance or taxa
across the area.

The results from the Tees analysis indicated that identification down to species level is not
necessarily adding much for the type of environmental quality controls tested here. Since
the identification of benthic sampies is a tirrie-consuming and skilled task, the costs of
complirince monitoring work rrJghi be reduced by restricting taxonomie identification to
the family level, at least for those groups whose species are hard to distinguish or whose
relevanee to a biolcigical quality assessment is thought to be marginal. Indeed, one might e
go further, for none of the four measures, A, T, AlT, or 11, requires benthie individuals to
be aettially named; they need only be distinguished. The same is true of other benthie
ecological assessment methods e.g. the abundancelbiomass comparison method (\Varwick
et al. 1987), and the log-normal distribution method (Gray, 1989).

This potential for economising can alternatively be vie\ved as a weakness, since few '
benthie surveys would be rcgarded as satisfactory ifthey did not involve a reasonable'
taxonomie effort, yet the methods considered do not utilise the information laborously ,
gained. To take extreme examples, they would not distinguish two sites with comparable
A, T and 11 but different species compositions, nor would differing A, Tor II signal when
speeies compositions were similar at two sites. This underlines the importance of
supplementary multivariate and physieo-chemical measures, but even using these, it would
be preferable if, given full taxonomici information, ecologieally based EQSs could be
derived in terms of measures \vhich utilise it. One possibility is atrophie index, now
under development for UK coastal waters (Codlirig & Ashley, 1992). This should allow
sites to be eompared in terms of species present and their trophie funetions. Another is
some soIt of dissimilarity measure. Faith et al. (1991) have tested various types for their
power to deteet differences between treated and referenee areas, pointing out that they are
affected by changes in the taxonomie constitution of the communities. Statistical
properties of such measures appear to merit further research.
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Captions to tables

Table 1: Summary statistics for 'treated' and 'reference' sites at the offshore Tees dump­

site as (1) percentage change ratios and (2) logarithmic ratios; sampling conducted 13

times between 1974-1987 (5 grab-samples) and data corrected for variation of the annual

mean. * signifies p<0.05, ** p<O.Ol.

Table 2: Summary statistics for 'treated' and 'reference' sites in the Firth of Forth near
Grangemouth as (1) percentage change ratios and (2) logarithmic ratios; sampling
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conducted 18 times between 1972-1990 (up to 5 grab-samples) and data corrected for
variation of the annual mean. * signifies p<O.05, ** p<O.O1

Table 3: Abundance data for grab-samples taken from transects 5 and 9 in 1979, Firth of
Forth; column 3 shows percentage change ratios, and column 4 the log transformed ratios
after pairing. The 'action level' is taken from Rees & Pearson (1992).
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• Table 1: Summary statistics for 'treated' and 'reference' sites at the offshore Tees dump-

site as (1) percentage change ratios and (2) logarithmic ratios; sampling conducted 13

times between 1974-1987 (5 grab-samples) and data corrected for variation of the annual

mean. * signifies p<0.05, ** p<O.01.

1. Ctreated/reference-l )/100

Measure Standard Minimum Maximum Skewness Kurtosis Bartlett's
deviation X2

A 72.9 -146.6 234.6 1.12** 2.77** 54.4**

T 30.9 -48.4 70.3 0.55 -0.37 11.7
(species)

T 30.7 -55.8 66.4 0.33 -0.40 17.0
(families)

H' 25.3 -56.2 67.0 0.33 0.48 21.6*
(species)

H' 25.3 -56.7 73.5 0.45 1.16 28.6**
(families)

AlT 45.8 -110.5 116.5 0.64 1.49* 37.4**

(species)
AlT 46.7 . -115.1 112.2 0.58 1.33 31.9**

(families)

2. Ln(treated/reference)

Measure Standard Minimum Maximum Skewness Kurtosis Bartlett's
deviation x.2

A 0.57 -1.07 2.04 0.78* 3.06** 29.7**

T 0.29 -0.57 0.64 0.32 -0.39 10.0

(species)
T 0.28·· -0.55 0.55 0.069 -0.53 12.0

(families)
H' 0.23 -0.52 0.42 -0.21 -0.36 16.1

(species)
H' 0.23 -0.53 0.41 -0.16 -0.15 20.6

(families)
AlT 0.43 -0.80 1.40 0.47 1.66* 26.1*

(species)
AlT 0.46 -0.84 1.48 0.46 1.63* 23.6*

(families)
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Table 2: Summary statistics for 'treated' and 'reference' sites in the Firth of Forth near
Grangemouth as (1) percentage change ratios and (2) logarithmic ratios; sampling
conducted 18 times between 1972-1990 (up to 5 grab-samples) and data corrected for
variation of the annual mean. * signifies p<0.05. ** p<O.OI

1. Ctreated/reference-l )/100

Measure Standard Minimum Maximum' Skewness Kurtosis Bartlett's
deviation "1.2

A 1790 -3470 10153 4.03 28.2 266.8**

T 151.4 -267.9 797.0 3.29 19.7 81.8**

H' 79.0 -125.1 356.8 2.07 9.2 58.7**

AlT 1257 -2598 7609 4.63 36.6 283.4** •
2. LnCtreated/reference)

Measure Standard Minimum Maximum Skewness Kurtosis Bartlett's
deviation X2

A 1.96 -4.44 4.70 0.26 1.26 27.0*

T 0.94 -1.71 2.03 0.19 -0.08 15.4

H' 0.65 -2.20 1.27 -0.54 2.58 28.1*

AlT 3.19 -3.07 4.08 0.52 2.92 31.7*

Table 3: Abundance data for grab-samples taken from transects 5 and 9 in 1979. Firth of
Forth; column 3 shows percentage change ratios, and column 4 the log transformed ratios
after pairing. The 'action level' is taken from Rees & Pearson (1992).

T5 (treated)
4

474
3

T9 (reference)
216
10
9

(T5(f9-1)*I00%
-98

+4640
-67

10

In(T5(f9)
-3.989
+3.859
-1.099



·~ B,oULBY: abundance comparisons for sites 33, 56 & 83. a)ratio-l b )log ratio '
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Figure 2. Location of Main Sampling Transects, Grangemouth
Main Channel
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