
E
p

N
a

b

a

A
R
R
A

K
M
O
E
I
E
S
M

1

i
w
b
o
a
s
P

s

1
h

Ecological Indicators 23 (2012) 453–466

Contents lists available at SciVerse ScienceDirect

Ecological  Indicators

jo ur nal homep age: www.elsev ier .com/ locate /eco l ind

xploiting  salmon  farm  benthic  enrichment  gradients  to  evaluate  the  regional
erformance  of  biotic  indices  and  environmental  indicators

igel  B.  Keeleya,b,∗,  Barrie  M.  Forresta,  Christine  Crawfordb, Catriona  K.  Macleodb

Cawthron Institute, Nelson 7010, New Zealand
Institute of Marine & Antarctic Science (IMAS), University of Tasmania, Hobart, Australia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 March 2012
eceived in revised form 24 April 2012
ccepted 29 April 2012

eywords:
arine aquaculture
rganic enrichment
co-Group classifications
mpact assessment
cological quality status
eabed monitoring
arlborough Sounds, New Zealand

a  b  s  t  r  a  c  t

This  study  evaluates  five  benthic  indicators  (total  abundance,  number  of  taxa,  redox  potential,  total  free
sulfides, total  organic  matter)  and  ten  biotic  indices  (Margalef’s  d, Peilou’s  J’,  Shannon  H’,  AMBI, M-AMBI,
MEDOCC,  BENTIX,  BOPA,  ITI,  BQI),  to  identify  those  that  best  define  organic  enrichment  gradients  under
different  flow  regimes.  Performance  was measured  against  Enrichment  Stage  (ES),  a continuous  variable
characterising  the  full range  of  sediment  conditions  (natural  to azoic).  None of  the  15  metrics  were
able  to  consistently  discriminate  over  the  full  enrichment  gradient  for  both  flow environments.  The  most
versatile  indices  were  BQI  >  M-AMBI  >  AMBI  > Log(N)  >  BENTIX.  Of these,  M-AMBI  best  catered  for  different
flow  environments,  while  the  BQI  was  the  most  effective  under  highly  enriched  conditions.  Under  strong
enrichment,  i.e. when  macrofauna  abundance  is  in decline,  changes  in  redox,  sulfides,  number  of  taxa  and
abundance  were  reasonably  clear.  However,  the  more  complex  biotic  indices  were  relatively  insensitive
at this  level,  highlighting  a  limited  applicability  beyond  the  ‘peak of opportunists’  (PO).  Conversely,  in
high  flow  regimes,  some  of the  biological  indicators  were  relatively  sensitive  to  low-to-moderate  levels  of
enrichment  that were  not  well  discerned  by  the  physico-chemical  variables.  A useful  subset  of  variables
for  assessing  enrichment  status  is  recommended,  comprising  two  of  the  best  performing  biotic  indices
that are  based  on  alternative/independent  classification  schemes  (i.e.  EG’s  and ES500.05),  total  abundance,
to  aid  in  discerning  PO,  and  a geochemical  variable  (redox  or S2−).  Inconsistencies  between  metrics
were  found  to  be  more  significant  than  the  variability  surrounding  the  predictive  capacity  of individual
indicators,  and  as  a result  there  is  a risk  of  ES misclassification  where  only  a single  index  is used.  Whilst

there  is a recognised  need  to  use  combinations  of indicators,  this  study  also  stresses  the  importance  of
focusing  on  a few  regionally  validated  measures  and  down-weighting  the  importance  placed  on  any  that
are not.  Additionally,  although  using  a combination  of  different  indicators  may  produce  a ‘safe’  average
result,  it  may  be  inefficient,  and  the  averaging  effect  has  the  potential  to mask  extreme  conditions.  Hence,
there  remains  a  need  for  expert  judgement  to select  and  appropriately  weight  indicator  variables,  to
identify  any  erroneous  results,  and  to reliably  assess  ecological  quality  status.

© 2012  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Many biological indicators have been proposed for character-
sing anthropogenic impacts on soft-sediment benthos; most of

hich have as an ecological foundation the Pearson and Rosen-
erg paradigm that depicts community response to gradients of
rganic pollution or disturbance (Glémarec and Hily, 1981; Pearson

nd Rosenberg, 1978). These range from relatively simple, long-
tanding diversity or dominance measures such as species richness,
ielou’s evenness and Shannon–Weiner diversity; to more complex

∗ Corresponding author at: Cawthron Institute, Coastal & Freshwater Group, Nel-
on 7071, New Zealand. Tel.: +64 3 5487257; fax: +64 3 5469464.

E-mail address: nigel.keeley@cawthron.org.nz (N.B. Keeley).

470-160X/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolind.2012.04.028
multi-metric indices such as the benthic quality index (Rosenberg
et al., 2004), and the multivariate-AZITES Marine Biotic Index (M-
AMBI, Muxika et al., 2007). The proliferation of different indices has
arisen because of a natural inclination to develop site and situation
specific measures, using endemic taxa, locally favoured variables
and local knowledge. As it would be highly beneficial to have more
widely applicable indicators, it is important that we evaluate the
suitability of those that already exist, before developing new ones
(Borja and Dauer, 2008; Diaz et al., 2004; Peet, 1975).

A variety of indicators have been tested for their utility in assess-
ing the benthic effects of shellfish and finfish aquaculture (Borja

et al., 2009b; Bouchet and Sayriau, 2008; Callier et al., 2008; Edgar
et al., 2010; Salas et al., 2006), with much effort being put into test-
ing ecological quality statuses (EcoQS) inferred by select indices
(e.g. the European Water Directive Framework, Borja et al., 2008,

dx.doi.org/10.1016/j.ecolind.2012.04.028
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
mailto:nigel.keeley@cawthron.org.nz
dx.doi.org/10.1016/j.ecolind.2012.04.028
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003; Rosenberg et al., 2004). Several of the main indices have
een summarised and compared to facilitate their use (Pinto et al.,
009; Ranasinghe et al., 2009; Salas et al., 2006); however, there
re also acknowledged limitations regarding their transferability
cross different spatial or temporal scales, water depths, and habi-
at or substratum types (Aguado-Gimenez et al., 2007; Borja and
auer, 2008; Reiss and Kroncke, 2005). Therefore, the need to iden-

ify measures that are universally applicable and able to integrate
cross different ecosystem types (Borja et al., 2009a)  still exists, and
eeds to be expanded to include comparisons of the performance
nd comparability of different indices.

Marine aquaculture installations provide useful model systems
n which the effectiveness of benthic ecological indicators can be
valuated under very defined conditions. Seacage finfish farming is
ypically conducted in environments where other anthropogenic
tressors (e.g. pollution) are minimal, and there are typically mul-
iple farms within a region; thus providing the conditions for a
obust comparison of different metrics at a regional-scale. More-
ver, the benthic enrichment gradient that arises in the vicinity
f finfish cages is generally strongly-defined across small spatial
cales (tens of metres), often with a full spectrum of conditions from
noxic/azoic to natural. Along the enrichment gradient, the “peak
f opportunists” (PO) is a defined point (Pearson and Rosenberg,
978) that has explicit indicators and index values. However, the
cological characteristics underpinning the progression from PO to
zoic conditions associated with extreme enrichment are less clear,
an create computational difficulties for indices, and as a result,
re often simply represented by a categorical shift (e.g. Dauvin
nd Ruellet, 2007; Majeed, 1987; Simboura and Zenetos, 2002).
onetheless, the transition from PO to azoic (i.e. where densities
f opportunists start to decline) is a threshold commonly used in
ssessing and managing effects of seacage fish farms worldwide
Wilson et al., 2009). Increasingly, the ecological effects of fin-
sh farms are also managed by imposition of maximum limits on
he spatial extent of measurable effects, which requires the ability
o detect the point at which benthic conditions differ from back-
round. Hence, to be widely applicable and useful in this context, it
s important for indicators to be able to quantitatively characterise
onditions at both ends of the enrichment spectrum. Moreover, the
ndicator response to a given level of enrichment should ideally be
onsistent across a range of environmental conditions.

In addition to biological measures (e.g. Edgar et al., 2010; Pinto
t al., 2009), the many indicators that have been used to define
eabed enrichment include geochemical measures (Hargrave,
010; Hargrave et al., 2008) and even visual condition of sedi-
ents (Crawford et al., 2001; Macleod et al., 2004). However, only

 limited number of studies have attempted to integrate such mea-
ures (Hargrave et al., 2008; Keeley et al., 2012; Macleod et al.,
004) and it is evident that benthic assemblages are seldom read-

ly correlated with a single explanatory environmental variable for
nrichment (Borja et al., 2009b; Keeley et al., 2012). Furthermore,
here is a need to quantitatively synthesise conflicting interpreta-
ions, such as when different measures give different impressions
f benthic quality status (Aguado-Gimenez et al., 2007), or show
ite-specific variation in their responses to enrichment (Macleod
t al., 2007; Pohle et al., 2001). One way of addressing these issues
s to incorporate inferences from multiple indicators (both qualita-
ive and quantitative) using best professional judgement (Teixeira
t al., 2010; Weisberg et al., 2008). This approach was  employed
ecently for salmon farms in New Zealand by Keeley et al. (2012)
o derive a bounded, continuous explanatory variable “enrichment
tage” (ES, on a gradient from ES1: natural to ES7: anoxic/azoic)

hat reliably predicted the enrichment responses of soft-sediment
nfauna.

In this study, we evaluate the performance of different indica-
ors and indices against the ES variable, to identify those that best
cators 23 (2012) 453–466

define the full spectrum of enrichment that occurs beneath salmon
farms in our study region. Indicator performance is also compared
across two contrasting water current flow regimes (low and high
flow as defined below), as previous research has shown that the
environmental impacts (both biological and chemical) will vary
according to the prevailing hydrodynamic conditions (Macleod
et al., 2007; Maurer et al., 1993). The relationships between infaunal
response and the associated physico-chemical reaction to enrich-
ment were evaluated, with respect to these regionally relevant
criteria, for a suite of environmental indicators and commonly
reported biotic indices. This provides a comprehensive assessment
of the versatility of the respective indices and an evaluation of
their ability to provide an ecologically relevant classification of both
enrichment level and ambient environmental conditions.

2. Methods

2.1. Study sites and datasets

The study uses subsets of data from a 12-year (1998–2010)
dataset of annual monitoring at five salmon farms (27–40 m depth)
aged between 1 and 22 years (Table 1), located within the Marlbor-
ough Sounds, New Zealand (Fig. 1). Three of these farms (A–C) had
mean current velocities of <9 cm s−1 at 20 m water depth (approxi-
mately mid-water) and are hereafter referred to as ‘low flow’ sites,
whereas the other two (D and E) had velocities of >15 cm s−1, and
are referred to as ‘high flow’ sites. All of the sites are situated
over soft sediments, but the low flow sites tended to be sandy-
mud  (55–80% mud), whereas the sediments at the high flow sites
comprised muddy-sand (28–32% mud; Table 1).

As not all measured response variables were recorded at all
times, subsets of the data were extracted for analysis. The first
dataset spanned seven years (2003–2009) and included data from
16 different surveys (year-farm combinations) representing a
broad cross-section of feed/production levels (1640–4120 t year−1)
and therefore, presumably, of benthic effects (Table 1). Farm-
specific information was  collected for each sampling site and
included: recent feed usage (‘Feed’, total tonnes for 6 months prior
to sampling), farm age at sampling (‘Age’, years), average current
speed (‘Current’, cm s−1; measured at ∼20 m water depth from
30 to 35 day current meter deployments); and sampling station
properties: depth (‘Depth’, m),  distance from farm (‘Distance’, m),
sediment grain size distribution (utilising % mud  content), percent
organic matter (% ash free dry weight, Luczak et al., 1997), and
infauna composition and abundance. Also included were qualita-
tive measures of sediment odour (‘Odour’), bacterial mat  coverage
(Beggiatoa) and sediment out-gassing, these were evaluated in the
field using pre-determined categories described in Keeley et al.
(2012). A second dataset contained data from the same five farms,
but only covered the period 2009–2010, as in these years total
free sulfides (S2−, �M)  and redox potential (Redox, EhNHE) were
also measured. For both subsets of data, analyses were conducted
on station-averaged values, generally derived from triplicate
samples.

The sampling sites at each farm were originally positioned to
evaluate the spatial extent of effects (relative to the cages) and
typically included two  beneath-cage sites, two or three sites at
increasing distances away (up to 250 m)  and reference sites at least
1 km from cages (Table 1). The sites were located in the field using
GIS and an on-board mapping system. The seabed was sampled
with a Van-Veen grab and the macrofauna and sediment physico-

chemical properties were subsampled following the methods of
Keeley et al. (2012).  Macrofaunal (organisms retained on a 500 �m
mesh) abundances were based on counts from core samples (13 cm
deep × 10 cm diameter, 0.0132 m2).
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Table  1
Summary of farm and environmental characteristics at the five study sites. OM:  organic matter.

Site attributes Values Units Farm-A Farm-B Farm-C Farm-D Farm-E

Year of survey 20-year ‘04,‘06, ‘07 ‘03,‘05,‘08,‘09 ‘03, ‘05, ‘07, ‘09 ‘03, ‘05, ‘08 ‘08, ‘09
Farm  age at survey 19,21,22 14,16,19,20 14,16,18,20 11,13,16 1,2
Site  depth Range m 34–35 37–39 28–30 m 27–31 30–40
Current speed* Mean (max) cm s−1 3.7 (17.5) 6 (34.6) 8.4 (33.7) 15 (55.9) 19.6 (109)
Feed  inputs Range mt  year−1 2510–3289 1640–2239 2171–3918 2104–4120 2631–3526
Sampling stations Distance from

cages
m 0(×2), 50, 150, 250,

Ref
0(×2), 50, 150, 250,
Ref

0(×2), 50(×2), 100,
Ref

0(×2), 50, 100, Ref 0(×2), 50(×2),
100(×2), 150(×2),
200(×2),250(×2),
Ref

Reference stations
Sediment mud  content Mean (range) % 80 (69–84) 55 (34–73) 78 (69–85) 28 (21–38) 32 (29–37)
%Organic matter Mean (range) % w/w 5.2 (4.8–5.8) 5.0 (2.8–7) 4.9 (4.5–5.8) 3.1 (2.5–3.7) 3.3 (2.5–4.2)
No.  taxa Mean (range) No./core 22 (18–28) 18 (17–19) 20 (16–23) 35 (27–48) 39 (31–42)
Macrofauna abundance Mean (range) No./core 107 (76–147) 72 (52–92) 78 (37–128) 218 (152–285) 231 (102–278)

Near-farm stations
%Organic matter Range % w/w 4.7–23 3.3–27 2.4–32 1.6–5.8 2.3–9.1

2–30
3–24
0–19

2

f
s
c
o

No.  taxa Range No./core 1.5–26 

Macrofauna abundance Range No./core 6.5–4230 

C.  capitata abundance Range No./core 0–4209 

.2. Best professional judgement (BPJ) of enrichment stage

For both datasets, which comprised 117 sampling events (year-

arm-sampling site combinations; 70 low flow, 47 high flow), six
cientists experienced (mean 13.6 years) in the assessment of aqua-
ulture impacts used BPJ to assign each sampling station (based
n station-averaged data) to one of seven enrichment stages (ES)

Fig. 1. Location of study sites, Marlb
 1–36 8.5–36 8–54
66 1–4384 210–6,900 81–20,000
58 0–2345 1–2870 0–15,100

according to methods in Keeley et al. (2012).  The seven ES’s are
specific for organic enrichment and integrate a suite of indicator
variables. The first five ES’s correspond to the Eco-Group’s (EG’s)

defined by Grall and Glémarec (1997) and Borja et al. (2000),  in
that they reflect a progression from unimpacted conditions (ES
1/EG I) to highly impacted conditions where first order oppor-
tunists dominate (ES 5/EG V). ES 6 and 7 are specific to organic

orough Sounds, New Zealand.
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nrichment beyond that catered for by EG classifications; ES 6 rep-
esents a state beyond the ‘peak of opportunists’ (Gray et al., 1979;
earson and Rosenberg, 1978) but which is not yet ‘azoic’, (the lat-
er is defined as ES 7). The station-averaged dataset provided to
ach expert consisted of physico-chemical data, species composi-
ion data and associated macrofaunal statistics (total abundance,
; number of taxa, S), and qualitative descriptors of enrichment as
escribed by Keeley et al. (2012).  The experts’ scores were averaged
o produce a bounded continuous variable across ES 1–7.

.3. Selection and calculation of biotic indices

Of the many indicators available, ten biotic indices and four
ther variables (Table 2) were selected based on the following cri-
eria (in reducing order of importance): (i) suitability for organic
nrichment (as opposed to pollution or disturbance more gener-
lly) in marine systems (i.e. with constant salinity), (ii) generality
f use and demonstrated applicability to effects from aquaculture,
nd (iii) calculation simplicity and track record of use. Margalef
ndex, Pielou’s J’ and Shannon H’ were calculated using the DIVERSE
unction in PRIMER v6; the remaining indices were calculating
ccording to the established methods outlined in the relevant ref-
rences (Table 2). Reference conditions used to calculate M-AMBI
ere determined separately for high flow and low flow sites using

 historical data-based method (Borja et al., 2012) due to the avail-
bility of a robust, regionally and temporally relevant dataset. This
nvolved compiling information from appropriate reference sites
i.e. similar depths, substrates and sampled during the previous 12
ears) situated within the Marlborough Sounds (n = 99 and 50, low
nd high flow sites respectively), and ranking them according to
heir ecological quality status inferred from values of: (i) S, (ii) H’
nd (iii) AMBI (Borja et al., 2000), and then according to the sum
f those ranks. Reference conditions for M-AMBI were then deter-
ined by taking the average of the top five (i.e. least impacted)

amples for each variable, when ordered according to the sum of
he ranks. Using this approach, the following reference conditions
ere derived; low flow: S = 26.2, H’ = 2.59, AMBI = 1.09; high flow:

 = 45.2, H’ = 3.04, AMBI = 1.83.
The AMBI, M-AMBI, MEDOCC (MEDiterranean OCCidental

ndex) and BENTIX (Benthic Index) all utilise species classification
ccording to the five EG’s (Table 2). Although there is an EG database
hat classifies a broad range of taxa (http://ambi.azti.es), many of
he taxa in this study were yet to be classified. In these instances
G’s were assigned based on a combination of local observations
following the methods of Keeley et al., 2012), and relationship
o “nearest neighbour” classifications. The Infaunal Trophic Index
ITI) was calculated by assigning taxa to functional feeding groups,
ased on published information and expert advice from local
axonomists. The Benthic Quality Index (BQI) allocates a sensitiv-
ty/tolerance score for taxa: ES500.05, which is the expected number
f species (ES) among 50 individuals according to Hurlbert’s (1971)
ormula (Table 2). The subscript denotes that the 5th percentile
s selected to indicate the species tolerance value (see Rosenberg
t al., 2004). ES500.05 values were calculated for 743 taxa from the
egion, comprising 4426 infaunal samples collected from a variety
f impacted and reference sites over the 12-year period. The values
hat were determined for the 50 most frequently occurring taxa are
rovided in Appendix A.

.4. Evaluating index performance against ES

Relationships between environmental indicators and ES (as the

xplanatory variable) were described using polynomials of order
, 2 and 3, to accommodate linear (i.e. order 1) and non-linear
esponses. The Akaike Information Criterion (AIC) statistic was
sed to determine the optimum model for both high and low
cators 23 (2012) 453–466

flow data. The model with the lowest AIC was  selected unless
the difference was  less than 2 (and therefore deemed essentially
equivalent, Burnham and Anderson, 2002), in which case the low-
est order model with the best visual fitted shape was  selected. If
both high and low flow models were linear, they were compared
using ANOVA with flow as a fixed factor, and using the ‘slope.com()’
function (test for common slope) in the ‘smatr’ library in R (R
Development Core Team, 2011).

The hypothesis that no significant difference existed between
second and third order models (high versus low flow) was tested
using a bootstrap procedure (Efron and Tibshirani, 1993). Low flow
and high flow datasets were combined assuming that they were
from the same distribution, and then a bootstrap sample was drawn
with replacement. Models were fitted to the bootstrap data and
the difference of the coefficients (difBoot) was  calculated and com-
pared with the observed difference (difObs). This procedure was
repeated 2000 times and the proportion of cases where difBoot was
greater than difObs was used to estimate the level of significance
(Efron and Tibshirani, 1993).

As ES values at high flow sites never exceeded 6, low flow data
with ES scores greater than 6 were omitted from the comparative
tests to ensure comparability in data ranges. If neither result was
significant (P < 0.05) then the data were combined and the model
selection process was  repeated. Where high and low flow models
for a given response variable were best described using different
order polynomials, then comparisons were made based only on
the residual sum of squares, as the functional responses were con-
sidered to be different. The best fitting polynomials are displayed
along with 95% point wise confidence intervals.

2.5. Inter-relationships among variables

PCA (PRIMER v6) was  use to examine inter-correlations among
variables. Pearson correlations between the indicator variables and
other farm-related variables, such as Depth, Current, Age, Distance
and Feed, were illustrated with a vector plot overlaid on the two
primary PCA axes (PCA1 and PCA2). Prior to PCA, individual vari-
ables were log transformed where appropriate (Distance, Feed, N
and S2−), missing values were replaced using the expected maxi-
mum likelihood algorithms (using the ‘Missing’ function in PRIMER
v6) and all data were normalised.

2.6. Comparison of indicator classifications

Relationships between the different indicators, and assessment
of their inferred EcoQS classifications (from Table 2) in relation to
the stages along the enrichment gradient (as assessed by average
BPJ), were examined with the aid of a nomogram. For the nomo-
gram, boundary conditions between ES 1 and 7 were obtained for
each of the indicator variables using the optimum models with
ES as the explanatory (predictor) variable. The classifications in
Table 2 represent previously established ranges for each indicator
that were sourced from relevant literature. The various classifica-
tions were shaded consistently, with the darkest tone indicating
the most impacted (e.g. enriched, worst, most anoxic) end of the
spectrum.

3. Results

3.1. Versatility of benthic indicators in high and low flow
environments
Two indicator variables exhibited statistically similar relation-
ships with changes in ES for both high and low flow datasets
combined; Redox (Fig. 2) and the M-AMBI (Fig. 3). Both of these
involved first order polynomials, however, the relationship for the

http://ambi.azti.es/
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Table 2
Equations used to derive environmental indicators and biotic indices with summary of established (published) classification schemes and associated category boundary values for each of the environmental indicators/indices
that  have been utilised in Fig. 5. na: not applicable. Source references: 1: Hargrave et al. (2008); 2: Brooks et al. (2003); 3: Margalef Margalef (1958); 4: Pielou (1966); 5: Schaanning and Hansen (2005); 6: Hansen et al. (2001);
7:  Borja et al. (2000); 8: (Borja, 2004); 9: Muxika et al. (2007); 10: Simboura and Argyrou (2010); 11: Pinedo and Jordana (2008); 12: Word (1978); 13: Rosenberg et al. (2004); 14: Simboura and Zenetos (2002); 15: Dauvin and
Ruellet  (2007); 16: Cromey et al. (2002); 17: Chamberlain and Stucchi (2007); 18: Hurlbert (1971); and 19: Leonardsson et al., 2009.

Variable Classification
type

Formulae and established classification schemes and boundary values Source

Redox
Enrichment zones: Oxic-A Oxic-B Hypoxic-A Hypoxic-B Bad 1

>  100 −50 −100 −150 <
Sulphides

Enrichment  zones: Oxic-A Oxic-B Hypoxic-A Hypoxic-B Bad 1
<  750 1500 3000 6000 >

Total  abunance (N) = average number of individuals per 13 cm diameter core na
No  Taxa (S) = average number of taxa per 13 cm diameter core

Biodiversity indicator: High Moderate Reduced Very low 1(2)
(%  reduction) <25% 45% 59% 85% 98%

Margalef’s  richness (d) = (S − 1)/log N
Limitless scale based on S and N − index usually between 0 (low) and 10 (high). 3

Pielou’s  evenness (J’) = H’/log S
Nominal linear scale: High Bad 4

1  0.8 0.6 0.4 0.2 0
Shannon  Diversity (H’) = −

∑
i pi log(pi)

where p is the proportion of the total count arising from the ith species
Biodiversity indicator: High Moderate Reduced A Reduced B Very low 1(5,6)

>  4 3 2 2 0
Equivalent  EcoQS: High Good Moderate Poor Bad 14

> 5  4 3 1.5 0
AMBI  = [(0 × %GI + 1.5 × %GII + 3 × %GIII + 4.5 × % GIV + 6 × %GV)]/100

where GI, GII, GIII, GIV and GV are ecological groups (see Section 2.3).
Pollution  classification: Unpolluted Slightly Meanly Heavily Extremely 7

0  1.2 3.3 5 6 7
EcoQS:  High Good Moderate Poor Bad 8

0  1.2 3.3 4.3 5.5 7
M-AMBI  Uses AMBI, S and H’, combined with factor analysis and discriminant analysis.

EcoQS:  High Good Moderate Poor Bad 9
1  0.82 0.61 0.4 0.2 0

BENTIX  = (6 × %GS + 2 × %GT)/100
where GS = GI + GII, GT = GIII + GIV + GV

EcoQS:  High Good Moderate Poor Bad 14
Pollution  classification: Normal/pristine Slightly Moderately Heavily Azoic 14

6  4.5 3.5 2.5 2 0
MEDOCC  = [(0 × %GI + 2 × %GII + 4 × %GIII + 6 × %GIV)]/100

where GIV = GIV + GV
EcoQS:  High Good Moderate Poor Bad 10

0  1.6 3.2 4.77 5.5 6
BOPA  = log (fP/(fA + 1) + 1)

where fP is the opportunistic polychaete frequency (defined here as GIV + GV polychaetes); fA is the Amphipoda frequency. ‘Frequency’ = ratio of total number of specified
individuals  out of total number of individuals in sample.

EcoQS:  High Good Moderate Poor Bad 15
0  0.09 0.16 0.25 0.3 –

ITI  = 100 − 33.33 × ((0 × n1 + 1 × n2 + 2 × n3 + 3 × n4)/(n1 + n2 + n3 + n4))
where n1, n2, n3 and n4 are the number of individuals in suspension detritus, interface detritus, surface deposit and subsurface deposit feeding groups, respectively.

EcoQS:  Reference Normal Intermediate Degraded 12
100  80 60 30 0

Biodiversity  indicator: High Moderate Reduced Very low 16,17
100  50 25 5 0

BQI  = (
∑

i (Ni/Nclass × ES500.05i)) × 10log(S + 1) × (Ntotal/(Ntotal + 5))
where ES500.05 is the species tolerance value, given here as the 5th percentile of the ES50 (expected number of species as per Hurlbert, 1971), scores for the given taxa. Ni is
the  number of individuals in taxa i, Nclass is the total number of individuals of taxa having a sensitivity value and S is total number of taxa. Ntotal is the total abundance and is
used  with a half saturation constant (5) to reduce the index value when total abundance is low (<20)

18

Environmental  status: High Good Moderate Poor Bad 13,19
16  12 8 4 0
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Fig. 2. Scatter plots displaying optimum models (thick lines) with 95% confidence intervals (thin dashed lines) for each of the physico-chemical and biological indicators in
response to Enrichment Stage (ES, as assessed by average BPJ). Thick solid and dashed lines indicate the best-fit models for high and low flow data, respectively, except for
M-AMBI for which high and low flow data were pooled. Corresponding polynomials and model fit statistics provided in Appendix B.

Table  3
Rank orders for biotic indices according to associated adjusted R2 values, ordered according to the low flow R2 values. Overall rank determined from ordering low and high
flow  regressions in same series (inclusive of low regressions truncated to ES < 6). Adjusted R2 values also given for low flow data truncated to ES < 6 for comparison. Dash (–)
indicates that either the order of the polynomials were different for the HF and LF models, and/or that the models were of the same order, but were not significantly different.
Refer  to Appendix B for full model statistics.

Variable Low flow Low flow ES < 6 High flow Combined

Poly. order Adj. R2 Overall rank Flow rank Poly. order Adj. R2 Poly. order Adj. R2 Overall rank Flow rank Poly. order Adj. R2

BQI 2 0.9097 1 1 2 0.8602 2 0.8307 7 5 – –
M-AMBI 3 0.8325 6 2 1 0.8058 1 0.8501 4 3 1 0.8195
Log  (N) 3 0.744 11 3 1 0.413 1 0.824 10 8 – –
d 2  0.7371 12 4 1 0.6824 1 0.6261 24 11 – –
AMBI  3 0.732 13 5 2 0.8322 2 0.8774 3 2 – –
H’  2 0.7212 14 6 1 0.6793 3 0.8292 8 6 – –
BENTIX 2 0.7199 15 7 2 0.8408 2 0.8469 5 4 – –
S  1 0.6937 17 8 1 0.5457 2 0.4386 28 14 – –
ITI 2 0.6868 18 9 2 0.7368 2 0.7093 16 9 – –
log  (S2−) 1 0.6807 19 10 1 0.6218 1 0.6803 20 10 – –
%OM  3 0.6712 21 11 2 0.7754 3 0.3518 30 15 – –
MEDOCC 2 0.6492 22 12 2 0.8002 2 0.8818 2 1 – –
Redox  1 0.6453 23 13 1 0.5648 1 0.4956 26 12 1 0.6098
BOPA  3 0.5479 25 14 1 0.5937 1 0.4433 27 13 – –
J’  2 0.43 29 15 1 0.5623 2 0.8265 9 7 – –
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Fig. 3. Scatter plots displaying optimum models (thick lines) with 95% confidence intervals (thin dashed lines) for the ten biological indicators, in response to Enrichment
Stage  (ES). Thick solid and dashed lines indicate the best-fit models for high and low flow data, respectively, except for M-AMBI for which high and low flow data were
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ombined high and low flow regression was considerably more
obust for the M-AMBI (R2 = 0.819) than for redox (R2 = 0.609,
able 3). Despite the reasonably good combined linear relation-
hip with M-AMBI, there was still some undesirable variability, and
herefore limited discriminatory power, at the upper end of the
nrichment scale (ES 6–7). Hence, no one indicator performed well
nd comparably for both high and low flow datasets across the full
nrichment spectrum. Indicator variables AMBI, BENTIX, MEDOCC
nd BQI all had the same (second) order polynomials for the high
nd low flow data, and showed a similar response to enrichment
p to ES 6. However, in each case one or more of their model coef-
cients was significantly different, hence the data could not be

ooled (Appendix B).

For low flow sites alone, ES was most strongly related to the
QI, with an adjusted R2 of 0.909, followed by M-AMBI � log(N) > d
Margalef’s Richness) AMBI (Table 3). The BOPA and J’ did a
relatively poor job of describing ES at the low flow sites, with
R2 < 0.6. The usefulness of the relationships between log(N) and
to a lesser degree, MEDOCC, were compromised by the fact
that the data exhibited a parabolic (horseshoe-shaped) pattern,
meaning one value of Y can have two  possible values of X but
at contrasting ends of the ES spectrum, Figs. 2 and 3. The ITI,
BENTIX and MEDOCC showed good responses up until ES4, as
indicated by a strong slope and limited scatter about the mean,
but the relationships in the range of ES4 to ES6 were less well
defined, and beyond ES6 the responses were extremely vari-
able. The AMBI also had a large amount of scatter in the data
at ES > 5.5, which adversely influenced the regression by reduc-

ing (pulling down) the upper part of the curve/line. Better fits
(where R2 increased by >0.1) were obtained for %OM, J’, AMBI,
BENTIX, and MEDOCC when the data were restricted to only
include results from ES1–ES6. Indicators d, H’,  BQI and the M-AMBI
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Fig. 4. 2-Dimensional PCA ordinations (based on Euclidean distances) of normalised farm and environmental indicator values (high and low flow data combined), overlaid
w mary 
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ith  associated vector plots of Pearson correlations between variables. Plot A: pri
ataset (i.e. 2009 and 2010 inclusive of S2− and redox data). Cumulative variation e

ppropriately indicated a highly impacted state beyond ES 5, but
heir change in slope (hence sensitivity) between ES5 and ES 7 was
ow.

For high flow sites alone, the measures that showed the greatest
orrespondence with ES were the indices MEDOCC, AMBI, M-AMBI,
ENTIX, and BQI (in that order), with similar adjusted R2 values of
etween 0.881 and 0.831 (Table 3 and Appendix B). In all cases
xcept the M-AMBI, the best-fit model was a second order polyno-
ial; the M-AMBI was best described by a first order polynomial.

he relationships between %OM and S, BOPA and Redox, and ES
ere relatively weak (R2 < 0.5). Both %OM and S showed minimal

esponse to increasing ES up until ES ≈ 4, whereas log(N) increased
rogressively through all stages of enrichment up until ES5.5 (the

imit of the data, Fig. 2).

.2. Relationships between indicators and comparison of
cological classifications

Results of the PCA largely reflected the findings of the univari-
te response models in Figs. 2 and 3. The ES variable acted in a
irection consistent with PC1 (horizontal on x-axis), hence any
ndicators oriented on that axis were both correlated to ES and
ot greatly influenced by high or low flow characteristics (Fig. 4A).
hus, BOPA, AMBI and to a lesser extent MEDOCC, were positively
orrelated with ES, whereas H’, BQI and M-AMBI were strongly
dataset (i.e. all farms 2003–2009, excludes S2− and redox data); Plot B: secondary
ed by PC1 and PC2 = 69.0% (Plot A) and 79.7% (Plot B).

negative correlated with ES, along with Distance from Cages
(Fig. 4A). MEDOCC and AMBI were also strongly negatively cor-
related with BENTIX, J’ and ITI. S, log(N), d, and MEDOCC, were
moderately influenced by flow characteristics; tending to be higher
at high flow sites. %OM and to a lesser degree, ITI and J’ were
also influenced by currents speed, but tended to be higher at low
flow sites. Very similar relationships were evident between these
variables in the 2009 and 2010 dataset (Fig. 4B); M-AMBI was
strongly negatively correlated with ES, whilst AMBI, BOPA and to a
lesser degree MEDOCC, were positively related to ES. S2− and redox
were strongly negatively related to each other and also reasonably
well aligned with the ES axis. High flow samples were best dis-
tinguished from low flow samples by N and S, as well as by mud
content (Mud) and %OM (both being typically higher at low flow
sites).

The nomogram of classification schemes for each variable
demonstrates inconsistencies among some of the indicators (Fig. 5).
Sediment chemistry indicators were largely unresponsive over the
early stages of enrichment, with sediments classified as Oxic-A or
‘natural’ up to ∼ES4 (Fig. 5). Likewise, the percentage reduction
in S and the BOPA index classified sediments as being of ‘High’

biodiversity and EcoQS (respectively) throughout the same early
stages of enrichment, particularly at the high flow sites. In contrast,
some of the diversity and biotic indices suggested that even the
‘natural’ (reference site) conditions observed in this study, were of
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Fig. 5. Nomogram comparing the classifications given by the results of the best-fit models in relation to published ecological classifications and quality standards. Refer to
T urces.
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able  2 for classifications schemes, boundary conditions and relevant reference so
xtrapolate beyond the data and may  be unreliable. Classifications are shaded cons
noxic) end of the spectrum. Shading with black horizontal lines indicates areas wh
oderate, reduced, or poor ecological quality (e.g. H’,  ITI and BQI)
r generally less than pristine (d). Similarly, at the upper end of
he enrichment spectrum (i.e. ES 5–7) a wide variety of environ-

ental qualities were indicated. H’,  M-AMBI, BENTIX, ITI, BQI and
 ‘*’ and black vertical lines indicates estimates where the model has been used to
ly, with the darkest tone indicating the most impacted (e.g. enriched, worst, most
e results are outside of the relevant scale.
MEDOCC all indicated that the lowest/worst biodiversity or most
degraded EcoQS had been achieved, while the BOPA, redox, and to
a lesser extent, S2−, indicated only moderately enriched conditions
at ∼ES6.
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Irrespective of the scaling, several of the diversity measures and
iotic indices (most notably, J’, M-AMBI, BENTIX and MEDOCC),
rovided a response that suggested a predictable progression
hrough the degenerative categories, in a manner consistent with
he ES gradient (Fig. 5). Classifications at the upper end of the
nrichment spectrum were underestimated for several of the
ndicators, including J’, AMBI, BENTIX, MEDOOC and the BOPA,
ue to the spurious EcoQS values that were produced when the
acrofauna community was severely compromised, and S and N
ere accordingly very low.

The indicators showed quite individual response patterns to the
wo different flow environments. %OM, S and d were less responsive
t the high flow sites than at the low flow sites (Figs. 2 and 3). %OM
oubled from ∼3.3% to ∼6.6% (i.e. ∼100% increase) under highly
nriched conditions at high flow sites whereas a five-fold increase
from ∼4.2% to 19.3%, or a 400% increase) was typical of the low
ow sites under at the same stages of ES. However, once S was com-
romised at the high flow sites, it tended to reduce abruptly, and

ndicate highly impacted conditions earlier than for the low flow
ites (Fig. 5). S2−, J’, H’,  BENTIX and ITI also tended to achieve the
ost impacted category for each at earlier stages on the ES scale at

igh flow sites. By contrast, AMBI, M-AMBI, BOPA and BQI all indi-
ated slightly worse ecological statuses for low flow sites compared
ith high flow sites at equivalent enrichment levels greater than

S4.

. Discussion

The objective of this study was to evaluate how well currently
vailable indicators provided an ecologically relevant classification
f both enrichment level and ambient environmental conditions,
ith a view to identifying metrics that could be widely applied.

deally such indicators would need to show good discriminatory
ower across a full spectrum of benthic enrichment conditions, and
nder a range of regional environmental conditions (i.e. varying
urrent flow regimes). Unfortunately, none of the metrics eval-
ated met  these criteria. One of the main challenges appears to
e the ability of the indices to reliably discern differences in the

ater stages of enrichment. In particular, distinguishing the situa-
ions where the macrofauna is still dominated by opportunists (and
herefore still relatively abundant), but tending towards azoic. In
he current study this part of the enrichment spectrum (ES val-
es > 5.5) was only apparent in the low flow dataset. Enrichment
tages greater than 5.5 produced spurious responses for several
ndices (ITI, BOPA, MEDOCC, AMBI, BENTIX and J’), and relatively
oor model fits. Regressions for most of these indices were sub-
tantially improved when ES > 6 data were excluded, with good
redictive confidence being achieved between ES 1–6 (i.e. between
n-enriched and post-peak abundance).

Low total abundance can adversely affect the performance of
everal indices (e.g. Borja and Muxika, 2005; Dauvin and Ruellet,
007), and may  underpin some of the issues with assessment above
S5 in the case of the low flow analyses, as abundance greatly
eclined in a manner consistent with Pearson and Rosenberg (1978)
nrichment model. However, ES 6 is an important stage on the
nrichment spectrum and implicit in the environmental moni-
oring of finfish farms (Wilson et al., 2009), and consequently
eficiencies in index performance in this region of the enrich-
ent spectrum warrant further consideration. In some cases the

roblems can be associated with the particular way  in which the
ndex is characterised, for example in the case of BOPA the lack

f fit at ES > 5.5 was largely due to the presence of low num-
ers of amphipods (more specifically Melitidae and Haustoriidae)
hen opportunistic polychaetes were substantially diminished or

bsent. This caused a zero, or near zero, result indicative of an
cators 23 (2012) 453–466

undisturbed environment, which is clearly erroneous as the con-
ditions were assessed to be near-azoic, with only trace numbers
(N = 1–14) of scavenging, and probably transient, surface dwelling
macrofauna. It also has implications regarding regional endemism
and the underlying assumption with this index that amphipods typ-
ify undisturbed environments, which is not necessarily the case in
our study region (Keeley et al., 2012). Interestingly, when the BOPA
was calculated using all opportunistic taxa (i.e. all EG IV and V), as
opposed to just polychaetes, the relationship to ES for high flow
sites was  very good (R2 = 0.926). This was mainly due to the inclu-
sion of nematodes, which are a dominant part of the benthic fauna
at the high flow sites; and appear to be important indicator taxa
in this instance. Thus, indices that are based on a limited number
of taxa are more prone to biases from endemism and are therefore
unlikely to be suitable for broad geographical comparisons. Simi-
larly, poor fits between ES and AMBI, BENTIX and MEDOCC were
usually due to occasional individuals from EG’s I–III influencing the
result when overall abundances were very low. Although this prob-
lem has been acknowledged for the AMBI, the suggested criteria for
the application of this index (>3 taxa and/or >3 individuals, Borja
and Muxika, 2005) did not encompass all of the situations identi-
fied here. For example, some slightly more numerous samples from
ES 6 type sediments were assessed to have an AMBI of 2–3, which
indicates a ‘Good’ ecological quality standard.

Enrichment gradients at low flow sites were best described by
BQI. This was largely attributable to the ability to obtain ES500.05
values for a high proportion of the taxa, and the fact that those val-
ues were derived from a larger, regionally specific database. BQI
scores are also a function of S and moderated by an abundance
factor (and half constant; Leonardsson et al., 2009), and as such
index values tend to be appropriately suppressed when S and/or N
are low (i.e. ES > 5.5). Fleischer et al. (2007) recommended replac-
ing S with ES50 to overcome sampling effort biases, but this was  not
tested in the current study, because in aquaculture monitoring sam-
pling effort does not generally vary, and this is unlikely to change
in the near future. Similarly, the M-AMBI is a function of AMBI, H’
and S, consequently the multivariate factor analysis approach had a
positive influence on its ability to differentiate the highly enriched
conditions that were encountered at the low flow sites. Incorpo-
rating species richness (S) into the calculations and being able to
set site specific reference conditions also improved the versatility of
the BQI and the M-AMBI, which performed well, with minimal spu-
rious results for both high and low flow sites. However, between ES
5–7 the slopes of the regressions for these indices were negligible,
revealing that they have a limited ability to clearly discriminate
changes in ES within that range. The reason for this is that these
stages are characterised by declining abundances of the same few
resilient taxa, and therefore any change in the index score is almost
entirely dependent on the influence of N and S in the calculation.

Despite having a reasonably tight relationship with ES, log(N)
was deemed unsuitable for predictions at low flow sites because the
parabolic shape of the polynomial means that a single N value can
have two possible ES values – often at opposing ends of the enrich-
ment gradient (Figs. 3 and 5). However, N is still a valuable indicator
because it is a simple intuitive measure that helps to identify the
point of ‘peak abundance’ and post-peak declines (as alluded to
above), and has meaning in the context of the Pearson Rosenberg
model. Similarly, the number of taxa (S) at high flow sites displayed
a parabolic response to ES, whereby an initial increase was followed
by a pronounced decline at ES > 4. As a result, quantitative predic-
tions of ES based on N and/or S should always be validated by some
other means.
The ability of the biotic indices to accommodate the extreme
abundances that occurred under high flow conditions was
evaluated by comparing the high flow model fits to the better-
understood low flow enrichment responses. In general, index fits
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ere better for high flow sites than for low flow sites, largely
ecause the conditions associated with breakdowns in abun-
ance/diversity relationships found at ES > 6 were not encountered.
hen conditions > 6 were excluded from the low flow analysis, the

ts for AMBI, BENTIX, MEDOCC and ITI were improved, and more
omparable between high and low flow. The MEDOCC > AMBI > M-
MBI > BENTIX > BQI all did a good job of predicting enrichment
tage at high flow sites, explaining 83–88% of the overall variation,
nd were all strongly either positively or negatively correlated with
S. With the exception of the BQI, all of these indices are derived
rom the same base taxa classifications (EG’s I–V). Therefore, con-
rary to the recommendations of Salas et al. (2006),  classifying and
ccounting for opportunistic taxa (i.e. EG V) in this manner does
ppear to be a useful foundation for discerning organic enrichment.
he comparable performance of these three indices also indicates
hat the level of EG differentiation used by the AMBI is unnecessary
r partially redundant for this purpose. This finding is consistent
ith that of Simboura and Argyrou (2010) who also found good

greement between the BENTIX and MEDOCC, but proposed that
he BENTIX was the more sensitive index due to the equal roles
layed by tolerant (EG III) and opportunistic (EG IV and V) taxa.

n the present study, it is worth noting that the relatively lim-
ted response of S at the high flow sites is likely to have adversely
nfluenced the discriminatory power of both the M-AMBI and BQI.

While many of the relationships between the indicators and ES
ere strong in terms of the residual sum of squares, there were

ignificant inconsistencies between the indicators in terms of the
cological quality or biodiversity statuses that were inferred. This
as apparent throughout the enrichment spectrum, and depends

n indicator type. Moderately impacted sediments (i.e., ES3–4)
ere recorded as healthy/unimpacted according to chemical indi-

ators, %OM, S (for high flow sites) and BOPA, while conversely,
ome diversity measures (d, H’,  BQI, ITI) indicated moderate impacts
or sediments that were determined by average BPJ as being natu-
al/unimpacted. Abnormally low scores of d and H’ are likely a result
f small sample sizes (Sofia, 2010) and the associated potential for
nder-sampling of rare species (MacArthur and Wilson 1967, in
ill, 1973). However, the classification inconsistencies that were
bserved with some of the other indicators (especially BQI, BOPA,
TI, S2− and redox) warrants further investigation, and reinforces
he need for regional validation. At the upper end of the enrichment
radient, some indicators gave erroneously optimistic responses
ost-peak of opportunistic taxa. One such example was the BEN-
IX, which is known to have a tendency towards extreme values
ecause it only recognises sensitive species (i.e. EG I) and oppor-
unistic species of the first and second order (i.e. EG IV and V, Salas
t al., 2006).

A final point is that contrasting responses at high and low flow
ites were observed for some variables. In particular, the physico-
hemical indicators and S, proved to be generally less sensitive
ver the early stages of enrichment at high flow sites (ES 1–4)
ompared with most infauna based indices. Hence, although some
hysico-chemical measures showed little or no response at high
ow sites in the early stages of enrichment, significant macrofaunal
hanges occurred that were readily detected by indices such as the
QI, AMBI, M-AMBI and J’. Such results highlight the importance
f including biological measures when assessing environmental
uality.

. Conclusion
An ideal benthic enrichment indicator would consistently
iscriminate the full enrichment gradient under a wide range
f environmental conditions. None of the individual indica-
ors that were evaluated in the contrasting flow environments
cators 23 (2012) 453–466 463

described in this study fully met  these criteria. However, the
BQI > M-AMBI > AMBI > Log(N) > BENTIX all performed well, espe-
cially across ranges of moderate to high levels of enrichment.
Of these, M-AMBI best catered for the different flow envi-
ronments, while the BQI gave the least spurious responses
under highly enriched conditions. Most of the biological indi-
cators showed limited ability to distinguish late stages of
enrichment, when the macrofaunal population was  on the
decline. On the other hand, while physico-chemical mea-
sures provided a good level of discrimination over the later
stages of enrichment, they were less sensitive than macro-
fauna for lower enrichment levels at high flow sites. Therefore,
a useful subset for assessing enrichment status would com-
prise two  of the best performing biotic indices that are
based on alternative/independent classification schemes (i.e.
EG’s and ES500.05), total abundance to aid in discerning PO,
and a cheap and an easy-to-measure geochemical variable
which responded consistently in the later stages of enrich-
ment. Hence, the ultimate combination of variables for discerning
enrichment gradients according to this study, would be: BQI + (M-
AMBI/AMBI/BENTIX) + log(N) + Redox/S2−.

In terms of identifying a single, universally applicable indica-
tor, between-indicator inconsistency with respect to the inferred
ecological status was  a more significant issue than the was
the ability of a single indicator to reliably discern conditions.
Different indicators can have different biases with regard to
site and/or region-specific characteristics. Consequently there is
a very real risk of ecological status misclassification where a
single index is used, particularly in the absence of regional
validation. This has important ramifications for resource man-
agers when attempting to identify environmental standards for
broad regions or industry-wide applications. Although using a
combination of indicators, as suggested above, is widely recom-
mended (Borja and Muxika, 2005; Muniz et al., 2005; Ranasinghe
et al., 2009; Salas et al., 2006), the current study therefore
also stresses the importance of selecting indicators that are
regionally validated, and/or down-weighting the importance of
any that are not. While using a combination of different indi-
cators may  be perceived to produce a ‘safer’ average result,
where the calculations are based on poorly understood indica-
tors the outcome may  be misleading and the averaging effect
has the potential to mask extreme conditions. Hence, there
remains a clear need for expert judgement to select and appro-
priately weight indicator variables, to identify any spurious
results, and to provide an integrated assessment of macrofaunal
community condition – in particular to clarify when the com-
munity is “post-peak” abundance. This last point is particularly
important given that most of the commonly-used indices we
examined showed a tendency to error in the highest enrichment
categories.
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ppendix A.

ES500.05 scores and associated ‘N’ values that were determined for the 50 most abundant taxa and used to calculate BQI.
Taxa General Group Family ES500.05 N Rank

Cirratulidae Polychaeta Cirratulidae 6.62 1968 1
Heteromastus filiformis Polychaeta Capitellidae 6.00 1904 2
Nematoda Nematoda 2.45 1845 3
Lumbrineridae Polychaeta Lumbrineridae 7.86 1840 4
Paraonidae Polychaeta Paraonidae 7.20 1787 5
Theora  lubrica Bivalvia Semelidae 6.74 1757 6
Ostracoda Ostracoda 7.62 1748 7
Cumacea Cumacea 8.92 1729 8
Prionospio sp. Polychaeta Spionidae 5.45 1682 9
Arthritica bifurca Bivalvia Erycinidae 5.34 1460 10
Nemertea Nemertea 6.31 1419 11
Cossura consimilis Polychaeta Cossuridae 8.65 1413 12
Sphaerosyllis sp. Polychaeta Syllidae 5.13 1333 13
Dorvilleidae Polychaeta Dorvilleidae 2.35 1316 14
Glyceridae Polychaeta Glyceridae 5.53 1283 15
Maldanidae Polychaeta Maldanidae 8.76 1255 16
Amphipoda Amphipoda 4.16 1225 17
Armandia maculata Polychaeta Opheliidae 3.64 1108 18
Ophiuroidea Ophiuroidea Terrebellid 9.55 1101 19
Sigalionidae Polychaeta Sigalionidae 10.47 1101 20
Phoxocephalidae Amphipoda 5.20 1086 21
Hesionidae Polychaeta Hesionidae 4.28 1075 22
Melitidae Amphipoda 4.23 1074 23
Terebellidae Polychaeta Terebellidae 4.13 982 24
Capitella capitata Polychaeta Capitellidae 1.75 969 25
Tanaid sp. Tanaidacea Tanaidae 3.25 853 26
Syllidae Polychaeta Syllidae 3.93 822 27
Aglaophamus sp. Polychaeta Nephtyidae 8.96 752 28
Ennucula strangei Bivalvia Nuculidae 11.97 729 29
Nereidae Polychaeta Nereidae 3.64 699 30
Austrovenus stutchburyi Bivalvia Veneridae 4.63 695 31
Nucula gallinacea Bivalvia Nuculidae 4.40 639 32
Macrophthalmus hirtipes Decapoda Ocypodidae 5.00 639 33
Haustoriidae Amphipoda 3.58 635 34
Spionidae Polychaeta Spionidae 4.06 630 35
Flabelligeridae Polychaeta Flabelligeridae 10.94 593 36
Polynoidae Polychaeta Polynoidae 5.46 561 37
Oligochaeta Oligochaeta 4.46 534 38
Leptomya retiaria retiaria Bivalvia Semelidae 3.34 481 39
Phyllodocidae Polychaeta Phyllodocidae 3.61 477 40
Nucula hartvigiana Bivalvia Nuculidae 6.92 436 41
Notoacmea helmsi Gastropoda Lottiidae 4.65 418 42
Sipuncula Sipuncula 7.15 406 43
Sabellidae Polychaeta Sabellidae 4.03 400 44
Prionospio multicristata Polychaeta Spionidae 3.79 391 45
Anthuridea Isopoda Anthuridea 9.99 371 46

Macomona liliana Bivalvia Tellinidae 6.62 367 47
Terebellides stroemi Polychaeta Trichobranchidae 11.08 363 48
Asellota Isopoda 6.04 360 49
Nemocardium pulchellum Bivalvia Cardiidae 10.97 350 50
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ppendix B.

Optimum models and associated fit statistics for the biological variables and indices as predicted by each Enrichment Stage (ES). Diff.
ig. = the significance of the difference between the high and low flow polynomials, where statistically significant values are given in bold
ype and denoted by: • <0.1, * <0.05, ** <0.01, ** <0.001. ‘Int.’ = intercept. First order polynomials are tested using a single factor ANOVA
Pr(>F)) and the Bartlett-corrected likelihood ratio stat testing for common slope (P-value given). Second and third order polynomials are
ompared using a non-parametric bootstrapping procedure which provides probabilities for the difference between each of the factors.
igh and low flow data with different order polynomials were considered to have different X–Y relationships and therefore no tests were
pplied. If no significant differences were observed the high and low flow data were combined to produce a single polynomial.
Variable Flow Cat. Order poly. ES3 ES2 ES Int. RSE df Mult. R2 Adj. R2 P-value

%OM LF 3 −0.271 3.625 −11.408 14.6775 3.926 61 0.6867 0.6712 2.239e−15
HF 3 0.309 −2.817 8.103 −3.737 0.9435 52 0.3872 0.3518 1.104e−05
Diff.  Sig. P-value 0.060• 0.095• 0.090• 0.095•

Redox LF 1 −54.960 263.546 74.14 52 0.6519 0.6453 1.634e−13
HF  1 −52.262 270.221 67.35 28 0.513 0.4956 8.54e−06
Diff.  Sig. P-value 0.657 0.3677
Combined(ES < 6) 1 –54.15 266.49 71.34 82 0.6145 0.6098 <2.2e−16

S2− LF 3 124.5 −989.3 2551.5 −1668.8 1390 50 0.6536 0.6328 1.448e−11
HF  3 327.0 −2658.9 68.152 −5197.2 928.1 21 76556 0.7321 8.13e−07
Diff.  Sig. P-value 0.1540 0.1965 0.1615 0.0925•

log (S2−) LF 1 0.698 3.977 0.8746 52 0.6868 0.6807 1.029e−14
HF  1 1.072 2.354 1.021 23 0.6936 0.6803 2.402e−07
Diff.  Sig. P-value 0.0401* 0.0036**

S  LF 1 –4.037 28.616 4.913 63 0.6985 0.6937 2.2e−16
HF  2 –2.478 10.606 26.560 8.271 53 0.459 0.4386 8.505e−08

log(N)  LF 3 −0.072 0.670 –1.598 3.095 0.3988 61 0.756 0.744 <2.2e−16
HF  1 0.469 1.517 0.2698 54 0.828 0.824 <2.2e−16

d LF 2  0.105 –1.638 6.855 0.8844 57 0.746 0.7371 <2.2e−16
HF  1 –1.690 10.666 1.624 54 0.6329 0.6261 2.395e−13

J’ LF  2 0.032 –0.341 1.262 0.1992 56 0.4496 0.43 5.475e−08
HF  2 0.030 –0.367 1.274 0.0974 53 0.8328 0.8265 <2.2e−16
Diff.  Sig. P-value 0.1185 0.0810• 0.125

H’ LF 2 0.060 –0.885 3.685 0.4708 62 0.73 0.7212 <2.2e−16
HF  3 0.090 –0.795 1.375 2.278 0.394 52 0.8386 0.8292 <2.2e−16

AMBI  LF 3 −0.058 0.413 0.450 0.099 0.8976 61 0.7446 0.732 <2.2e−16
LF(<ES6) 2 –0.177 2.274 −1.539 0.7192 50 0.8387 0.8322 <2.2e−16
HF 2 –0.119 1.615 0.055 0.3976 53 0.8819 0.8774 <2.2e−16
Diff.  Sig. P value 0.5395 0.298 0.058·

M-AMBI LF 3 0.010 −0.097 0.100 0.937 0.122 61 0.8403 0.8325 <2.2e−16
LF(<ES6) 1 −0.181 1.171 0.1291 51 0.8095 0.8058 <2.2e−16
HF  1 −0.167 1.149 0.0852 54 0.8529 0.8501 <2.2e−16
Diff.  Sig. P value 0.3308 0.1979
Combined(ES < 6) 1 –0.174 1.155 0.109 114 0.821 0.8195 <2.2e−16

BENTIX LF 2 0.258 –2.617 8.643 0.7872 62 0.7287 0.7199 <2.2e−16
LF  < ES6 2 0.270 –2.694 8.746 0.5909 50 0.847 0.8408 <2.2e−16
HF  2 0.119 –1.480 6.352 0.3804 53 0.8525 0.8469 <2.2e−16
Diff.  Sig. P-value 0.068• 0.022* 0.001**

MEDOCC LF 2 –0.407 3.668 −2.657 1.016 62 0.6602 0.6492 2.943e−15
LF  < ES6 2 –0.271 2.832 −1.609 0.7676 50 0.8079 0.8002 <2.2e−16
HF  2 –0.171 2.010 0.286 0.4193 53 0.8861 0.8818 <2.2e−16
Diff.  Sig. P-value 0.3005 0.197 0.041*

ITI LF 2 5.066 –48.810 117.939 14.29 62 0.6966 0.6868 <2.2e−16
LF  < ES6 2 4.779 –46.904 115.426 13.7 50 0.7469 0.7368 1.204e−15
HF  2 3.495 –31.897 72.705 7.955 53 0.7199 0.7093 2.258e−15
Diff.  Sig. P-value 0.3675 0.135 0.0115*

BOPA LF 3 −0.008 0.085 −0.207 0.143 0.069 58 0.5701 0.5479 1.096e−10
LF  < ES6 1 0.060 −0.099 0.072 51 0.6015 0.5937 9.15e−12
HF  1 0.039 −0.060 0.054 54 0.4534 0.4433 1.298e−08
Diff.  Sig. P-value 0.018* 0.120

BQI  LF 2 0.309 −4.059 14.119 0.970 62 0.9125 0.9097 <2.2e−16
HF  2 0.230 −3.355 13.513 1.052 53 0.8381 0.832 <2.2e−16
Diff.  Sig. P-value <0.078• 0.0065** 0.0025**
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