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Abstract 16 
Climate change and anthropogenic nutrient enrichment are driving rapid increases in ocean 17 
deoxygenation, these changes cause biodiversity loss and have severe consequences for 18 
marine ecosystem functioning and in turn the delivery of ecosystem services upon which 19 
humanity depends (e.g. fisheries). We seek to understand how such changes will impact 20 
seafloor functioning using biological traits analysis. Results from a sewage-sludge disposal 21 
site in the Firth of Clyde, UK spanning 26 years of monitoring showed that substantial 22 
changes in macrobenthic nutrient cycling and the provision of food for predators occurred, 23 
with elevated functioning on the margins 1–2 km from the centre of the disposal grounds. 24 
Changes in food-web dynamics are expected, that weaken benthic pelagic coupling and lower 25 
secondary production (such as fisheries). Generally, functioning was conserved, but declined 26 
below a ~6% total organic carbon threshold. Similar to other severely deoxygenated systems, 27 
the recovery was slow and hysteresis was apparent.  28 
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Introduction 32 
One of the consequences of climatic warming is a decrease in the amount of dissolved oxygen 33 
in seawater due to reduced gas solubility, temperature stratification inhibiting vertical mixing, 34 
and changes in the delivery of nutrients to the sea. To date most studies of the ecological 35 
impacts of climate change have focussed on changes in temperature and the impacts of other 36 
significant drivers of ecological change, e.g. ocean deoxygenation and acidification, are less 37 
well-known. Ocean deoxygenation, e.g. hypoxia (dissolved oxygen content 1–30% of 38 
saturation) or anoxia (no oxygen), is one of the greatest threats to marine ecosystem health 39 
and functioning (United Nations, 1992). Over the last 50 years ocean oxygen content has 40 
decreased by a mean rate of 0.06–0.43% per year (Stramma et al., 2010) and models predict a 41 
continued decline of >7% from present-day levels until 2100 under high CO2 emissions 42 
scenarios (IPCC, 2013). The number of coastal hypoxic zones have also been increasing over 43 
the past 50 years and are now documented from >500 systems (Diaz and Rosenberg, 2008) 44 
covering ~7% of ocean area. The impacts on ecosystems are complex, being associated with 45 
non-linear interactions, thresholds and hysteresis (Cardinale et al., 2012; Stachowicz et al., 46 
2007) and take time to manifest. Thus, we need to study change over timescales that exceed 47 
decades. Synergism between ocean deoxygenation and other anthropogenic stressors, e.g. 48 
global temperature rise, ocean acidification, marine pollution and fisheries, also make it more 49 
challenging to predict and manage the impacts of deoxygenation for ecosystem health (Altieri 50 
and Gedan, 2015; Breitburg et al., 2009).  51 
 52 

Hypoxia has profound effects on marine organisms and often results in mass mortalities of 53 
animals that dwell on the seafloor and in the water column due to low dissolved oxygen, or 54 
indirectly due to toxic H2S (Breitburg et al., 2009; Caddy, 2000; Falkowski et al., 1980). 55 
Significant changes may occur in terms of: organism behaviour (Gray et al., 2002; Riedel et 56 
al., 2014; Seitz et al., 2003), growth rates and body size (Caswell and Coe, 2013; Cheung et 57 
al., 2013), organism health (Keppel et al., 2015), the impairment of reproductive processes, 58 
and the contraction of the available area for spawning (Ekau et al., 2009; Nissling and Westin, 59 
1997). These changes have led to 3–5-fold declines in benthic macrofaunal biomass (Hale et 60 
al., 2016; Seitz et al., 2009), and declines in secondary productivity of ~10% (Karlson et al., 61 
2002; Sturdivant et al., 2014).  62 

 63 

Long-term studies of the ecological impacts of ocean deoxygenation are lacking, but short-64 
term studies (e. g. Breitburg et al., 2018; Cheung et al., 2013; Dauer et al., 1992; Gray et al., 65 
2002; Levin et al., 2009a; Pearson and Rosenberg, 1978) indicate that the consequences of 66 
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long-term deoxygenation will include decreasing biodiversity and production, changing 67 
trophic structure, the decreasing size, health, fitness and reproductive capacity of organisms, 68 
and the loss of key habitats. This loss of productivity and biodiversity, and the changes in the 69 
biological traits of taxa can profoundly constrain the ways that ecosystems function, and in 70 
coastal seas many functions are provided or mediated by benthic communities. For example, 71 
by providing food for higher trophic levels (Breitburg et al., 2009; Greenstreet et al., 1997) or 72 
stimulating decomposition and nutrient cycling which in turn drives water column primary 73 
productivity (Aller and Aller, 1998).  74 
 75 

These ecological functions support a number of core regulating and supporting ecosystem 76 
services (e.g. nutrient cycling, waste treatment, biodiversity, biological control and habitat 77 
provision) which are threatened by deoxygenation, and approximately US$350 billion of 78 
services are lost each year to hypoxia (Diaz et al., 2012). This is in addition to other socio-79 
economically important services such as the provision of food and recreational experiences 80 
(e. g. Carstensen et al., 2014; Hale et al., 2016). The recovery from short-term severe hypoxia 81 
can take years, but for long-term severe hypoxia recovery is hysteretic, associated with 82 
thresholds and can exceed decades (Diaz and Rosenberg 2008). Once a system has exceeded 83 
the threshold, and turned hypoxic, it may become increasingly susceptible to repeated 84 
hypoxia (Conley et al., 2009). The increasing adoption of an ‘ecosystem services’ approach, 85 
following the Millennium Ecosystem Assessment (United Nations, 2005) and the increasing 86 
availability of tools for mapping ecological functioning to services (Bremner, 2008; Bremner 87 
et al., 2003, 2006; Frid et al., 2008) is shifting the basis of environmental management. There 88 
is now an explicit recognition of the underpinning of human well-being and economic activity 89 
by healthy functioning ecosystems (United Nations, 2005). It is now possible to reinterpret 90 
data on the impacts of sewage sludge disposal on sea floor communities and to assess the 91 
extent to which the changes in the taxonomic composition of the impacted communities can 92 
be used to determine past changes in ecological functioning and hence the delivery of 93 
ecosystem services. Investigation of changes in the composition and ecological functioning of 94 
natural benthic systems have shown that over decadal scales changes in the faunal 95 
composition do not result in shifts in ecosystem functioning, but rather that ecosystem 96 
functioning is conserved (Clare et al., 2015; Frid, 2011). Over millennial time scales benthic 97 
functioning is also conserved through species turnover, but in periods of rapid and severe 98 
environmental change, profound shifts in species composition mean functioning is 99 
compromised (Caswell and Frid, 2013, Frid and Caswell, 2015).  100 

 101 
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In 1986 Pearson and Rosenberg developed a conceptual model of the ecological structure and 102 
functioning of benthic systems, which placed the availability of food, in the form of organic 103 
matter, at its heart. It was partially developed from a model of the observed impacts of 104 
organic pollution on marine benthic communities, in terms of their species richness, 105 
abundance and biomass (Pearson and Rosenberg, 1978), and has since been validated in many 106 
coastal systems (Diaz and Rosenberg, 1995; Gray et al., 2002), and may also function as a 107 
generalised model of disturbance (e.g. Connell and Slatyer, 1977). The core concepts of these 108 
ideas have underpinned marine benthic ecology since the 1970s. In this paper we revisit one 109 
of the classic benthic macrofaunal data sets from which the Pearson Rosenberg model was 110 
derived, the Garroch Head sewage sludge disposal site and ask the questions (i) to what extent 111 
do the benthic macrofaunal changes caused by enrichment and deoxygenation drive 112 
functional changes, (ii) did the changes in functioning correspond to the change in taxonomic 113 
composition, (iii) what was the nature of the recovery, and (iii) what are the consequences of 114 
functional changes for the delivery of ecosystem services derived from the benthos?  115 

 116 

From 1979 to 1998 Garroch Head in the Firth of Clyde was used as a disposal site for sewage 117 
sludge (the solid components of sewage). The site received on average 1.67 ± 0.06 x 106 t y-1 118 
sludge from primary treatment plants in the Strathclyde region, surrounding the city of 119 
Glasgow, Scotland and was deposited on the seafloor for five days each week throughout the 120 
year. The sludge contained organic material with elevated heavy metals and organochlorine 121 
compounds (e. g. Pearson and Blackstock, 1987), and at this time its disposal at sea was 122 
considered an acceptable disposal option because the large dilution reduced chemical 123 
contamination and natural processes reduced the biological oxygen demand of the wastes 124 
(Frid and Caswell, 2017). Sewage sludge was disposed offshore from a series of sites around 125 
the UK and was regulated under the Dumping at Sea Act (1974) and the Food and 126 
Environmental Protection Act (1985), which was accompanied by regular sampling at these 127 
sites to monitor the  environmental impacts. By 1998 the sludge disposal ceased with the 128 
adoption of the EU Urban Waste Water Directive (European Economic Community, 1991). 129 
Using benthic macrofaunal data from eight sampling stations situated in 3 km radius from the 130 
Garroch Head sewage sludge disposal site (plus one reference station at 8.5 km) this study 131 
aims to quantify changes in the biological characteristics or ‘traits’ of macrobenthos along a 132 
gradient of organic enrichment and deoxygenation over 26 years. The biological traits of 133 
organisms have considerable impacts on the magnitude of ecosystem functioning (Cardinale 134 
et al., 2012; Crowe and Frid, 2015), and we anticipate that the considerable ecological 135 
changes that occur in enriched and deoxygenated systems will profoundly affect ecosystem 136 
functioning and in turn the delivery of ecosystem services. The Garroch Head data are of very 137 
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high quality, despite some changes in sampling procedures, and are used to explore changes 138 
in the ecological functioning of the benthos through time. The wide spatial extent of the 139 
Garroch Head sampling programme meant that differing levels of anthropogenic organic 140 
enrichment and hypoxia could be explored over the 19 years of sewage sludge disposal and 141 
the seven years post-disposal (Pearson and Stanley, 1980; SEAS, 1999). These data represent 142 
a unique opportunity to investigate the decade long ecological impacts of varying levels of 143 
organic enrichment and hypoxia on benthic ecosystem functioning. 144 

Materials and methods 145 

The Garroch Head dataset 146 
Environmental monitoring at Garroch Head was conducted by the Scottish Association for 147 
Marine Sciences (SAMS) and the Scottish Environmental Advisory Services Ltd (SEAS), on 148 
behalf of the Department of Agriculture and Fisheries for Scotland, which began in 1979 and 149 
sampling occurred every year until disposal ceased in 1998 (Coates and Pearson, 1997, 1999; 150 
Pearson, 1981, 1983, 1991, 1992, 1993, 1994; Pearson and Blackstock, 1982, 1983, 1985, 151 
1986, 1987, 1988, 1989; Pearson et al., 1990; Pearson and Coates, 1995, 1998; Pearson et al., 152 
1992; Pearson and Stanley, 1980; SEAS, 1999) when the disposal of sewage sludge at sea 153 
was banned. Monitoring at Garroch Head incorporated biological sampling of sediment 154 
microbe, benthic macrofauna and demersal fish communities plus a suite of environmental 155 
variables and the concentrations of notable pollutants (Supplementary Table S1). In 2000, 156 
2004 and 2005 follow up environmental surveys were conducted by the Scottish 157 
Environmental Protection Agency (SEPA) and SAMS in order to assess the recovery of the 158 
site after sewage sludge disposal had ceased (Duncan, 2005; Scottish Environment Protection 159 
Agency, 2000; Scottish Environmental Protection Agency, 2004).  160 

 161 

The centre of the disposal site was located 6 km south of Garroch Head on the Isle of Bute 162 
(station P7, Fig. 1), Firth of Clyde, Scotland. This site replaced an earlier sewage sludge 163 
disposal site located 4 km to the north that received Strathclyde’s sewage from 1904-1974. 164 
This site was found to be an accumulating site with low current speeds <10 cm s-1 and so in 165 
1974 was relocated 2 km further south (Fig. 1; Dooley, 1979; Midgley et al., 2001).  166 

 167 

Samples were collected from 40 different sampling stations throughout the 26 years, and of 168 
these eight stations were sampled near annually for biotic and abiotic factors. These eight 169 
stations plus the reference station, 8.5 km to the north, were used in this study to achieve the 170 
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maximum temporal duration and the full spectrum of organic enrichment (Fig. 1). The 171 
number of sampling points totalled 184 over the nine stations and 26 years. Macrofaunal data 172 
are missing for some stations in some years (Supplementary Table S1), e.g. macrofaunal data 173 
from stations P4 and V7 could not be completely extracted from the archived report for 1979; 174 
macrofauna were not sampled at Station P8.5 in 1984-1985, nor from stations T7 and V7 in 175 
1985. The sampling procedures were modified at times as licensing laws changed and 176 
methodology developed. Consequently some of data sets (e.g. dissolved oxygen and full 177 
sediment redox profiles) were only collected from 1985 and not always from every station 178 
(for a summary see Supplementary Table S2). No abiotic data were collected in 2000 and 179 
2004 from any of the stations. 180 

 181 

Benthic macrofauna were collected using a 0.1 m2 van Veen grab and samples were sieved 182 
using a 1 mm mesh and were preserved in 4% formalin with rose Bengal (Pearson and 183 
Stanley, 1980). Taxa were identified to species level where possible and the number of 184 
individuals were enumerated. The number of grab samples collected varied from 1-3 per 185 
station throughout the 26 years (see supplementary information Table S1). The macrofaunal 186 
data were checked for spelling mistakes, the taxonomic designations were reviewed, checked 187 
for synonymy and if necessary the nomenclature was updated (for details of the data auditing 188 
approach see the supplementary information).  189 

 190 

Oxygen saturation was measured in the water immediately overlying the sediment surface at 191 
each station, and was determined using the Winkler method. Sediment samples of 40 mm 192 
depth were collected by Craib corer at each station for analyses of abiotic variables including: 193 
sediment redox potential (Eh; measured using a standard redox electrode) and pH were 194 
measured at 10 mm sediment depth intervals from 10 mm above the surface down to 40 mm 195 
depth, sediment type, interstitial salinity, sediment total organic carbon (TOC) and nitrogen 196 
content (using a Perkin-Elmer elemental analyser), the surface sediment concentrations of six 197 
organochlorine compounds (α-HCH, γ-HCH [Hexachlorocyclohexane], o’p- 198 
Dichlorodiphenyl dichloroethane, p,p’-Dichlorodiphenyl dichloroethane, Dieldrin and PCB 199 
1260 [aka Aroclor]) and eleven heavy metals (Cu, Ni, Pb, Zn, Mn, Cr, Co, Cd, As, Hg and 200 
Fe; Pye SP192 Atomic Absorption Spectrophotometer) were determined (Duncan, 2005; 201 
Pearson and Blackstock, 1989; Pearson and Stanley, 1980). Similar to the macrofauna the 202 
abiotic sampling replication varied somewhat through time (Supplementary Table S2). 203 

 204 
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Biological traits analysis 205 
Biological traits analysis (BTA) was used to categorise taxa based on their morphology, 206 
biology, and behaviour (e. g. Bremner et al., 2006). Ten categories, or biological traits, were 207 
chosen to reflect the range of biological and morphological attributes of the 385 taxa. These 208 
traits included four based on taxa morphology: organism maximum body length, maximum 209 
body volume, relative two dimensional body shape, and exoskeletal composition (Table 1). 210 
Five behavioural traits were used to summarise the organism’s ecological role including their 211 
life habit, burrow depth, bioturbatory mode, feeding mode and type of larval development. 212 
The bioturbatory modes used the classification of Queirós et al. (2013) and predecessors 213 
(Gerino et al., 2003; Solan et al., 2004) and splitting taxa into five bioturbatory modes: (1) 214 
epifauna that bioturbate at the sediment-water interface only, (2) surficial modifiers that 215 
disturb only the upper 1–2 cm of sediment. (3) Upward/downward conveyors which actively 216 
transport sediment upwards toward the surface from depth (those oriented head downwards) 217 
or downward from the surface (taxa oriented head upwards). (4) Biodiffusors that cause 218 
diffusive sediment transport, with no predominant orientation, over small spatial scales; and, 219 
(5) regenerators that excavate large structures within the sediment such as galleries whereby 220 
sediment is moved to the surface during construction and is transported away, and later new 221 
sediment accumulates within the structures. Increasing sediment reworking occurs as 222 
bioturbatory mode shifts from (1) to (5) (Mermillod-Blondin et al., 2004; Queirós et al., 223 
2013). 224 
 225 
The final trait considered was the existence of any adaptations to low oxygen and/or the 226 
presence of toxic H2S (e.g. Gray et al. 2002, Vacquer-Sunyer and Duarte, 2008) that prevail 227 
where conditions are enriched. Given our interest in the macrofaunal response to such 228 
enrichment, this represents a ‘response trait’ (sensu Lavorel and Garnier, 2002). To avoid 229 
circularity we do not infer a hierarchy for these adaptations nor do we map this trait to any of 230 
the ecological functions we consider (Table 2).  Five modalities were selected to encompass 231 
specific adaptations to low oxygen conditions (Table 1) which ranged from no adaptations, 232 
metabolic adaptations (e.g. metabolic depression or a switch to anaerobiosis; (Hochachka and 233 
Lutz, 2001)), mechanisms that facilitate the H2S and O2 transport (e.g. the presence of blood 234 
and respiratory pigments that efficiently transport O2, or remove toxic H2S; Childress and 235 
Siebel, 1998), the presence of chemosymbionts, beneficial body features (e.g. thin body walls 236 
that facilitate gas transfer, or respiratory structures such as gills; Levin, 2003) and 237 
behavioural adaptations to avoid hypoxic water and/or H2S (e.g. lifting of appendages (e.g. 238 
brittlestars) or the whole body above the redox boundary (Riedel et al., 2014)).  239 
 240 
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For eight of the ten traits five modalities (subcategories) were chosen for each trait to reflect 241 
the range of morphology/behaviour/adaptation expressed by the Garroch Head taxa; and for 242 
the exoskeletal composition (D) and adaptations to oxygen stress/H2S (J) traits six modalities 243 
were used (Table 1).  244 
 245 
For every taxon each trait (Table 1) was coded using the ‘fuzzy coding’ approach (Chevenet 246 
et al., 1994) whereby a score from 0 to 1 was awarded based on the individual taxon's affinity 247 
to each modality (where 0 represents no affinity) and sums to a total of one for each trait. For 248 
example, the anemone Cerianthus lloydi typically reproduces using planktotrophic larval 249 
development and so this modality is assigned a large proportion of the score (e.g. 0.8); 250 
however, it also, albeit less frequently, reproduces asexually by budding thus the remainder of 251 
the score (e.g. 0.2) is attributed to this modality. In this way we incorporated the multiple 252 
known behaviours common to each taxon e.g. being capable of both suspension and deposit 253 
feeding (Bremner et al., 2006; Paganelli et al., 2012) and the ability to switch throughout 254 
ontogeny, or as environmental conditions or food supply changed. This approach also allows 255 
the incorporation of a degree of uncertainty for taxa whose behaviour is not well-known. 256 
 257 

Information on the biological traits for each taxon present at Garroch Head were obtained 258 
from a mixture of sources including: the Marine Life Information Network (Marlin.ac.uk 259 
2014) and the Marine Species Identification Portal (species-identification.org, 2014), 260 
summaries of the attributes of North Atlantic species (e. g. Hayward and Ryland, 2017; 261 
Queirós et al., 2013), monographs on specific taxonomic groups or papers focussing on 262 
specific taxa (Fauchald and Jumars, 1979) or adaptations (Diaz and Rosenberg, 1995; Pearson 263 
and Rosenberg, 1978; Rosenberg, 1990; Rosenberg et al., 1991; Rosenberg et al., 1992). 264 
Additionally, specimens of relevant benthic taxa collected from Liverpool Bay (between 2006 265 
and 2013) were measured to obtain morphological data. As far as possible taxa were coded 266 
using species level data. Where trait information was limited for a species, information for the 267 
genus was used and if the required data were still unobtainable coding was done at the family 268 
level. For taxa originally recorded at the genera level and above a conservative approach was 269 
adopted, and traits were coded using only the range of taxa, within each classification, present 270 
at Garroch Head during the sampling period. For example, the mean trait scores for all taxa 271 
from the family Ampharetidae were used to score a taxon recorded as ‘Ampharetidae’, and 272 
thus it assumes there were no additional unidentified members of the family Ampharetidae 273 
present. If no other members of the genus were present the type species was used. For taxa 274 
recorded at higher taxonomic levels there is obviously greater uncertainty surrounding their 275 
traits compared with those identified to species or genera. For each taxon the affinity to each 276 
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modality was multiplied by the abundance of that taxon in each sample (biomass data being 277 
available for sample aggregates only). In this way an abundance by trait matrix was created in 278 
which each modality within a community was weighted by its abundance.  279 

 280 

Mapping biological traits on to ecological functions 281 
Ecological functioning was indexed by summing the trait modalities contributing to the 282 
delivery of each of the five selected functions (Tables 1–2), and these were as follows: 283 

x Nutrient recycling/regeneration in shelf seas is strongly coupled with benthic processes 284 
that regenerate N from sediments and this can provide 20–100% of the annual N 285 
requirements for water column primary production (Aller and Aller, 1998). Nutrient 286 
cycling/regeneration results primarily from biogeochemical processes including microbial 287 
activity. In shallow and shelf systems macrofauna facilitate the mineralization of 288 
sedimentary N and the efflux of the mineralisation products into the water column. These 289 
fluxes are four fold higher when macrobenthos are present compared with when they are 290 
not (Hansen and Blackburn, 1992; Kristensen and Blackburn, 1987) because macrofauna 291 
facilitate nutrient cycling through sediment bioturbation and burrow irrigation. These 292 
processes oxygenate the sediment, enhance the vertical transfer of organic matter, 293 
establish concentration gradients and influence the composition of meiofaunal and 294 
microbial communities (Fenchel and Finlay, 2008; Olafsson, 2003). Taxa that burrow 295 
more deeply have greater influence on sediment nutrient recycling/regeneration 296 
(Mermillod-Blondin et al., 2004). Thus, these traits were used to index nutrient 297 
recycling/regeneration (Table 1) and included organisms with a body volume >5,000 298 
mm3 that have the potential to overturn larger amounts of sediment than those of smaller 299 
body volume (Table 2; Norkko et al., 2013; Thrush et al., 2006). Similarly, organisms 300 
that disturb a lot of sediment have greater potential influence upon sediment nutrient 301 
recycling/regeneration were included (traits E2–E4 and G3–G5; Tables 1–2). 302 

x The value of the benthos as food for large mobile predators was indexed by an 303 
intermediate to large body size, without exoskeletons and epifaunal or semi-shallow life 304 
habits (Tables 1–2). Organisms with these traits would represent optimal prey species for 305 
large (≥50 mm) mobile predators. 306 

x Inorganic carbon sequestration refers to the long-term sequestration of inorganic carbon 307 
by benthic macrofauna. Calcium carbonate accumulation rates derived from sediment 308 
cores show that on the continental shelves (0.11–0.13 Pg C yr-1) it is comparable with that 309 
in the open ocean despite its ~25 fold smaller spatial area (Iglesias-Rodriguez et al., 310 
2002). Most of the CaCO3 is produced by benthic macrofauna (Table 2) with highly 311 
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calcified skeletons (Lebrato et al., 2010). In the present study inorganic carbon 312 
sequestration was linked to benthic taxa with a body size >5,000 mm3, and CaCO3 313 
skeletal composition (Table 1).  314 

x In marine systems the cycling of organic C or food-web dynamics is driven by ingestion, 315 
respiration, production and reproductive processes. Within sediments macrofauna may 316 
contribute between 11 and 43% of total benthic community respiration with the 317 
remainder being from bacteria and microbenthos (van Oevelen et al., 2006). Benthic 318 
macrofaunal C-cycling was therefore indexed by all life habits (except borers), 319 
suspension/filter feeding modes that capture carbon and transfer it between the benthic 320 
and pelagic realms, and dispersive reproductive modes (these traits would move C around 321 
the ecosystem more than direct developers where C from the adult is packaged into young 322 
and retained locally; Greve et al., 2004).  323 

x Biogenic habitats are constructed by organisms that are sessile and have an attached 324 
epifaunal life habit with a suspension/filter feeding or chemosymbiotic life mode (e. g. 325 
Dame et al., 2001; Table 1-2). 326 

 327 

Statistical analyses 328 
Spatial and temporal trends in the data were explored using taxonomic and trait richness (as a 329 
measure of diversity) and evenness (Pielou’s). A simple two way ANOVA was used to 330 
explore differences in taxa and trait richness across time and space. Temporal variability in 331 
richness and function delivery was characterised by the coefficient of variation. Changes in 332 
function delivery through time were explored using Spearman’s rank-order correlation on 333 
data standardised to the mean and standard deviation. 334 

 335 

Similarities between samples were calculated using the Bray-Curtis index after log (x +1) 336 
transformation of taxonomic data and the untransformed traits data. Taxonomic data were 337 
transformed to account for rare species. Non-parametric multivariate statistical approaches 338 
including non-metric multidimensional scaling (nMDS), analysis of similarity (ANOSIM) 339 
and the similarity percentages routine (SIMPER) were used to compare the Bray-Curtis 340 
similarity of the taxonomic and trait composition of the benthic assemblages using Primer v. 341 
6 (Primer-e, Plymouth, UK) and are available in the supplementary material. In order to 342 
understand the quantitative effect of environmental drivers, associated with shifts in 343 
composition, we used an equivalent parametric procedure, Canonical Correspondence 344 
Analysis (CCA; Legendre and Legendre, 2012).   345 
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 346 

The CCA was constrained by ten variables, these were: the distance in km from the centre of 347 
the disposal site; the water depth (m) at each station; year of sampling; the dissolved oxygen 348 
content of the water just above the surface of the sediment; the redox potential (Eh) at 4 cm 349 
sediment depth; the total organic carbon (TOC), Hg, Cu, Mn and PCB content of the 350 
sediments at each station. Variables that were strongly spatially auto-correlated (sedimentary 351 
concentrations of α-HCH, γ-HCH, op’ DDD, pp’ DDD, Co, Ni, Zn, Cd, Pb, Cr, As, Fe) were 352 
excluded from the ordination: thus Hg, Cu and PCB 1260 were used to represent the full suite 353 
of pollutants measured. Autocorrelation between these variables was assessed using variance 354 
inflation factors. CCA was performed on the weighted averages of the species or traits scores 355 
for taxonomic composition and trait composition separately (data were transformed as for 356 
nMDS). Monte Carlo global permutation tests were performed on the complete dataset and 357 
the individual CCA axes, relationships with the environmental variables were determined 358 
using the bi-plot scores. CCA was completed using the Vegan v. 3.3.0 package (Oksanen, 359 
2016) in R (R Foundation), and the Goeveg v. 0.3.3 package (Goral and Schellenberg, 2017) 360 
was used to produce simplified ordination plots with the ordiselect() and ordipointlabel() 361 
functions.  362 

 363 

Results 364 
The amount of sludge deposited at Garroch Head varied little, with the total organic carbon 365 
content (TOC) at the centre (P7) ranging from 6% to 15% of the surface sediments and did 366 
not show an appreciable increase or decrease throughout the disposal years (Fig. 2a). The 367 
total area of reducing sediments, at 4 cm depth, was initially high then decreased to a mean of 368 
9.6 ± 5.3 km2 (<0 mV) and 2.7 ± 2.8 km2 (<-100 mV) up until 1998. Pearson and Stanley 369 
(1979) interpreted redox values of <0 mV to indicate reducing conditions, and -100 to -150 370 
mV to indicate long term heavy organic pollution. Thus, conditions at the central and 371 
intermediate NE stations were reducing for more than three-quarters of the disposal years, 372 
whereas at the periphery and reference stations conditions were reducing for 2–3 years only 373 
(V7, P10, P5) or were never reducing (P4, G1). By 2005 the TOC in the sediments at the 374 
centre of the grounds had declined to 5% and remained slightly reducing (<0 mV), with 4 km2 375 
of reducing and 0.15 km2 of very reducing sediments overall.  376 

 377 
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Trait and taxonomic diversity 378 
The benthos from the eight sampling stations comprised a total of 397 taxa (263 species, 68 379 
genera, 31 families and 35 higher level classifications). During the disposal years the 380 
taxonomic richness (or taxonomic diversity) and abundance of benthic macrofauna (Fig. 3) 381 
showed the classic organic enrichment pattern as described by Pearson and Rosenberg (1978). 382 
Taxonomic diversity decreased with increasing enrichment from 30–40 taxa at the periphery 383 
to <10 at the centre (Figs 2a–b and 3). Macrofaunal abundance reached a maximum and 384 
diversity a minimum (the so-called ‘peak of opportunists’ mostly C. capitata, M. fragilis or T. 385 
benedii) close to the centre on the W–E transect and ~1 km north on the N–S transect (Fig. 3; 386 
Pearson and Blackstock, 1989). Stations P8.5 and M7 were located between the peak of 387 
opportunists and the ecotone point to the north and west, however the pattern to the east is 388 
complicated by a second abundance peak at P8.5. Stations P4, V7, P5, T7 and P10 389 
represented the transition zone. The assemblage at reference station G1 usually had 10–20 390 
species less than those in the transition zone.  391 

 392 
After sludge disposal ceased the number of taxa at the central and intermediate NE stations 393 
varied little until 2004 when diversity doubled, and by 2005 exceeded that at the periphery of 394 
the disposal grounds (Fig. 2a–b). Mean trait richness ranged from 38–52 trait modalities 395 
across all stations, and overall was 20% higher towards the periphery compared with the 396 
centre (Table 3), and after sludge disposal ceased at the centre the trait richness increased 397 
25% (Fig. 2b). 398 

 399 

Trait richness varied through time by up to 15% at the centre of the disposal grounds (Table 400 
3) and it became less variable with distance from the centre: with a coefficient of variation of 401 
just ~3% CV at stations ≥1.7 km from the centre (Table 3). Pielou’s evenness showed that the 402 
central and intermediate stations were dominated by a small number of taxa whereas the 403 
stations at the periphery were more even (Fig. 2). So, although the central and intermediate 404 
stations were often dominated by individual taxa their traits were more evenly represented in 405 
the community. In both cases the most dominated communities occurred at the central and 406 
intermediate NE stations. 407 

 408 

Mean taxa and trait richness both significantly differed, across all years, between the five 409 
groups of stations (two-way ANOVA, p<0.001); and, there was a significant interaction effect 410 
with time (p<0.001) showing that the effect of time varied between stations (Table 3). Post-411 
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hoc Tukey tests showed that mean taxa richness significantly differed between all groups of 412 
stations except: the reference station and the intermediate SW stations (p>0.05), and between 413 
the intermediate SW stations and those at the periphery (p>0.05). Whereas, the mean trait 414 
richness differed between the centre and all of the other stations (post hoc Tukey test, 415 
p<0.001). These changes in benthic diversity show a threshold effect: the assemblages from 416 
stations with <6% sediment TOC had >20 taxa, while those from stations with TOC ≥6% 417 
contained <10 taxa (Fig. 4a). This effect is less marked for trait richness (Fig. 4b), while most 418 
of the stations with high TOC had lower trait richness it was more variable when TOC 419 
exceeded 6% compared with the other stations (Fig. 4b). Thus, taxonomic composition and to 420 
a lesser extent trait richness showed a tipping point at ~6% TOC, and the greater variability of 421 
the latter suggests that traits, and so functioning, was conserved. 422 

 423 

Faunal and trait composition 424 
Twenty seven percent of the total inertia in taxonomic composition, 5.74, was explained by 425 
constrained analysis with 10 variables (Monte Carlo global permutation test X2 =1.54, F = 426 
3.07, p<0.01, permutations 999, df = 10). CCA axis 1 accounted for most of the variation 427 
between stations and consistent with the nMDS showed a clear gradient of change from the 428 
centre to the reference station (Figs 2–3, Fig. 5, Table 4). Most of the variation in taxonomic 429 
composition was explained by distance from the centre of the disposal grounds, the TOC 430 
content and the sedimentary redox conditions (Fig. 5d). As the distance from the centre of the 431 
disposal grounds increased, TOC content decreased and sediments became less reducing (Fig. 432 
2e–f). The concentrations of pollutants (represented by four pollutants in the CCA) were auto-433 
correlated with TOC that was higher at the centre where the contaminated sewage sludge was 434 
deposited (Fig. 5), and so it is not clear to what extent these pollutants contributed to 435 
biological variations. Mn concentration was correlated with redox potential (Fig. 5c) that was 436 
probably associated with the links between sedimentary conditions (pH and redox) and Mn 437 
precipitation (Pakhomova et al., 2007). CCA axis 2 accounted for the changes in water depth 438 
(Fig. 5a and 5d; Supplementary Table S1) and much of the temporal variation. Although the 439 
data from Garroch Head are excellent the collection of environmental information varied 440 
through time (Supplementary Table S2) a complete environmental data set (e.g. for dissolved 441 
oxygen concentration and redox profiles) would probably have produced a stronger 442 
correlation.  443 

 444 

Sixty-six of the 397 taxa contributed substantially (upper 30%) to the total macrofaunal 445 
abundance present at Garroch Head and made significant contributions (50%) to the 446 
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ordination fit for CCA axes 1 and 2 (Fig. 5b–c). During disposal the community in the centre 447 
was comprised of between 3–10 taxa (Fig. 2c–d) with C. capitata accounted for >50% of the 448 
total number of individuals, and the polychaetes M. fuliginosus, C. capitata, Nematoda, T. 449 
benedii and Tubificoides sp. also made significant contributions (Fig. 5). The taxonomic 450 
composition at the centre was very consistent over time during the disposal years (Fig. 3c–f; 451 
SIMPER average similarity 73% cf. 38–50% at the other stations). The intermediate NE 452 
stations were dominated by the same taxa as at the centre, however the polychaetes 453 
Cirriformia tentaculata, Prionospio fallax, Cirratulus cirratus, Diastylis lucifera, M. fragilis, 454 
Pholoe inornata and Eumida sp., the anemone Cerianthus lloydi, gammarids and decapods 455 
were also important components of the assemblage. At the intermediate SW stations there 456 
were high abundances of the polychaetes Eulalia viridis, Notomastus sp., Melinna palmata, 457 
Dodecaceria sp., Lipobranchius jeffreysii, Terebellides stroemi, Ampharete grubei, 458 
Prionospio malmgreni, Ampharetidae and the bivalve Thyasira flexuosa.  459 

 460 

During the disposal years assemblages from the peripheral stations had high abundances of 461 
bivalves (Corbula gibba, Nuculana minuta, Abra nitida and Parvicardium scabrum), the 462 
ophiuroids (Ophiocten affinis, Amphiura filiformis and Ophiura albida), polychaetes (Glycera 463 
sp., Polycirrus sp., Oxydromus flexuosus, Ophelina acuminata and Prionospio cirrifera), and 464 
the caudofoveate Chaetoderma nitidulum. The macrobenthic community at the reference 465 
station was distinct from the other stations in having abundant of Amaeana trilobata, 466 
Spiophanes kroyeri, Levinsinia gracilis, Ancistrocyllis groenlandica, Kirkegaardia 467 
dorsobranchialis, Rhodine loveni, Ampharete lindstroemi, Prionopsio multibranchiata, 468 
Glyphohesione klatti, Nepthys incisa, Nepthys hombergii, nuculid bivalves, the decapod 469 
Calocaris macandrae and the ophiuroid Amphiura chiajei (Fig. 5c).  470 

 471 

Post-disposal the fauna became richer (Fig. 2c) and the samples from the central and 472 
intermediate stations became compositionally more similar to the peripheral stations, 473 
although they were distinct and highly variable during the first six years after disposal 474 
operations ended (Fig. 5a). By 2005 the central and intermediate stations were 475 
indistinguishable from those at the periphery, which had very similar composition to the 476 
reference station (Fig. 5a). Peripheral communities had between 31 and 57 taxa and were 477 
more even than those from the centre of the disposal grounds (Fig. 2a–b, Table 3). 478 

 479 
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The constrained CCA of biological traits composition explained 62% of the total inertia 480 
(Monte Carlo global permutation test X2 = 0.380, F = 13.77, p<0.001, 999 permutations, df = 481 
10; Table 4). The ordination differed from that for taxonomic composition, and showed clear 482 
differences between the trait composition of the central and intermediate NE stations along 483 
CCA axis 1. Variations between the central and intermediate NE stations and most of the 484 
others were described by CCA axis 2 (Fig. 6a–c). Sedimentary TOC content and the distance 485 
from the centre explained most of the variation on CCA axis 1(Table 4, Fig. 6a–c), the former 486 
was positively correlated and the latter was negatively correlated (stations further from the 487 
centre had lower TOC; Fig. 6). Most of the variation on CCA axis 2 was explained by water 488 
depth and Mn. 489 

 490 

Communities at the centre were characterised by taxa with vermiform bodies, of 50–100 mm 491 
maximum length and with a volume in the range 5000–99, 999 mm3 (Fig. 6). When TOC was 492 
highest the predominant life habit was epifaunal free-living and in some years when TOC was 493 
lower taxa which tend to inhabit maintained burrows and that burrow to shallow (0–10 mm) 494 
depths only were more common. At the centre most taxa had traits for surface modifying and 495 
upward/downward conveyor style bioturbation, and a higher proportion of grazers and 496 
parasites/endosymbionts, and larval development was both planktotrophic and lecithotrophic.  497 

From the centre to the intermediate NE stations (1.2–1.6 km distant) there was a transition 498 
towards: a greater number of taxa with long vermiform bodies exceeding 200 mm length that 499 
did not have exoskeletons. This fauna inhabited maintained and unmaintained burrows at 500 
depths of 10–500 mm, and had deposit feeding and scavenging/predatory habits. These 501 
changes in behaviour corresponded with a shift from surface modification and 502 
upward/downward conveyor bioturbation at the centre to more biodiffusion at the 503 
intermediate NE stations. Whereas the peripheral and reference stations were characterised by 504 
taxa with spherical bodies of varying size, diverse exoskeletal composition, attached 505 
epifaunal and boring life habits and were suspension feeders. 506 

 507 

Taxa at the intermediate NE stations had metabolic adaptations to low O2/high H2S, at the 508 
intermediate SW they used H2S and O2 transport and unique body features such as external 509 
gills, and at the periphery taxa with chemosymbionts and/or behavioural adaptations for low 510 
oxygen were common (Fig. 6b). The lack of such adaptations at the centre of the disposal 511 
grounds was attributable to the high abundance of ‘nematodes’ that were indexed with traits 512 
for ‘no adaptations’ (J1). 513 



 16 

 514 

In the post-disposal years the trait composition at all stations became more similar to the 515 
peripheral and reference stations suggesting that functional recovery had begun. However, the 516 
recovery of the benthos at the centre of the disposal grounds was protracted; after two years 517 
although it had changed from that present during sludge disposal it remained distinct in both 518 
taxa and traits from all other stations (Figs 5-6). By 2005, seven years after sludge disposal 519 
had ceased, the benthos at the centre of the disposal grounds, intermediate NE stations and T7 520 
were more similar in taxa and traits to the peripheral stations during disposal compared with 521 
the reference station.  522 

 523 

Overall, the large shifts in taxonomic and trait composition at the centre of the disposal 524 
grounds, and at the intermediate NE and SW stations, and the smaller shifts at the periphery 525 
(Figs 5–6) after dumping ceased suggested that the benthos at these stations were all affected, 526 
to some extent, by the sludge disposal. During the disposal years the peripheral stations 527 
seemed to have been stimulated by the enrichment rather than being adversely impacted (Fig. 528 
2a–d and 5), and this also seems to be the case for the central and some intermediate stations 529 
after disposal ceased. 530 

 531 

Changes in function delivery through time 532 

The high macrofaunal abundances at the central and intermediate NE stations resulted in 533 
these stations having the highest magnitude of functioning (Table 5). Function delivery at the 534 
centre was up to two orders of magnitude larger than at the peripheral and reference station 535 
(Table 5). Overall functioning was >20% more variable at the central stations compared with 536 
those on the periphery (Table 5). However, for many of these functions a small individual 537 
will deliver less than a large individual, for example the degree of burrow irrigation and hence 538 
the degree of sediment oxygenation and the rates of corresponding aerobic microbial 539 
processes. Although we include information on the maximum body size in our function 540 
estimates (Table 2) we do not know their actual size and so are cautious of over interpreting 541 
the changes in absolute values. 542 

 543 

Considering the relative changes in functioning over time (Fig. 7), nutrient regeneration, food 544 
for predators, biogenic habitat provision, and food-web dynamics all show similar patterns. 545 
During the first decade the level of function delivery at any station was stable with the 546 
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relative variability between years being similar within each groups of stations. From 1989–547 
1998, this broadly stable pattern persisted outside of the central station, although variability 548 
was a little higher than during the first decade. At the central station the relative level of 549 
functioning increased from ~1993 until 1997 when it subsequently declined, while at the 550 
reference station in some cases function delivery tracked the changes near the centre (Fig. 7b-551 
e). The post-disposal (1998-2005) pattern of relative change was similar at all the stations, 552 
and although there seemed to be a decrease at the peripheral and reference stations the lack of 553 
sampling at these stations in 2000 and 2004 mean their dynamics cannot be fully assessed.  554 

 555 

Inorganic carbon sequestration (Fig. 9e) showed a different pattern to the other functions: 556 
increasing through time across all the groups of stations (Spearman’s correlation, p<0.05 in 557 
all cases; Table 5).  After 1998, as for the four other functions, (Fig. 7a-d) C-sequestration 558 
declined to the level of functioning found in 1980 suggesting that there was a regional change 559 
in dynamics unconnected with the sewage sludge disposal.  560 

 561 

Discussion 562 
At Garroch Head a strong gradient of organic enrichment with associated deoxygenation, and 563 
reducing conditions, persisted throughout the 19 disposal years. The present study analysed 564 
data from the macrofaunal assemblages covering ~28 km2 of seafloor (excluding the 565 
reference station) of which 30–50% was ‘reducing’ and 10–20% was ‘highly reducing’ (at 4 566 
cm sediment depth; SEAS, 1999). Sludge disposal produced considerable changes in the 567 
diversity, abundance, taxonomic and biological trait composition of the benthic assemblages. 568 
Furthermore, the ecological changes (Gray et al. 2002, Nilsson and Rosenberg 1997, Pearson 569 
and Rosenberg 1978), presence of sulphur oxidising bacteria (Pearson and Blackstock, 1989; 570 
Pearson et al., 1990; Pearson and Coates, 1995, 1998; Levin et al. 2009a), and proximity of 571 
the RPD to the surface in many years suggests that conditions at the centre were near-azoic at 572 
times (Table 6). The inclusion of results from the post-disposal years showed that, while the 573 
macrofaunal assemblage had begun to recover, 7 years after disposal operations ceased there 574 
remained marked differences in the abundance, diversity and composition of the benthos at 575 
the centre of the disposal site and proximal stations. The incorporation of information on 576 
biological traits has uniquely shown how the changes in the taxa present and composition of 577 
the assemblage affected the delivery of benthic ecosystem functions, and that functional 578 
change was associated with a threshold. 579 

 580 
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The ecological changes at Garroch Head conformed to, what we now consider to be, the 581 
archetypal pattern of the impacts of organic enrichment on the sea floor (e.g. Fig. 3; Table 6). 582 
Along a deoxygenation/enrichment gradient ecological succession proceeds from a diverse 583 
and even community (with polychaetes, bivalves and echinoderms in similar proportions) 584 
with deep dwelling infauna at the periphery, towards a polychaete-dominated community 585 
(Table 6) with many infauna adopting epifaunal habits. Compared with the reference station, 586 
during the disposal period, the peripheral assemblages had elevated diversity, total abundance 587 
and biomass suggesting that they represented the ‘transition zone’ (Fig. 3; Table 6) and were 588 
‘biostimulated’ by the allochthonous food supplied from the excess organic matter (Pearson 589 
and Rosenberg, 1978). Macrofaunal taxa with traits for larger body sizes, >200 mm maximum 590 
body length, predominated at stations 1.2-1.6km from the centre, and taxa of smaller size 591 
(50–100 mm maximum length) characterised the centre of the disposal grounds. This shift in 592 
body size is consistent with predictions of the organic enrichment model where towards the 593 
transition zone individuals benefit from the enriched food supply (Fig. 2; Pearson and 594 
Rosenberg 1978). The distribution of macrofaunal biomass supports this observation (Pearson 595 
and Blackstock, 1989). Taxa that used respiratory pigments (e.g. Abra alba and Abra nitida) 596 
and specialised body features (e.g. brachiae) were abundant at the intermediate stations, 597 
whereas in the transition zone those that used chemosymbionts (Thyasira spp.) and 598 
behavioural adaptations (e.g. extension of the body into the water column by ophiuroids) 599 
were more common.  600 

 601 

Taxa within 1.2 km of the centre were characterised by metabolic adaptations to low O2 and 602 
the presence of toxic H2S (e.g. nuculid species) and taxa without specific adaptations to 603 
oxygen stress (e.g. Ophelina acuminata). Although such adaptations provide an advantage in 604 
disturbed environments so do the more generic ‘opportunistic life history’ adaptations that 605 
allow taxa to establish as pioneers shortly after aperiodic stress events (Gray et al., 2002). All 606 
of the dominant taxa, the scolecid worm Capitella capitata, nematode worms, the oligochaete 607 
Tubificoides benedii and the spionid Malacoceros fuliginosus, in the assemblages near the 608 
centre of the disposal grounds have been documented in high abundances in other enriched 609 
systems (e. g. Diaz and Rosenberg, 1995; Pearson and Rosenberg, 1978) and have 610 
physiological or behavioural adaptations to such conditions. For instance, T. benedii and M. 611 
fuliginosus have specific adaptations to oxygen stress and species in the C. capitata complex, 612 
which dominate the assemblage at the centre in most years, have highly opportunistic life 613 
histories (Diaz and Rosenberg, 1995; Giere, 2006). For the BTA nematodes were indexed as 614 
having ‘no adaptations’, as this describes the majority of taxa in the phyla. However, 615 
subsequent analyses of individuals from some samples showed that the nematodes were 616 
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predominantly Pontonema (Bett and Moore, 1988; SEAS, 1999) which occur in mass 617 
aggregations in fjords at <1 ml l-1 O2 (Lorenzen et al., 1987) and anoxic sediments of the 618 
Black Sea, Chilean shelf and Gulf of Mexico (Levin et al., 2009a).  619 

 620 

The changes in the macrobenthos at Garroch Head were associated with both deoxygenation 621 
and organic enrichment (e. g. Diaz and Rosenberg, 1995; Diaz and Rosenberg, 2008; Gray et 622 
al., 2002; Jessen et al., 2017; Pearson and Rosenberg, 1978). In many systems it is often 623 
difficult to disentangle the effects of the two, in most systems it seems that enrichment 624 
stimulates populations of opportunists whereas deoxygenation impacts community diversity. 625 
The CCA showed that both TOC and sediment redox conditions were linked with taxa and 626 
trait composition, and that the changes in TOC especially corresponded with the changing 627 
abundance of enrichment opportunists. Redox conditions (Eh) also strongly corresponded 628 
with the changes in diversity along CCA axis 1 (Fig. 5), and so the patterns were largely 629 
consistent with that observed in other studies.  630 

 631 

Long-term change and the recovery from enrichment/deoxygenation 632 
Seven years after sludge disposal ceased the conditions in the sediments (to 4 cm depth) 633 
within ~1.6 km radius of the centre of the disposal grounds remained reducing, and the 634 
organic carbon content was twice the background (Fig. 2e–f). Between the 1998 cessation of 635 
disposal and 2000 the taxonomic richness at the centre varied little, from 2000–2004 it 636 
doubled, and from 2004–2005 it increased 4-fold. Thus, seven years post disposal the fauna 637 
near the centre was very similar in diversity, taxonomic and trait composition to the 638 
peripheral stations during, but not post, disposal (Figs 5–6), which is to say they were in a 639 
‘biostimulated’ state due to the legacy enrichment. This suggests that the macrofaunal 640 
recovery had begun, and although less distinct the benthos between 1.2 and 1.7 km of the 641 
centre showed a similar pattern. Thus, the macrofaunal changes near the centre was consistent 642 
with that documented in severely deoxygenated systems whereby the ecological succession 643 
during the recovery is not simply the reverse of the initial response to pollution i.e. it shows 644 
hysteresis (sensu Diaz and Rosenberg, 2008).  645 

 646 

At the stations ≥2 km from the centre, where enrichment and deoxygenation were less severe, 647 
by 2005 the assemblages were indistinguishable, in terms of macrofaunal abundance, the taxa 648 
present and their traits, from the reference station (during the disposal years). Temporal 649 
changes at the nearby pre-1974 sludge disposal site (Moore and Rodger, 1991) were similar 650 
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to the present study: a decade after disposal ceased stations >2 km from the centre of the pre-651 
1974 disposal grounds showed no substantial changes, however the benthos nearer the centre 652 
underwent a four-fold increase in taxa richness and an 80% decrease in dominance. Major 653 
components of the recovery fauna included Abra alba, Scalibregma inflatum, Mediomastus 654 
fragilis, Spiophanes kroyeri and Ennucula tenuis taxa that respond to organic enrichment, and 655 
have formed part of the recovery assemblage in other systems (Diaz and Rosenberg, 1995; 656 
Gogina et al., 2014; Pearson and Rosenberg, 1978; Rees et al., 2006; Whomersley et al., 657 
2007). The recovery of marine communities from short term severe hypoxia can take several 658 
years, and for systems that experience long term severe hypoxia it may take several decades 659 
(e. g. Diaz and Rosenberg, 1995; Diaz and Rosenberg, 2008; Rosenberg, 1976). At Garroch 660 
Head the recovery of the benthos within a 1.6 km radius from the centre had not occurred 661 
within 7 years post-disposal, and further north at the pre-1974 site (after ~70 years of sludge 662 
disposal) benthic communities had not recovered after a decade (Moore and Rodger, 1991).  663 

 664 

One reason proposed for the slow recovery of deoxygenated zones is the accumulation of 665 
carbon in the sediments. For example, at the pre-1974 disposal site 11 years post-disposal 666 
large quantities of TOC were retained in sediments concentrated at depths of 20-60 cm 667 
(Moore and Rodger, 1991; Rodger et al., 1991). Organic carbon accumulates in deoxygenated 668 
regions due to the lack of macrofaunal bioturbation and slower rate of anaerobic degradation, 669 
and this condition may persist for long periods even once it has again become oxygenated 670 
(Jessen et al., 2017). For instance, at the pre-1974 sewage sludge disposal site legacy TOC 671 
remained buried in the sediments, with peak concentrations between 50–70 mm depth, for 672 
considerable periods (Moore and Rodger, 1991). Thus, although sediment TOC at the 673 
intermediate stations seemed to reflect ambient conditions in 2005 (Fig. 2e) it is likely that 674 
carbon remained elevated at depth.  675 

 676 

The delivery of seafloor functioning 677 
While the Pearson and Rosenberg (1978) model can now be regarded as the classic 678 
description of the impacts of organic enrichment on benthic species it does not make any 679 
predictions as to the consequences of these changes for ecological functioning. For instance, 680 
do large numbers of opportunist provide as much bioturbation and hence nutrient regeneration 681 
as the fewer, larger, organisms in an un-impacted assemblage? How does the value of the 682 
benthos as a food resource for fish change across the enrichment gradient? How does 683 
deoxygenation change the cycling of carbon through marine foodwebs? 684 
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 685 

Both the taxonomic and trait composition differed significantly between assemblages at the 686 
central, intermediate and peripheral stations, however the magnitude of the differences in 687 
biological traits were less than those for taxa. This suggests that in spite of the large changes 688 
in the taxa present in the assemblages the biological traits, and hence ecological functioning, 689 
were conserved to a large extent. A growing body of data now show that minor or even 690 
moderate perturbations in diverse systems can produce species changes that mostly conserve 691 
functioning (Cardinale et al., 2012; Ehrlich and Ehrlich, 1981; Micheli and Halpern, 2005; 692 
Villnäs et al., 2012; Walker, 1992). This can be achieved by direct species substitutions where 693 
a ‘sensitive’ species is replaced by a species with similar traits but greater tolerance to 694 
enrichment/deoxygenation. Although, in most species rich systems the patterns are more 695 
complex and the distributions of multiple species may change (Cardinale et al., 2006), but the 696 
net effect on the assemblage’s ‘trait inventory’ is small and so functioning is conserved. 697 
Studies of functioning in communities exposed to hypoxia-anoxia also show that functioning 698 
is conserved during intermittent and/or moderate deoxygenation (Caswell and Frid, 2013; 699 
Villnäs et al., 2012), but that a ‘tipping point’ is reached where species composition changes 700 
markedly, usually manifesting as a collapse in diversity, at which point functioning declines 701 
precipitously (Cardinale et al., 2012; Caswell and Frid, 2013; Conley et al., 2009; Ehrlich and 702 
Ehrlich, 1981; Villnäs et al., 2012). 703 

 704 

The ‘tipping point’ dynamic is a classic case for a system to display hysteresis (Scheffer et al., 705 
2001). The limited (7 year) recovery data presented here show that at the severely impacted 706 
stations both changes in functioning and taxonomic composition at Garroch Head were 707 
hysteretic. Meta-analyses of species responses to deoxygenation show that tolerance varies 708 
widely between taxa, but that at dissolved oxygen thresholds of ~4.6 mg l-1 only the most 709 
sensitive species in marine communities (top 10% ) would be adversely affected (Vaquer-710 
Sunyer and Duarte, 2008) however this is expected to change in the future (Steckbauer et al., 711 
2011). In Corpus Christi Bay, Texas a threshold of 3.5–4.0 mg l-1 O2 was proposed for 712 
changes in the diversity, abundance and biomass of benthos (Ritter and Montagna, 1999). 713 
Furthermore, thresholds for biomass change have been proposed at ~4.5 mg l-1 dissolved 714 
oxygen (corresponding to sediment TOC of 2.65–7.83%; Seitz et al., 2009), and models of 715 
changes in benthic biomass in the Baltic Sea found increases at ~4 mg l-1 O2 when 716 
reoxygenated (Timmermann et al., 2012).  717 

 718 
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At Garroch Head bottom water dissolved oxygen measurements are incomplete and are not a 719 
reliable indicator of the benthic conditions, and being retrospective cannot be resampled. 720 
Instead we suggest a threshold for total organic carbon (TOC) triggered changes in benthic 721 
macrofaunal taxonomic composition and functioning of ~6% TOC by weight. At Garroch 722 
Head hysteresis-like patterns of change occurred at stations that had 4.0–10.5% mean TOC in 723 
surficial sediments, whereas the macrofaunal assemblages at the stations with TOC <3% 724 
during disposal did not (Table 6). Studies on a fossil fauna from a long-term regional period 725 
of deoxygenation during the Jurassic found that the threshold for benthic taxonomic and 726 
functional changes occurred around 3.8% TOC, although these measurements may not be 727 
equivalent to those in the original environment due to preservational factors (Arthur and 728 
Sageman, 1994). Determining the benthic ecosystem thresholds for carbon, when information 729 
on dissolved oxygen data are not available, would aid the interpretation of the prevailing 730 
conditions during geological periods of ocean deoxygenation (Caswell and Frid, 2016). 731 
Thresholds have also been determined for the loss of macrofaunal bioturbation on the 732 
Pakistan Margin at an estimated at 0.08–0.14 mg l-1 O2 (corresponding to TOC of 2.64–733 
3.53%; (Levin et al., 2009b)), and in the Baltic Sea at 1.40–2.90 mg l-1 O2 (Josefson et al., 734 
2012). At Garroch Head bioturbation seemed to have ceased at the centre of the disposal 735 
grounds in many years (where TOC was 5.60–13.80% and interpreted oxygen concentrations 736 
were <1.2 mg l-1 (Table 6)).  737 

 738 

Biological traits analysis uses the inherent biological, life history and behavioural 739 
characteristics of a species to define its ecological role. The focus was therefore on the known 740 
behaviour of the macroinfauna and not directly observed behaviour, however as noted by 741 
Riedel et al. (2014) the behavioural changes that precede a taxon’s disappearance from the benthos 742 
can contribute to changes in functioning. We recognise that many of the traits vary between 743 
individuals i.e. body size, ontogenetic stage, or short term behavioural changes driven by 744 
environmental conditions (Cesar and Frid, 2012; Norkko et al. 2013). The indexing of traits 745 
using ‘fuzzy coding’ (Chevenet et al., 1994) seeks to capture these variations, but in doing so 746 
it reduces the ‘sensitivity of the approach’ – everything is coded for the taxon’s profile rather 747 
than the actual individuals in the sample (Bremner, 2008; Bremner et al., 2006). Thus, the 748 
BTA reports potential ecological functioning as modelled from the ‘fuzzy trait’ composition. 749 

 750 

The high abundances of opportunists within 1.6 km of the centre of the disposal grounds 751 
produces estimates of functioning that are up to two orders of magnitude larger than those at 752 
the peripheral and reference stations. It is generally recognised that biomass rather than 753 
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abundance is a better metric to use in functional models (Bremner, 2008; Bremner et al., 754 
2006). For instance, with all other factors being constant the impact of one individual of a 755 
small species of worm on sediment oxygenation is smaller than the absolute level of 756 
oxygenation provided by the bioturbation of one large worm (e.g. Karlson et al., 2016; 757 
Norkko et al., 2013; Thrush et al., 2006). The selection of traits and their 758 
combination/weighting in deriving functioning used in the present study attempts to address 759 
this short-coming. However, as most benthic studies report abundance data, or biomasses 760 
derived by multipliers of the abundance (rather than actual biomasses for each species in each 761 
sample; Eleftheriou and Moore, 2013) this remains a constraint. In the context of the present 762 
study the extremely high numerical abundances in the ‘peak of opportunists’ may therefore 763 
over-estimate their functional role. Whilst there are no data on the biomass of individual taxa, 764 
the total biomass within 1.2 km of the centre was 30–84% higher than at the periphery (Table 765 
6) and so we do expect that the delivery of some functions were enhanced at stations towards 766 
the centre of the disposal site. It is also worthy of note that our estimates of functioning are 767 
based on macrofauna sampled by grab only, and so they do not include the contribution of 768 
mobile epifauna or demersal fish.  769 

 770 

Benthic nutrient regeneration 771 
Near the centre of the disposal grounds the dominant living habit traits were for unmaintained 772 
burrows that were limited to <10 mm sediment depth, and bioturbation that disturbed the 773 
surface or performed upward/downward conveyance of sediment. Similar shifts towards taxa 774 
that do not perform any bioturbation, or those that burrow only in the top few centimetres of 775 
the sediment are observed in many deoxygenated systems (Gogina et al., 2014; Josefson et 776 
al., 2012; Solan et al., 2004; Sturdivant et al., 2014). Our estimates for Garroch Head 777 
predicted high relative functioning at the centre of the disposal grounds based on high 778 
abundances of intermediate sized taxa and those that typically bioturbated by 779 
upward/downward conveyance. However, the core descriptions and RPD profiles showed that 780 
the sediments at the centre of the disposal ground were often un-bioturbated although an 781 
occasional burrow or vagrant worm was found (Table 6).  782 

 783 

Remineralisation rates (Jessen et al., 2017) and nutrient fluxes maybe up to four fold higher 784 
when bioturbating macrofauna are present compared with when they are not (Hansen and 785 
Blackburn, 1992; Kristensen and Blackburn, 1987), although it varies between taxa, and the 786 
deeper they burrow the greater the sediment nutrient recycling/regeneration (Mermillod-787 
Blondin et al., 2004). This bioturbation provides nutrients to primary producers in the water 788 
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column and thus links benthic and pelagic productivity, and underpins overall foodweb 789 
productivity. Of the two dominant taxa at the centre of the disposal grounds one was a surface 790 
modifier and the other performed upward conveyance, and so the net transport of sediment 791 
from any burrowing in these reducing sediments was from depth towards the surface. 792 
Furthermore, on the Pakistan Margin it was shown that below a dissolved oxygen threshold of 793 
0.08–0.11 mg l-1 organic matter processing by metazoan macrofauna ceased and benthic 794 
foraminifera came to dominate the processing of organic matter (Woulds et al., 2007), 795 
however Mojtahid et al. (2008) showed that foraminifera were almost completely absent from 796 
the centre of the Garroch Head disposal grounds. Therefore, it seems that at these stations: 797 
less oxygenated sediment would have been transported to depth and so the sediments will 798 
have remained reducing, the rate of organic matter degradation would have slowed and 799 
consequently less nutrients would have been recycled by the benthic macrofauna (Jessen et 800 
al., 2017). These changes would not necessarily manifest as a net decrease because the 801 
dynamics of the biogeochemical cycling of nitrogen and phosphorous change under hypoxia 802 
which can create negative feedbacks that promote further deoxygenation (Carstensen et al., 803 
2014; Childs et al., 2002; Conley et al., 2009; Hale et al., 2016). In the transition zone the 804 
diverse biostimulated assemblages, particularly those with high biomasses and plentiful TOC, 805 
provided ideal conditions for deep burrowers, as shown by RPD depths of 40–75 mm and 806 
sediment profiles with much greater mixing evident (Table 6), which may have processed and 807 
regenerated large proportions of carbon and nutrients. However, even in the presence of 808 
bioturbation carbon may persist in sediments for decades, in oxic regions of the Black Sea, 809 
and perhaps centuries in hypoxic-anoxic areas (as estimated from sedimentation rates) where 810 
sediment TOC reaches 6% (Jessen et al., 2017) such as at Garroch Head.  811 

 812 

Food for large predators and food web dynamics 813 
Predators typically decline along hypoxia gradients (Breitburg et al., 2009; Wu, 2002), and 814 
are usually most abundant on the periphery of deoxygenated zones. This is because 815 
deoxygenation-related macrofaunal mortality is higher and prey are more vulnerable, due to 816 
depressed escape responses (Riedel et al., 2014) and/or other behavioural shifts e.g. infauna 817 
adopting epifaunal habits (Seitz et al., 2003). Thus, hypoxic zones may provide a refuge from 818 
mobile predators with high oxygen demands (Altieri, 2008; Gray et al., 2002; Gutiérrez et al., 819 
2000; Pihl et al., 1992). For instance, demersal fish such as cod, whiting and flounder leave 820 
the area once bottom water oxygen drops below ~30–40% saturation, and invertebrate 821 
predators avoid or migrate away from areas where dissolved oxygen drops below 10–20% 822 
(Gray, 1992; Miller et al., 2002). The quantification of benthic food for predators (indexed by 823 
larger sized taxa without exoskeletons that typically lived on or near the sediment surface; 824 
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Table 2) in the present study was comparable between all stations <1.7 km from the centre, 825 
and was far lower at the peripheral stations. Although small-sized benthic prey were more 826 
numerous at the centre of the disposal grounds, the deoxygenated conditions probably 827 
excluded many benthic-feeding predators. As oxygenation increased between 1.2 km and 1.6 828 
km from the centre the less numerous but larger-sized prey without exoskeletons were 829 
probably an important source of food for large mobile predators such as fish, cephalopods and 830 
crustacea. Benthic macroinvertebrate scavenger/predator abundance was high in this zone 831 
suggesting that prey vulnerability/mortality was higher.  832 

 833 

The additional supply of food (organic material) and/or the provision of a refuge from 834 
predation can enhance fisheries productivity in moderately or intermittently deoxygenated 835 
areas (Altieri, 2008; Elmgren, 1989; Nixon and Buckley, 2002). However, it is more common 836 
for deoxygenation to negatively impact fisheries, e.g. in the New York Bight in 1976 a mass 837 
mortality event caused a US$60 million loss of shellfish stocks (Falkowski et al., 1980). The 838 
benthos are an important food supply for fish but under deoxygenation considerable losses of 839 
benthic biomass and productivity occur. For instance, in Chesapeake Bay hypoxia develops 840 
across more than half the bay in the summer causing 6–12% decreases in total macrobenthic 841 
productivity (Sturdivant et al., 2014), and in the Baltic Sea hypoxic or anoxia develops over 842 
one quarter of the seafloor and ~8% of productivity is lost (Karlson et al., 2002). It has been 843 
shown in deoxygenated systems, including Chesapeake Bay, the Kattegat, the Black Sea and 844 
the Adriatic Sea (Caddy, 2000; de Leiva Moreno et al., 2000; ICES, 2014; Kemp et al., 2005) 845 
that when deoxygenation persists there is a shift from largely demersal feeding to 846 
planktivorous fish as benthic habitats become inaccessible/azoic. Overall, long-term fisheries 847 
production declines and may collapse (e. g. Breitburg et al., 2009; Caddy, 2000; Cheung et 848 
al., 2013; Daskalov, 2002; Eby and Crowder, 2002; Jørgensen, 1980; Kemp et al., 2005; 849 
Rosenberg and Loo, 1988; Wu, 2002) although it is difficult to extrapolate from local to 850 
system-wide changes and compensatory mechanisms may exist (e. g. Breitburg et al., 2009). 851 
For example, in hypoxic regions of the Baltic Sea changes in food supply combined with the 852 
effects of habitat compression have resulted in the long-term deterioration of cod body 853 
condition (Casini et al., 2016; ICES, 2014). Given the degree of enrichment and 854 
deoxygenation at Garroch Head (and its long history) retrospective analyses of the variations 855 
in the fish catches would probably also exhibit similar trends. However, as with many 856 
anthropogenic stressors these changes may be difficult to isolate from synergistic stressors 857 
such as the impacts of fisheries exploitation (Daskalov, 2002; Kemp et al., 2005).  858 

 859 
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Deposit feeding taxa, parasites/commensal feeders were abundant within 1.2 km of the centre 860 
of the disposal grounds at Garroch Head, scavengers/predators were common at the 861 
intermediate stations, and suspension feeders were abundant at the peripheral and reference 862 
stations. The trend for greater deposit feeding at enriched stations is consistent with most 863 
other deoxygenated systems that have a high organic carbon supply (Diaz and Rosenberg, 864 
1995; Gogina et al., 2014; Karlson et al., 2002; Levin et al., 2009a; Wu, 2002), and the 865 
benthos inhabiting these systems usually experience decreased competition for resources 866 
allowing them to establish large populations. Shifts in feeding behaviour such as those found 867 
in the present study can have profound effects on the cycling of organic carbon through 868 
marine systems. For instance, a shift towards a predominantly deposit feeding mode, as 869 
occurs near the centre, can result in 25% less pelagic carbon being processed by the benthos 870 
compared with suspension feeder dominated systems such as those nearer the periphery 871 
(Pearson and Rosenberg, 1992; Rosenberg, 1977). These changes weaken the coupling of 872 
benthic and pelagic productivity (primary and secondary), and overall deposit feeder 873 
dominated systems can support less epifaunal and nektonic predators (e.g. Chesapeake Bay 874 
and the Baltic Sea; (Pearson and Rosenberg, 1992)). Where defaunation has occurred and 875 
bacterial mats predominate the organic carbon is remineralised and reused by the bacteria 876 
further weakening benthic-pelagic coupling and shortening food chains (Baird et al. 2004; 877 
Rosenberg, 1977). So, the shifts in feeding mode and living habit from an infaunal to an 878 
epifaunal benthos, to a seafloor covered in bacterial mats would have represented major shifts 879 
in food web dynamics and the associated cycling of C and nutrients. During prolonged 880 
deoxygenation eventually energy flow through the macrobenthos and higher predators would 881 
cease as it was transferred to predominantly microbial biomass (Baird et al., 2004; Levin et 882 
al., 2009a; Pearson and Rosenberg, 1992), and as fish and other predators were excluded by 883 
the deoxygenation (Gray, 1992). In many deoxygenated areas the complete loss of benthos 884 
during seasonal or permanent deoxygenation (Karlson et al., 2002) can further add to the 885 
organic matter load.  886 

 887 

Benthic inorganic carbon sequestration and the provision of biogenic habitat  888 
At Garroch Head macrofaunal taxa with calcareous exoskeletons were confined to the outer 889 
stations (>2 km from the centre). The exclusion of calcareous taxa from near the centre of the 890 
disposal grounds reduced the potential for inorganic carbon sequestration by the benthos, as 891 
indexed by large animals and those with calcareous exoskeletons. Of the five functions 892 
considered in the present study inorganic carbon sequestration made the smallest contribution 893 
to total ecological functioning by benthic macrofauna. However, this is not always the case: at 894 
other UK sewage sludge disposal sites such as the Tyne the enhanced productivity stimulated 895 
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populations of bivalves (Rees et al., 2006). These populations will, in turn, have utilised 896 
carbonate in construction of their shells and so may have sequestered more inorganic carbon 897 
than at Garroch Head.  898 

 899 

Within enriched settings the CO2 produced during carbon decomposition can create localised 900 
acidity (Cai et al., 2011; Melzener et al., 2013), and during the disposal years the sediments 901 
closest to the centre of the disposal grounds at Garroch Head were 0.2 pH units lower than at 902 
the reference station (Table 6). Subnormal seawater pH values of 7.5–7.8 (cf. normal values 903 
being 7.8–8.3) that are within the range found at Garroch Head have been shown to cause 904 
dissolution and/or inhibit the formation of the calcareous tests of e.g. macrofauna (Findlay et 905 
al., 2009) and benthic foraminifera (Boltowsky and Wright, 1976; Le Cadre et al., 2003). 906 
Thus, the absence of macroinvertebrate calcifiers near the centre of the disposal grounds may 907 
be attributed to localised acidity. The benthic foraminiferal assemblage at Garroch Head was 908 
also adversely impacted by low bottom water pH (Mojtahid et al., 2008). Foraminifera were 909 
rare at the centre of the Garroch Head disposal grounds, and the intermediate NE stations the 910 
assemblage was dominated by foraminifera with agglutinated tests (non-calcareous), and taxa 911 
with calcareous tests were only abundant nearer the periphery where sediment surface water 912 
pH was higher (Mojtahid et al., 2008; Table 6). It seems therefore that the contribution of 913 
benthic foraminifera to benthic inorganic carbon sequestration must also have been reduced at 914 
this time. Furthermore, the absence of attached epifauna at Garroch Head provided minimal 915 
biogenic habitat, e.g. mussel beds that construct complex habitat that would have supported 916 
local biodiversity. 917 

 918 

Conclusions 919 
x Comparable ecological changes to those in the benthos at Garroch Head have been 920 

recognised from many other deoxygenated systems, particularly those with restricted 921 
water circulation, and are as described by the Pearson and Rosenberg (1978) model. The 922 
inclusion of information on biological traits allowed us to make predictions about the 923 
impact of these changes for ecological functioning. Significant shifts in organism 924 
morphology and size, life habit, burrow depth, bioturbatory and feeding mode occurred, 925 
and was broadly consistent with expectations from other systems in relation to organic 926 
enrichment/deoxygenation. We show that under deoxygenated conditions the biological 927 
traits of the taxa present, and hence ecological functioning, were conserved to a large 928 
extent suggesting that there was ecological redundancy within the benthic communities.  929 
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x Although organism abundance was high near the centre bioturbation was minimal and 930 
limited to near the sediment surface. Thus, the macrofaunal processing of the 931 
accumulating organic matter (during the disposal years) was probably lower than at the 932 
intermediate stations that had high abundances, deeper RPD, and taxa with traits for 933 
larger body sizes, deeper burrows and more complex bioturbation. These intermediate 934 
communities could have made substantial contributions to processing the excess organic 935 
carbon, while at the centre this carbon would have been sequestered into the deeper 936 
sediment layers by burial (where it may have remained for decades).  937 

x The food available to large mobile predators was probably greatest on the margins of the 938 
deoxygenated zone (intermediate stations), where dissolved oxygen concentrations were 939 
>10%, macrofaunal abundance was high, most taxa lacked exoskeletons and body sizes 940 
were larger. Switches in the feeding mode of the benthic taxa near the centre of the 941 
disposal grounds would have severely impacted food-web dynamics (C-cycling), by 942 
weakening benthic-pelagic coupling and shortening food chains. These changes would 943 
ultimately have resulted in lower overall benthic productivity and within the 944 
macrobenthos, as observed in a number of other long-term deoxygenated systems e.g. the 945 
Baltic Sea and Chesapeake Bay where productivity is reduced by ~10% (Karlson et al., 946 
2002; Sturdivant et al., 2014). Thus, the benthos would have supported fewer epifaunal 947 
and nektonic predators, which would have impacted productivity at higher trophic levels 948 
(including fisheries species). Further, work is needed to establish the extent of these 949 
changes higher in the food web.  950 

x Changes in TOC drove changes in populations of opportunists and both 951 
TOC/deoxygenation drove changes in assemblage diversity. The apparent threshold for 952 
taxonomic and functional change in this study was ~6% TOC, or based on our 953 
interpretation of deoxygenation at the centre (Table 6) was at dissolved oxygen 954 
concentrations of <1.2 mg l-1. 955 

x We show that the recovery of the assemblage, in terms of both the taxa and their 956 
biological traits, was slow and apparently hysteretic in assemblages near the centre. This 957 
trend matches observations from other severely deoxygenated systems that experience 958 
long-term deoxygenation, and like these systems the recovery was on the order of a 959 
decade or more.  960 

x Few studies of deoxygenation span decadal timescales  (however, see Borja et al., 2006; 961 
Carstensen et al., 2014; Gogina et al., 2014; Hale et al., 2016)), but long timescales are 962 
required: for the impacts on some ecosystem functions to manifest, e.g. biogeochemical 963 
cycling (Jessen et al., 2017) and effects higher in the food chain (Casini et al., 2016); for 964 
benthic communities to recover (Diaz and Rosenberg, 2008); and, the degradation of 965 
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excess buried carbon may take several decades (Jessen et al., 2017). If we wish to better 966 
understand the impacts of these changes on the delivery of ecosystem services we need to 967 
look at change over longer timescales and larger spatial scales/system-wide (Breitburg et 968 
al., 2018; Thrush et al., 2013). 969 
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Figure captions 986 
 987 
Figure 1. Study area within the context of the UK (a), within southwest Scotland (b), inset 988 
box shows area illustrated in (c) and black point shows location of disposal site. The sampling 989 
stations within the Firth of Clyde (c) near Garroch Head (GH); eight of the nine stations used 990 
in this study are shown and the ninth (P7) is at the centre of the cruciform transect (grey 991 
point)(SEAS, 1999). Station G1 is the reference station used to reflect background conditions. 992 
The 50 m, 100 m and 150 m bathymetric curves are from (Matthews et al., 1999). The deep 993 
region in the southwest is referred to as the Arran trough. For the exact locations and depths 994 
of the sampling stations see Supplementary Table S1. 995 
 996 

Figure 2.  (a) Mean (± SE) taxonomic and (b) trait richness, (c) Pielou’s taxonomic and (d) 997 
trait evenness, and (e) sedimentary total organic carbon (TOC) content through time at 998 
Garroch Head within five groups of stations: the centre (P7), the intermediate NE (M7 and 999 
P8.5), intermediate SW (P5 and T7), periphery (P4, P10, V7) and the reference station (G1). 1000 
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Note: y-axes scales for (c) and (d) differ. (f) The wet weight of sludge disposed, total area of 1001 
reducing (Eh <0 mV) and very reducing (<-100 mV) sediments (at 4 cm sediment depth) at 1002 
Garroch Head. Sewage sludge disposal occurred from 1979 until 1998, and during 2000–2005 1003 
operation of the Garroch Head disposal site had ended. 1004 

 1005 
Figure 3. Mean (± SE) abundance, taxonomic richness and biomass with distance from the 1006 
centre of the sewage sludge disposal grounds during the years of operation only (1979  1998); 1007 
negative values are the southern and western (except G1 which is NW)), and positive values 1008 
are the northern and eastern branches of the transect. Station names are shown below the x 1009 
axis. Approximate positions of the TR = transition zone and E = ecotone point of Pearson and 1010 
Rosenberg (1978) based on Pearson (Pearson and Blackstock, 1989; SEAS, 1999). Biomass 1011 
peaks occurred at the centre on the W–E transect and 1 km north (near M7) on the N–S, 1012 
transect with secondary peaks ~2  3 km east (Pearson and Blackstock, 1989). 1013 

 1014 
 1015 

Figure 4. (a) Number of taxa and (b) number of biological traits within macrofaunal 1016 
assembalges in each area of the disposal grounds by the sedimentary total organic carbon 1017 
content (TOC; measured at 4 cm sediment depth). Data for regions with >1 station are means 1018 
(intermediate NE, intermediate SW and periphery). 1019 

 1020 

Figure 5. Canonical correspondence analysis (CCA) ordination of benthic macrofaunal 1021 
taxonomic composition for two axes. (a) Samples from the eight stations sampled at Garroch 1022 
Head between 1979 and 2005; samples from 2000-2005 are indicated. (b) All taxa present in 1023 
the benthic communities. (c) The most frequent species (upper 30% of total abundance) that 1024 
contributed 50% of the fit to CCA axes 1 and 2 (crosses correspond to physical position of 1025 
each four-letter taxa within the ordination). (d) Vectors for 10 environmental variables 1026 
(secondary horizontal and vertical axes correspond to the biplot scores for these vectors). 1027 
Taxonomic names in (c) and (d) are abbreviated to the first 2-4 letters of the taxa name if 1028 
family/class/order, and for species are the first two letters of the genus and species name (see 1029 
Supplementary Table S3 for abbreviations). Abbreviations: Distance from centre of the 1030 
disposal grounds, Depth = water depth, Eh = Eh at 4 cm sediment depth, PCB = 1031 
polychlorinated biphenols, TOC = total organic carbon; Cu, Hg and Mn are elemental 1032 
abundances bound to sediments. 1033 
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 1034 

Figure 6. Canonical correspondence analysis (CCA) ordination of macrofaunal biological 1035 
trait composition with two CCA axes. (a) Samples from the eight Garroch Head stations 1036 
sampled from 1979-2005; with location of 2000–2005 samples indicated. (b) Biological traits 1037 
of the benthic communities (crosses correspond to physical position of each trait within the 1038 
ordination). For trait codes see Supplementary Table S1. Note the scale of the primary axes 1039 
differ from (a) and (c). (c) Vectors for 10 variables (secondary horizontal and vertical axes 1040 
correspond to the biplot scores for these vectors)  including: the distance from centre of the 1041 
disposal grounds, the water depth, the redox potential (Eh) at 4 cm sediment depth, 1042 
concentrations of polychlorinated biphenols (PCBs), sedimentary total organic carbon (TOC) 1043 
content, the dissolved oxygen (DO) concentration of the overlying water; and, the 1044 
sedimentary concentrations of Cu, Hg and Mn. (The three metals and the PCBs are used to 1045 
reference the full suite of pollutants all of which were strongly autocorrelated). 1046 

 1047 

Figure 7. Changes in the amount of function delivery (standardised by each station mean and 1048 
standard deviation) during 19 years of sewage sludge disposal and the seven years post-1049 
dumping. Data are the mean function delivery for the central (P7), intermediate SW (P8.5 and 1050 
M7), intermediate NE (P5 and T7) and peripheral stations (P4, P10 and V7). (a) Nutrient 1051 
regeneration, (b) food for predators, (c) biogenic habitat provision, (d) food-web dynamics, 1052 
(e) carbon-sequestration. For details on the indexing of each function see Tables 1–2, and for 1053 
non-standardised values see Table 5. 1054 
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Table 1. Summary of the six biological traits and modalities chosen to represent the morphological and 
biological diversity of the benthic macro invertebrate communities found at the Garroch Head sewage 
sludge dumping ground between 1979 and 2005. 

Traits Modalities 
A. Max. body length (mm) (1) <10, (2) 10–50, (3) 50–100, (4) 100–200, (5) >200 
  B. Max. body volume (mm3)* (1) <100, (2) 100–4,999, (3) 5,000–99,999, (4) 100,000–999,000, (5) >1,000,000 
  C. Relative 2d body shape† 
(length: width) 

(1) <0.8, (2) 0.8–1.2, (3) 1.25–5, (4) 5.01–10, (5) >10.01 

  D. Exoskeletal Composition (1) None, (2) Chitin/collagen, (3) Aragonite, (4) Low Mg calcite, (5) High Mg 
calcite, (6) Calcium phosphate 

  E. Living habit (1) Tube/borer, (2) Maintained burrow, (3) Unmaintained burrow, (4) Epifaunal 
attached, (5) Epifaunal free living 

  F. Burrow depth (mm) (1) 0–10, (2) 10–50, (3) 50–150, (4) 150–250, (5) 250–500 
  G. Bioturbatory mode (1) Epifauna, (2) surface modifier, (3) upward/downward conveyor, (4) 

biodiffusors, (5) regenerators 
  H. Feeding Mode (1) Deposit, (2) suspension/filter, (3) scavenger/predator, (4) grazer, (5) 

parasite/endosymbiont 
  I. Larval Development (1) Planktotrophic, (2) lecithotrophic, (3) brood to larva, (4) brood to juvenile,  

(5) asexual budding 
  J. Adaptations to low 
oxygen/H2S 

(1) None, (2) metabolic, (3) H2S and O2 transport, (4) chemosymbiont, (5) body 
feature, (6) behavioural 

*Body volume assumed bivalves and crustacea were cuboids, starfish were composed of one large central cylinder 
and five smaller cylinders, gastropods and scaphopods were cones, annelids and holothurians were single cylinders. 
†Relative body length approximates; C1 circular, C2 subrectangular, C3 short vermiform, and C4 long vermiform, C5 
filiform. 

 

Table 1



Table 2: Ecological functions delivered by recorded taxa, and the modalities (Table 1) used to index them. 
For ecological basis of assignment see SI methods. 

 
Function Contributory trait modalities 
  Nutrient regeneration Body vol. ≥5000mm3 (A3-A5) + all living habits except attached epifauna and 

tubes/borer (E2–E4) + those bioturbators which overturn significant quantities of 
sediment from depth (G3–G5). 

  Food for predators Body vol. ≥5000mm3 (A3–A5) + those with exoskeletons (D2–D6) + epifaunal habit 
(E4, E5) + shallow burrowers (F1–F2). 

  Biogenic habitat  Body vol. ≥5000 mm3 (A3–A5) + attached epifaunal habit (E4) + suspension/ filter 
feeding (H3) + chemosymbiont (H4). 

  Food web dynamics All body vol. (A1–A5) + all living habits (E1–E5) + suspension/filter feeding (H2) + all 
reproductive modes except direct developers (I1–I2, I5). 

  C-sequestration Body vol. ≥5000 mm3 (A3–A5), CaCO3 skeleton (D3–D5)  
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Table 3. Mean (± SD) trait and taxonomic richness, coefficient of variation (%) for richness, Pielou’s 
evenness for each of the eight stations during the disposal years 1979-1998; and, the numerically dominant 
taxa (accounting for >50% of the total abundance) in the central, intermediate NE, intermediate SW and 
peripheral stations. For locations of stations see Fig. 1.  

 

Stn Mean richness CV richness Mean Pielou’s evenness 
Taxa* Traits† Taxa Trait Taxa Trait 

Central stations 
P7 6.6 ± 2.3 37.9 ± 5.6 35.2 14.7 0.48 ± 0.12 0.83 ± 0.04 
Intermediate NE stations 
P8.5 24.7 ± 11.2 48.4 ± 2.8 45.7 5.7 0.41 ± 0.09 0.82 ±0.04 
M7 23.2 ± 9.2 48.4 ± 2.5 39.6 5.2 0.36 ± 0.18 0.79 ± 0.05 
Intermediate SW stations 
P5 53.3 ± 13.6 50.6 ± 1.5 25.6 3.0 0.61 ± 0.12 0.85 ± 0.04 
T7 35.7 ± 11.6 50.0 ± 1.2 32.5 2.5 0.44 ± 0.11 0.83 ± 0.03 
Peripheral stations 
V7 43.6 ± 11.8 50.1 ± 1.5 27.1 3.0 0.76 ± 0.06 0.86 ± 0.02 
P4 42.7 ± 9.8 49.6 ± 1.6 23.0 3.3 0.70 ± 0.12 0.86 ± 0.03 
P10 46.0 ± 11.3 50.0 ± 1.4 24.7 2.9 0.78 ± 0.08 0.87 ± 0.02 
Reference station 
G1 33.6 ± 12.4 49.4 ± 1.5 8.6 3.0 0.79 ± 0.06 0.87 ± 0.02 

*Two-way ANOVA (sqrt transformed) between location (central, intermediate NE, intermediate SW, and periphery) and 
time (1979-1989, 1990-1998 and recovery years) had an interaction effect (F=6.93, p<0.001), location had a main effect 
(F=25.1, p<0.001), but time did not (F=0.63, p>0.05). †Two-way ANOVA (sqrt transformed) between locations and time 
(using the same groups as for taxa) showed an interaction effect (F=3.4, p<0.001), location had a main effect (F=37.2, 
p<0.001) but time did not (F=0.002, p>0.05). NB residuals for traits were not normally distributed.  
 
 

Table 3



Table 4. Results from the constrained CCA for the first three axes for the taxonomic and trait composition at 
the eight Garroch Head sampling stations from 1979 to 2005. The total inertia for taxonomic composition 
was 5.74 and for traits was 0.61. 

 

Axis Eigenvalue Proportion 
explained 

Permutation test 
X2 F p 

Taxonomic composition 
CCA1 0.493 0.321 0.493 9.84 <0.001 
CCA2 0.260 0.176 0.271 5.40 <0.001 
CCA3 0.138 0.167 0.257 5.13 <0.001 
Trait composition 
CCA1 0.235 0.620 0.235 85.32 <0.001 
CCA2 0.116 0.310 0.120 42.11 <0.001 
CCA3 0.021 0.055 0.021 7.56 <0.01 
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Table 5. Functioning through time for five functions (mean, standard deviation and coefficient of variation 
(%)) for each of the eight stations. Spearman’s rank order correlation for functioning (standardised values; 
Fig. 7) at the five groups of stations through time (during the disposal years only); *indicates significant at 
p<0.05, †indicates significant at p<0.01. For relative positions of stations see Fig. 1. 

 Nutrient 
regeneration 

Food for predators Biogenic habitat Food-web dynamics Inorganic C-
sequestration 

 Mean CV r Mean CV r Mean CV r Mean CV r Mean CV r 
Central stations 
P7 12,882 95% 0.56* 13,471 88% 0.52* 8,599 87% 0.52* 17,075 89% 0.54* 5,757 88% 0.52* 
Intermediate NE stations 
P8.5 20,866 80% - 11,612 79% - 10,658 81% - 17,562 78% - 7,038 83% 0.78† M7 21,830 78% 10,993 74% 11,120 78% 16,961 73% 7,380 79% 
Intermediate SW Stations 
T7 8,108 71% 0.62† 5,364 67% 0.62† 4020 73% 0.66† 8,376 63% 0.62† 2,443 88% 0.63† P5 1,064 87% 875 74% 459 96% 1677 71% 275 78% 
Peripheral stations 
V7 522 72% 

- 
585 55% 

0.46* 
192 60% 

- 
1,083 66% 

- 
237 65% 

0.55* P4 443 50% 452 62% 159 55% 880 56% 186 90% 
P10 364 60% 456 60% 149 63% 736 55% 230 64% 
Reference station 
G1 111 37% - 119 30%  46 41% - 225 35% - 47 38% 0.60* 
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Table 6. Summary of the macrobenthic community (mean taxonomic diversity, abundance (0.1 m-2), biomass (g 
m-2), Pielou’s evenness (J), diagnostic taxa/phyla (%), RPD depth, mean total organic carbon content of the 
sediment (TOC; wt. %)), and mean sediment surface pH from the different sampling areas and stations during the 
disposal years (Coates and Pearson, 1997, 1999; Pearson, 1981, 1983, 1991, 1992, 1993, 1994; Pearson and 
Blackstock, 1982, 1983, 1985, 1986, 1987, 1988, 1989; Pearson et al., 1990; Pearson and Coates, 1995, 1998; 
Pearson et al., 1992; Pearson and Stanley, 1980; SEAS, 1999). The interpretation of benthic state and dissolved 
oxygen concentrations (at bottom water temperatures of 9oC) in relation to the species richness-abundance-
biomass (SAB; Fig. 3) model of Pearson and Rosenberg (1978), successional stages and benthic habitat quality 
Nilsson and Rosenberg (1997), and faunal composition (Gray, 1992). Echin. = echinoderms.  

 

Parameter 
Centre Intermediate NE Intermediate SW Periphery Reference 

P7 P8.5 M7 T7 P5 P4, P10, V7 G1 
Taxa 7 25 23 36 53 43–46 34 
Abundance 6550 8382 8673 4077 809 265–370 78 
Biomass 38.6 28.0 32.3 33.5 29.2 18.7–26.2 6.8 
Evenness 0.48 0.36 0.41 0.44 0.61 0.70–0.78 0.80 
C. capitata 55% 13% 24% 28% 1% 0–1% 2% 
Nematodes 37% 4% 6% 5% 1% <1% 3% 
Thyasira sp. 0% ≤0.1% ≤0.1% 1% >1% 1–2% ≤0.1 
Bivalves 0% 0% <1% 4% 13% 18-19% 16% 
Echin. 0% 0% <1% <1% 1% 2–8% 2% 
RPD* (range) <4† <4‡ <4◊ >4# >4§ >7.5§ >10‡ 

Mean TOC 10.50 4.10 4.70 4.00 3.10 2.60 2.70 
Mean pH 7.66 7.72 7.79 7.86 7.82 7.72-7.78 7.89 

Interpretation of benthic conditions and successional stages 

SAB Azoic–Peak of 
Opportunists 

Peak of 
Opportunists Ecotone? Transition Zone Climax 

Community 
Stage 0–1 1–2 2 2–3 3 4–5? 
BHQ <2 2–4 4–10 4–10 >10 10–15 
Assemblage 
attributes 

x Capitella & 
nematode dominated 
(RPD ≤1) 

x Azoic & sulphur 
bacteria (RPD ≈0) 

x Capitella 
dominated 

x Decline of 
bivalves & echin. 

x RPD ≤4 

x Capitella 
dominated 

x Thyasira 
increase 

x RPD ≤4 

x Diverse with bivalves, 
echin. & crustacea 

x Thyasira increase 
x RPD ≥4 

x Diverse with 
bivalves, 
echin. & 
crustacea 

x RPD ≥ 10 

O2 (%) 0–10 5–10 10-25 10–25 25–40 >80? 
O2 mg l-1 0.0–1.2 0.6–1.2 1.2–2.9 1.2–2.9 2.9–4.6 >9.3 

       *From 1979-1985 redox was only measured at 4 cm sediment depth and so can only be concluded to be more or less than 40 mm, 
from 1985 redox was measured at the surface, 1 cm and 4 cm depth and so data are more accurate. †At P7 in 5 years the RPD 
was at the surface, and during a further 7 years it was <1.5 cm, and another 7 years was <4 cm.  In ‡18, §15, ◊13 and #11 
disposal years this was the case. Mats, up to 30 cm thick, of the sulphur oxidising bacteria Beggiatoa were present in 1989-
90, 1995, and 1997 
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