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WhatWorks? The InfluenceofChangingWastewater Treatment
Type, Including Tertiary Granular Activated Charcoal, on
DownstreamMacroinvertebrate Biodiversity over Time
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Abstract: The present study reviewed the impacts of wastewater on macroinvertebrates over 4 decades in a United Kingdom
lowland river. This involved examining changes in chemicals, temperature, flow, and macroinvertebrate diversity from the
1970s until 2017 for a wastewater‐dominated river downstream of Swindon in the United Kingdom (population ~ 220 000).
When the wastewater treatment process changed from trickling filter to activated sludge in 1991, biological oxygen demand
was nearly halved (90th percentile from 8.1 to 4.6 mg/L), ammonia peaks dropped more than 7‐fold (90th percentile from 3.9
to 0.53 mg/L), whereas dissolved oxygen climbed consistently above 60% saturation (10th percentile from 49 to 64%) at a
sampling point 2 km downstream of the wastewater treatment plant. A sustained increase in the number of macro-
invertebrate species was evident from that point. River flow did not change, temperature rose slightly, and the major metal
concentrations declined steadily over most of the monitoring period. Neither the introduction of phosphate stripping in 1999
nor the use of tertiary granular activated charcoal from 2008 to 2014 had strong positive effects on subsequent macro-
invertebrate diversity. That the diversity still had not reached the ideal status by 2016 may be related to the modest habitat
quality, agricultural pesticides, and limited recolonization potential in the catchment. The results indicate that urban was-
tewaters, with their chemical pollutants, are today probably not the biggest threat to the macroinvertebrate diversity of
multiply stressed lowland rivers in the United Kingdom. Environ Toxicol Chem 2019;38:1820‒1832. 2019 The Authors.
Environmental Toxicology and Chemistry published by Wiley Periodicals, Inc. on behalf of SETAC
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INTRODUCTION
From the end of World War II most wastewater from inland

towns and cities in developed countries has been dealt with by
secondary biological treatment, and the era of lifeless and
putrefying rivers is behind us (Hynes 1960; Johnson and
Sumpter 2014). In Europe, a further stimulus came from the
introduction of the Urban Waste Water Directive in 1991
(UWWD; Council Directive 91/271/EEC), where advanced
treatment was required for sensitive waters (generally leading
to activated sludge replacing trickling filter in towns with a
population more than 10 000). However, our appetite to use

more and more chemicals in both industry as well as our homes
has grown and continues to grow at an astonishing rate. The
range of chemicals found to escape in wastewater is extra-
ordinary (Richardson and Ternes 2014). Consequently, a con-
cern exists that many of these chemicals from human activities
are harming wildlife today (Malaj et al. 2014).

Historically, studying macroinvertebrate assemblages and
their abundances in rivers has been a powerful tool in estab-
lishing the extent of pollution harming wildlife. Back in 1902 it
was noted that the range of different organisms present could
be predicted depending on the degree of decaying organic
matter present and vice versa, which gave rise to the “saprobic
index” (Kolwitz and Marsson 1902; Sladecek and Tucek 1975).
Further developments in the study of different macro-
invertebrate taxa gave these each a score from 1 to 10 based
on observations of their apparent organic pollution tolerance.
Thus, the Biological Monitoring Working Party (BMWP) score is
the sum of adding the scores of all the taxa found at a site,
whereas the average score per taxon (ASPT) is a similar value
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showing how attractive the site is to sensitive organisms
(Armitage et al. 1983). A theoretical understanding of life traits
that might make a macroinvertebrate more vulnerable to pol-
lution impacts (such as those taxa sensitive to organic toxicants,
not readily able to recolonize or only reproducing once per
year) has led to other indices such as the “Species at Risk”
(SPEAR) index for pesticides (Liess and von der Ohe 2005) and
more recently for habitat degradation (von der Ohe and
Goedkoop 2013). A different approach coming from the che-
mical side is that by knowing the concentration of a range of
hazardous chemicals present and hence the multisubstance
potentially affected fraction of species likely to be harmed by
these chemicals at those concentrations, one could predict the
extent of macroinvertebrate diversity depletion (Posthuma and
de Zwart 2012; Posthuma et al. 2016).

So what can a return to studying macroinvertebrate diversity
tell us about damage being inflicted by the modern cocktail of
chemicals, particularly the personal care products and phar-
maceuticals (PCPPs) of today? Spot sampling has often
revealed a reduced diversity or absence of some sensitive
species downstream of wastewater treatment plants (WWTPs;
Canobbio et al. 2009; Ginebreda et al. 2010; Bunzel et al. 2013;
Stalter et al. 2013; Burdon et al. 2016). Many of these authors
were tempted to put this reduced diversity down to the pre-
sence of the mixture of chemicals escaping in wastewater, al-
though the picture can be confounded by the introduction of
more fine sediments and perhaps fewer macrophytes reducing
the downstream habitat quality (Piliere et al. 2014). If the micro‐
organic chemicals present in wastewater are the problem, then
it might be assumed that taking away the wastewater effluent
entirely or using an advanced tertiary treatment process would
lead to recovery of the macroinvertebrate diversity. In a study
of the small Vistre River in France and the White River in the
United States, closing a poorly functioning WWTP or replacing
it with a dramatically improved process did indeed lead to the
return of some sensitive taxa within the limits of a degraded
habitat (Crawford et al. 1992; Arce et al. 2014). A potentially
more valuable study to test the micro‐organic contaminant
hypothesis was that of the impact of introducing tertiary ozo-
nation to eliminate all organic contaminants from a WWTP in
Switzerland which had an existing acceptably functioning bio-
logical treatment stage (Hollender et al. 2009; Ashauer 2016).
Unfortunately, although that study did appear to show a ben-
efit as measured by the SPEAR index (curiously the community
structure downstream of the WWTP becoming better than that
upstream), the trial was only run for 1 yr. Almost all the studies
discussed share the same weakness, which is that they re-
present the result from only a limited period of monitoring. The
problems in assessing the results of short‐term studies include
that the rate of recolonization depends on the local circum-
stances and there can be surprisingly high natural variations in
the presence or abundance of different taxa from year to year.
Many of these studies fail to report the reference condition
(ideal diversity) to provide context. More importantly, these
previous macroinvertebrate wastewater studies do not tell us
whether things are getting worse or better over time. In the
United Kingdom a method called the River Invertebrate

Prediction and Classification System (RIVPACS) is used to put
observed macroinvertebrate communities into context. This
compares the observed macroinvertebrate community at any
geographic location to that at an unimpacted site of similar
elevation and geology (Wright et al. 1993).

Thus, questions remain over whether the current mixture of
chemicals which escape in wastewater are harming wildlife, in-
cluding whether things are getting better or worse and whether
stringent tertiary treatment would provide notable benefits. In
2008 the United Kingdom supported the National Demonstra-
tion Project, which included measuring the removal effective-
ness of some tertiary wastewater treatments. A major compo-
nent was the installation of granular activated charcoal (GAC) at
the Swindon WWTP on the River Ray (a 12‐km‐long tributary of
the River Thames) which treated all the effluent. This tertiary
treatment ran for a trial period from 2008 until the end of 2014.
This large WWTP at Swindon dominates the River Ray and
contributes up to 80% of the flow in midsummer (Balaam et al.
2010). A project called Endocrine Disruption in Catchments
(EDCAT) looked at the removal of steroid estrogens before and
after GAC installation at Swindon and the condition of local
stickleback fish (Gasterosteus aculeatus L. 1758; Grover et al.
2011; Pottinger et al. 2011a, 2011b). No other deliberate bio-
logical monitoring was carried out to coincide with the im-
plementation of GAC treatment at that time. Fortunately, this
river has had consistent chemical and macroinvertebrate mon-
itoring starting from the late 1970s to the present day, carried
out by the Environment Agency and its predecessors.

The approach of the present study was to review the historic
routine Environment Agency monitoring data, going back to
the early 1970s, on macroinvertebrates together with chemical
determinands, flow, and temperature along the river to un-
derstand the impact of changes in wastewater treatment at
Swindon. The aim was to establish whether key changes in river
water quality, following improvements in Swindon wastewater
treatment, could be reconciled with changes in the indigenous
macroinvertebrate community. Thus, the present study at-
tempted to test the following hypotheses: 1) improved biolo-
gical treatment associated with a switch from trickling filter to
nitrifying activated sludge will have a detectable beneficial
impact on local macroinvertebrate diversity and abundance; 2)
phosphate (P) stripping (which started in 1999) will have a de-
tectable beneficial impact on local macroinvertebrate diversity
and abundance; 3) GAC tertiary treatment (eliminating micro‐
organic contaminants) will have a detectable beneficial impact
on local macroinvertebrate diversity and abundance.

METHODOLOGY
Description of the site

In 1821 Swindon was described as a quiet market town with a
population of 12 455, but this changed with the establishment of
the Great Western Railway and the decision to locate all company
manufacturing and repair facilities to the town in the early 1840s.
The town’s industrial development continued into the modern era
with the addition of steelwork and car manufacturing. Between
1861 and 2011 the population of the Swindon urban area grew
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more than 10‐fold, whereas the population of Britain as a whole
grew less than 3‐fold in the same period (GB Historical GIS and
University of Portsmouth, 2019a,b). By the late 19th century,
wastewater treatment for this growing town had become neces-
sary; and a map from 1900 (Ordnance Survey County series
Wiltshire sheet XV.3. second edition 1900 25 inch to the mile
[ca. 1:2500]) shows rectangular trickling filter beds and sludge
pits. Different combinations of these continued to be used until
an upgrade to activated sludge treatment occurred in 1991, by
which time the Swindon urban area population had reached over
170 800 people (GB Historical GIS and University of Portsmouth,
2019a). The most recent population estimate, for 2017, is
>220 300 (Swindon Borough Council 2018).

The introduction of the UWWD and the ability of the newly
privatized water companies (privatization occurred in 1989) to
borrow money are considered to have speeded up improvements
during this period (H. Brett, ThamesWater, Reading, UK, personal
communication). Between 1990 and 2015 £26 billion was spent
on sewage (wastewater) treatment improvements across England
(Department for Environment, Food and Rural Affairs 2012).

In 1999, a phosphate (PO4) stripping process began oper-
ating at the Swindon WWTP because reduction of nutrient
discharge was another requirement of the UWWD. In 2008 as
part of an agreement between the Department for Environ-
ment, Food and Rural Affairs, the Office of Water Services and
the Water Industry, Thames Water, agreed to install a GAC unit
at Swindon WWTP to establish its efficiency at removing en-
docrine‐disrupting chemicals. Table 1 summarizes the major
changes in the treatment process at Swindon.

Upstream of Swindon a small WWTP at Wroughton operated
until 1998; from 1991 this had a consented dry weather flow of
2000 m3/d or less than one‐twentieth of the 44 300 m3/d that
Swindon WWTP was allowed (Lewis et al. 1989). Thus, the
available upstream macroinvertebrate monitoring site at Morris
Street was also receiving some effluent from Wroughton WWTP
until 1998 (Figure 1), besides being influenced by the agri-
cultural land use upstream of Swindon. Based on Google Earth
estimates, made by the authors in April 2019, upstream of the
large Swindon WWTP the city occupies an area of approximately
4407 ha, whereas farther upstream the small rural area leading
to Wroughton village and its old WWTP comprises only 200 ha.

The river and its monitoring data
The River Ray is 12 km long from the Swindon wastewater

discharge point to the confluence with the River Thames
(Figure 1). Above Swindon only small streams or brooks

exist, with the mean annual flow increasing 5‐fold with the ar-
rival of treated effluent in the river (80% of flow being treated
effluent). Such negligible wastewater dilution is unusual for
Europe but not unknown, for example, the 5th percentile an-
nual median dilution factor for the UK river network is slightly
over 2; only Spain is worse in Europe for this statistic (Keller
et al. 2014). At the confluence with the Thames, the mean
annual flow of the River Ray still comprises 65% effluent
(Balaam et al. 2010).

The following information was available and suitable for the
present study (for sources, see Data Accessibility section). We
used 3 major macroinvertebrate monitoring sites with at least
36 records each, dating back in some cases to 1977: 1 km
upstream at Morris Street and 2 km and 10 km downstream of
the Swindon WWTP at Moredon Bridge and Seven Bridges
(Figure 1). The remaining 2 monitoring sites in Figure 1 were
mainly for water samples and have only been monitored for
macroinvertebrates occasionally. Detailed community in-
formation (i.e., presence and abundance of taxa) was available
and provided by the Environment Agency. Typically, 2 mac-
roinvertebrate surveys were carried out per year. To examine
this data set, abundances were log10 (x + 1)–transformed; and
all taxa were grouped by family for the BMWP and ASPT in-
dices, whereas the 2 SPEAR indices were preferably applied to
the species level. The BMWP is based on indicator values be-
tween 1 (tolerant) and 10 (sensitive), which are added to derive
the final score (Armitage et al. 1983). The SPEAR indices again
are based on the relative share of sensitive species in a

© 2019 The Authors wileyonlinelibrary.com/ETC

TABLE 1: History of major changes made at Swindon wastewater treatment plant

FIGURE 1: Map of the River Ray with the Environment Agency water
sampling and invertebrate monitoring sites as well as the approximate
extent of the Swindon urban area. I = invertebrate monitoring site;
W = water sampling site; WWTP = wastewater treatment plant.

1822 Environmental Toxicology and Chemistry, 2019;38:1820–1832—A.C. Johnson et al.



community. For reference conditions, the BMWP and ASPT
values are compared to the appropriate unimpacted site (RIV-
PACS method; Wright et al. 1993), whereas for the SPEAR
index, a share of approximately 50% sensitive individuals is to
be expected under undisturbed conditions according to pure
chance (von der Ohe et al. 2007); that is, if there is no pressure,
species might as well be tolerant as sensitive.

At the same locations as the macroinvertebrate monitoring
and at Tadpole Bridge, detailed water quality analysis has been
carried out since 1972 or 1973; and a slightly shorter time
series (since 1982) is available at the far upstream monitoring
point at Wroughton Ditch. This included temperature, ammo-
nium, oxidized nitrogen forms, dissolved oxygen, biological
oxygen demand (BOD), phosphate, and a range of hazardous
chemicals. These were typically monthly samples, though the
number of samples per year and site could vary from only 2 to
over 50. Regarding water temperature, to avoid a bias for years
where the sampling frequency differed between seasons, a 2‐
step approach was adopted for calculating the annual average
water temperature. In this case, an average value was first
calculated per season (winter, December of the previous year
to February; spring, March to May; summer, June to August;
autumn, September to November), and then the annual
average was calculated as the average of the 4 seasons; years
without a value in one or more seasons were omitted. The
statistical and other calculations were carried out in Excel 2013
with Data Analysis Add‐in.

Two river habitat surveys were carried out, one in 1994
within Swindon and one in 2007 at a site farther downstream
between Moredon Bridge and Seven Bridges. These surveys
examined the condition of the riverbed and banks together
with the range of macrophytes present.

RESULTS AND DISCUSSION
Summary of changes to the River Ray water
quality over time

For the major water quality determinands of BOD, dissolved
oxygen, and ammonia/ammonium combined at the down-
stream sites, an improvement can be seen from the 1991 time
period onward (Figure 2; Supplemental Data, Figure S1),
whereas the most dramatic improvement for PO4 begins in
1999. These changes coincide with the major Swindon WWTP
upgrades (Table 1). Conditions remained relatively good at the
most upstream site of all at Wroughton Ditch (6 km upstream),
but at the other site upstream of Swindon WWTP, Morris Street
(1 km upstream), conditions only improved after the closure of
the small WWTP at Wroughton in 1998.

Thus, at the Moredon Bridge monitoring site, 2 km down-
stream, comparing the pre‐1991 period with that after the ar-
rival of activated sludge but before PO4 stripping (i.e. 1991 to
1998), BOD was nearly halved (5‐d BOD 90th percentile re-
duced from 8.1 to 4.6 mg/L, average 4.9 to 2.8 mg/L), the
ammonium (and consequently ammonia) peaks dropped more
than 7‐fold (total ammoniacal nitrogen 90th percentile reduced
from 3.9 to 0.53 mg/L), and dissolved oxygen remained

predominantly above 60% saturation (dissolved oxygen 10th
percentile increased from 49 to 64%). During the tertiary GAC
plant trial from 2008 to 2014, we could not observe any con-
sistent impact on any of the measured chemicals in the River
Ray (Figure 2 and data not shown). Unfortunately, PCPPs are
not routinely measured by the Environment Agency. In a pre-
vious study, estrogenic and antiandrogenic chemicals were
measured in water samples from the River Ray (Grover et al.
2011). These showed overall lower values for 2008 when the
GAC unit was in operation compared with 2006 and 2007 when
it was not. In laboratory‐scale experiments, GAC has been
shown to reduce the concentrations of endocrine disrupters,
such as estrogenic chemicals, significantly (Fuerhacker et al.
2001; Zhang and Zhou 2005; Snyder et al. 2007; Liu
et al. 2009).

With the exception of iron, all the metals for which sufficient
data were available showed declining concentrations both in
the WWTP effluent and in the river downstream throughout the
monitoring period, as shown for the example of cadmium in
Supplemental Data, Figure S2. Iron did not follow this trend
because it was introduced as FeCl3 to the Swindon WWTP as a
phosphorus stripping treatment from 1999. There was some
change in iron concentrations in the WWTP effluent when GAC
was introduced (Supplemental Data, Figure S3), but iron dosing
had no noticeable effect on the concentrations downstream in
the river (Supplemental Data, Figure S4). The other metals
roughly followed exponential decay curves with “half‐lives”
between approximately 3 yr and 2 decades (Table 2). These
apparent half‐lives are likely to be mainly the result of reduced
industrial and domestic consumption and discharge of metals
over time, although perhaps improved removal of suspended
solids in wastewater treatment played a role. In each case, the
decline in river metal concentrations followed that in the WWTP
effluent.

To assess the risks posed by individual hazardous chemicals,
a risk‐ranking exercise was carried out. The hazardous chemi-
cals monitored in the River Ray by the Environment Agency
with measurements routinely above the level of quantification
were Cu, Zn, NH3, Ni, Al, Mn, Pb, Fe, di‐2‐ethylhexyl phthalate,
Cd, benzo[a]pyrene, As, Hg, and Cr. Using the risk‐ranking
method of comparing the highest river measurements (90th
percentile) with the lowest most sensitive ecotoxicity values
(10th percentile), we did not find risks exceeding the 1.0 ratio
for any of these chemicals (Johnson et al. 2017). Although Cu
and Zn showed the highest relative risk, they did not exceed
the United Kingdom environmental quality standard for hard
water (>250 µg/L total hardness as CaCO3, 97.5% of all hard-
ness measurements were in this range) of 28 µg/L Cu and 125
µg/L Zn except for Cu in 4 of 345 measurements at Seven
Bridges. However, before 1991 both ammonia and dissolved
oxygen (Supplemental Data, Figure S1) had poor episodes
which could be classified as failing the environmental quality
standard now used in the Water Framework Directive with, for
example, oxygen saturation going sometimes below 20% in the
late 1980s. Note that all samples were taken in daytime when
photosynthesis would have increased dissolved oxygen levels
compared to the night.
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Summary of changes to the River Ray water flow
and temperature over time

As might be expected with a wastewater‐dominated river,
no net change in flows or patterns in the River Ray occurred
from the 1970s to the present day (Supplemental Data, Figure

S5). However, an increase in average river water temperature
over all the years could be seen in the WWTP effluent and at all
sites downstream of the WWTP (Figure 3). This temperature
increase is approximately 1.0 °C/decade in the WWTP effluent
reducing to 0.7 and 0.5 °C/decade in the river 2 and 10 km

© 2019 The Authors wileyonlinelibrary.com/ETC

FIGURE 2: Summary of major water quality determinands over time from upstream to downstream of Swindon WWTP (us: upstream, ds: down-
stream). Ammoniacal nitrogen as N (total NH4‐N), biological oxygen demand (BOD5‐ATU), phosphate and dissolved oxygen in river water. The
time blocks shown coincide with the major changes at Swindon WWTP. The boxes show 25‐, 50‐ and 75‐percentiles, with 10‐ and 90‐percentile
whiskers, 5‐ and 95‐ percentiles as symbols and short dotted lines denoting the means. Values <LOQ were entered as ½ LOQ. Different letters
denote that the time groups are significantly different at α = 5% (ANOVA and Student’s T‐test for equal or unequal variances according to F‐test,
log‐transformed data except for % dissolved oxygen). The sample size n is also given for each group. *Until 1998 the small Wroughton WWTP
discharged upstream of Morris Street.

1824 Environmental Toxicology and Chemistry, 2019;38:1820–1832—A.C. Johnson et al.
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downstream of the WWTP. The effect was especially strong
in winter (December–February), when the increase was
1.3 °C/decade in the effluent and 0.9 °C/decade 2 km down-
stream of the WWTP. Only a small proportion of this water
temperature increase may be explained by global warming,
which is currently estimated to increase global air temperatures
by 0.17 °C/decade (Christy et al. 2018). No evidence for in-
creasing temperatures was found at the upstream sampling site
at Morris Street, confirming that a trend of warming wastewater
was the cause.

River habitat survey
River habitat survey data are limited to 2 sites in this

catchment, providing a habitat modification score (a measure
of the extent of artificial channel, bank, and riparian char-
acteristics at the site) and the habitat quality assessment (a
measure of the extent of natural characteristics at the site). A
survey was carried out in 1994 (river habitat survey reference
1142, SU1320085000) in the urban part of Swindon just up-
stream of the WWTP. Results were typical of an urban area with
a habitat modification score of 3465 (class 5, “severely mod-
ified”) indicative of an artificial and resectioned channel with
artificial banks and limited riparian habitat. The river habitat
survey yielded a habitat quality assessment of 33, consistent
with the habitat modification score, because it also indicated
that there were few natural habitat features. This site is likely to
be representative of the urban part of the River Ray and in-
dicates that benthic faunal diversity and abundance could be
significantly constrained by poor habitat quality. The second

river habitat survey (reference 32753) was done in 2007 and
was located approximately 5 km downstream of the urban area
(SU1121889010), between Moredon Bridge and Seven
Bridges. This survey indicated less modification of the channel,
banks, and riparian zone than upstream (habitat modification
score = 250; class 3, “obviously modified”); however, the ha-
bitat quality assessment was still low (38). Survey details in-
dicated that this later site had more diverse natural vegetation
on the banks but that the channel substrate was poorer than at
the urban site. This site was deemed roughly representative of
the Ray downstream of Swindon, and there too habitat char-
acteristics may limit benthic diversity.

Macroinvertebrate diversity and ecology scores
To provide an assessment of the diversity of the many

different families of macroinvertebrates at a site, the BMWP
score is used in many countries in Europe and elsewhere to
reveal the impact of a wide range of pressures, especially in-
cluding organic pollution. Changes in BMWP score are driven
by the presence or absence of certain macroinvertebrate
families, known to be sensitive or insensitive to high organic
loads and related oxygen depletion (Armitage et al. 1983).
Likewise, the SPEARorganic and SPEARhabitat indices represent
the share of individuals in the macroinvertebrate community
that are sensitive to organic toxicants or habitat loss, re-
spectively (von der Ohe and Liess 2004; von der Ohe and
Goedkoop 2013). Examples of the different scoring systems of
BMWP/ASPT and SPEAR are shown in Table 3.

© 2019 The Authors wileyonlinelibrary.com/ETC

FIGURE 3: Annual average water temperature of the River Ray upstream (us) and downstream (ds) of the Swindon wastewater treatment plant
(WWTP), together with the temperature of the WWTP effluent itself. The slopes of the linear regressions together with their 95% confidence
intervals are also given.
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As an example, the trends in the BMWP, ASPT, and SPEAR
indices over time have been compared to ammonium con-
centrations at Morris Street, Moredon Bridge, and Seven
Bridges (Figure 4). Ammonium (linked to ammonia) is one of
the big 3 water quality characteristics which dramatically

improved in 1991 following the upgrade to the activated
sludge process at Swindon WWTP (Figure 2). The trend
in these aggregated scores appears to show a dramatic
and then sustained improvement for macroinvertebrates sen-
sitive to organic pollution (i.e., the BMWP indicator value

wileyonlinelibrary.com/ETC © 2019 The Authors

TABLE 3: Characteristics of some example macroinvertebrate families used in biological indicator systems and their respective stressor indication

Family BMWP and ASPT SPEARorganic SPEARhabitat Comment/conclusion

Asellidae 3 0 0 Tolerant to pollution + ubiquitous
Calopterygonidae 8 0 1 Sensitive to oxygen depletion and habitat
Hydrophsycidae 5 0 1
Tipulidae 5 0 1
Ceratopogonidae 0 0 1 Tolerant to pollution + sensitive to habitat
Limnephilidae 7 1 1 Sensitive to all stressors
Leptoceridae 10 1 1

ASPT = average score per taxon; BMWP = Biological Monitoring Working Party; SPEAR = Species at Risk index.

FIGURE 4: Dissolved oxygen (percent saturation) and ammonium concentrations at 3 monitoring sites over time: Morris Street (1 km upstream of
Swindon but downstream of the small Wroughton wastewater treatment plant [WWTP]) and Moredon Bridge (2 km) and Seven Bridges (10 km)
downstream of the Swindon WWTP compared to 4 biological metrics. Average score per taxon and the Biological Monitoring Working Party are
plotted as a percentage of the predicted ideal scores for these sites (https://www.ceh.ac.uk/services/rivpacs‐reference‐database). For the SPEAR
indices 50% is seen as a reference value where sensitive and nonsensitive species are equally likely to occur. This is indicated by a dotted horizontal
line. The upgrade of Swindon WWTP to activated sludge in 1991 and the introduction of P‐stripping in 1999 are marked with solid vertical lines. The
gray shading denotes the period from 2008‒2014 when granular activated charcoal was used and the dashed vertical line denotes the closure of
Wroughton WWTP in 1998. 1Until 1998 there was a small WWTP upstream of this site. 2Excluding 0 to 3 yr with fewer than 4 data points. 3Excluding
Asellus.
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almost tripled) after 1991 at Moredon Bridge and Seven
Bridges, which are downstream of Swindon. It is important to
recall that the Moredon Bridge site is only 2 km downstream of
Swindon WWTP, where the flow is 80% wastewater effluent on
average. The improving trends in SPEARhabitat and SPEARorganic

at this site were less pronounced and at a lower level compared
to the BMWP and ASPT indices, but this improvement also
started after 1991 (Figure 4). The indices at Morris Street (1 km
upstream) were generally higher but still at a far from unim-
pacted level, with SPEARorganic values being again the lowest.
These indices combined appear to show an improving habitat
quality downstream but with some limiting factor(s) still pre-
sent. However, the very low levels of SPEARorganic suggesting a
rather low recovery of taxa sensitive to organic toxicants may
indicate residual agricultural pressures (including pesticides) as
well as a weak or missing upstream recolonization potential
from Morris Street (von der Ohe and Goedkoop 2013). Later

improvements seen at Morris Street could be linked to the
closure of the upstream Wroughton WWTP in 1998.

Generally, the macroinvertebrate community at Seven
Bridges, which is located 10 km farther downstream of
Swindon WWTP, had higher index values compared to the
site at Moredon Bridge (2 km downstream of Swindon
WWTP). This may be attributable to greater dilution of the
Swindon wastewater as well as a generally better habitat, as
reflected in the river habitat survey. The latter might also be
reflected in the relatively higher SPEARhabitat values com-
pared to the similarly low SPEARorganic values at that site,
when compared with the communities closer to Swindon
WWTP at Moredon Bridge.

The 2008 to 2014 period of GAC tertiary treatment does not
stand out as having a significant impact on the macro-
invertebrate trends, although the SPEARorganic indicator in-
creases in this period (Figure 4).

© 2019 The Authors wileyonlinelibrary.com/ETC

FIGURE 5: Families which arrived post‐1991 at Moredon Bridge 2 km downstream of Swindon wastewater treatment plant, in association with
improved water quality (arrows indicate 1991 change to activated sludge, 1999 introduction of PO4 stripping, 2008–2014 granular activated
charcoal trial).
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FIGURE 6: Families which returned to Moredon Bridge, 2 km downstream of Swindon wastewater treatment plant, post‐1991 following the
particularly poor water quality period of the late 1980s (arrows indicate 1991 change to activated sludge, 1999 introduction of PO4 stripping,
2008–2014 granular activated charcoal trial).

FIGURE 7: Families which arrived or increased at Moredon Bridge, 2 km downstream of Swindon wastewater treatment plant, later in the post‐
2000 period, possibly linked to further improving water quality, such as PO4 stripping from 1999.

Wastewater impact on macroinvertebrate diversity over time—Environmental Toxicology and Chemistry, 2019;38:1820–1832 1829



Changes in macroinvertebrates at the family
level at Moredon Bridge

We can zoom in from this broad macroinvertebrate
scoring assessment to look at how the individual families
have fluctuated at the effluent‐dominated Moredon Bridge
site from the 1970s to the present day. The Asellidae
(principally represented by Asellus aquaticus L. 1758), a
family known to be abundant in organic enriched contexts
(Maltby 1991) and able to tolerate chemical pollution (von
der Ohe et al. 2007), have had a constant presence; but
their abundance was greatest in the pre‐1991 poor water
quality period (Supplemental Data, Figure S6).

There were several families whose presence and abundance
seemed to be rather independent of water quality change
(Supplemental Data, Figure S10). These families were Baetidae
and Leptophlebiidae (Ephemeroptera); Chironomidae and
Psychodidae (Diptera); Dytiscidae, Haliplidae, and Hydro-
philidae (Coleoptera); Lymaeidae, Physidae, and Planorbidae
(Gastropoda); Gammaridae (Amphipoda); Glossiphoniidae
(Hirudinea); and Psychomiidae (Trichoptera). These families
have low scores on the BMWP scale (see some examples in
Table 3) and are classified as tolerant for SPEARorganic.

Some families were only recorded at the Moredon Bridge
site post‐1991 (Figure 5; Supplemental Data, Figure S7); of
these, some are associated with cleaner water and lower or-
ganic loading (particularly Calopterygidae, BMWP value 8/10),
although others are deemed to not be sensitive to organic
pollution (e.g., Ceratopogonidae; Table 3). The families in
Figure 6 and Supplemental Data, Figure S8, had a transitory
disappearance during the period of worst water quality (parti-
cularly low dissolved oxygen levels in the late 1980s; see
Figure 4; Supplemental Data, Figure S1). These included the
Hydracarina, for which water quality requirements are not well
known, whereas the other families have modest BMWP values,
between 3 and 5. New families continued to slowly appear in
the post‐2000 period (Figure 7; Supplemental Data, Figure S9),
which may reflect continuing improved water quality. Of these,
3 taxa may only appear to increase over time as a result of
recording artifacts under the initial BMWP system because
Acroloxidae, Crangonyctidae, and Dugesiidae may have earlier
been recorded with other families (Ancylidae, Gammaridae,
and Planariidae, respectively). However, the Hydroptilidae
(BMWP score 6) and Leptoceridae (BMWP score 10) families
are strongly associated with low organic pollution, and their
return would indicate that such conditions were improving.

CONCLUSIONS
Returning to the original hypotheses, 1) improved biological

treatment associated with a switch from trickling filter to ni-
trifying activated sludge will have a detectable beneficial im-
pact on local macroinvertebrate diversity and abundance is
supported; 2) phosphate stripping will have a detectable
beneficial impact on local macroinvertebrate diversity and
abundance is ambiguous; and 3) GAC tertiary treatment will
have a detectable beneficial impact on local macroinvertebrate
diversity and abundance is not supported.

The observed improvements in macroinvertebrate diversity
and abundance (reflected in all of the macroinvertebrate in-
dices but especially in BMWP) are consistent with a notable
improvement in oxygen levels and a strong reduction in BOD
and ammonia following the introduction of activated sludge in
1991. Of the other possible drivers of this change, it is unlikely
that dramatic improvements in local habitat or reductions in
pesticide use occurred over the period 1980 to 2014. There
were no big changes in river flow characteristics either (Sup-
plemental Data, Figure S5). The original levels for metals did
not exceed environmental quality standards, and there were no
notable changes in concentration over the 1990 to 1992 period
when the macroinvertebrate diversity suddenly improved. Al-
though warming temperatures might generally enhance mac-
roinvertebrate abundance, this factor probably did not make
the critical difference seen between 1990 and 1991. There re-
mains a possibility that an unknown chemical, not measured by
the Environment Agency, escaping from the WWTP when it
was a trickling filter or from farther upstream, had been sup-
pressing macroinvertebrates before 1991. For some pharma-
ceuticals, removal performance from trickling filter WWTP can
be less than that from activated sludge (Gardner et al. 2013).
However, a recent review of chemicals of concern in United
Kingdom rivers has not found any chemical to be of higher risk
than the metals (Johnson et al. 2017).

The implications of observations in the River Ray are that
once the lowest 10th percentile dissolved oxygen does not
decline below 60%, the BOD highest 90th percentile does
not rise above 5 mg/L, the NH3 highest 90th percentile does
not rise above 0.6 mg/L (all associated with the Water Fra-
mework Directive good status class), and metals or pesti-
cides are not at a toxic level, a consistent and steady im-
provement in macroinvertebrate diversity can be expected
within the limits of the local habitat and the recolonization
potential of the catchment.

There was no dramatic distinguishing change in overall
macroinvertebrate diversity following PO4 stripping, although
some new families did arrive post‐1999 and pre‐2008. Over a
6‐yr period, the operation of the GAC unit did not much alter
this general improvement in macroinvertebrate diversity, with
some families, such as Hydracarina and Leptoceridae, doing
well but others, such as Limnephilidae and Planariidae, dis-
appearing again (Figures 5–7), although there were only limited
data for the period post introduction of the GAC unit. The
expected dramatic improvement in SPEARorganic was not ob-
served, suggesting that the chemicals escaping the WWTP are
not the main drivers of community structure at Moredon
Bridge.

Many of the WWTPs across the United Kingdom probably
improved performance thanks to pressure from the UWWD
during the 1990s. If macroinvertebrates are improving in an ef-
fluent‐dominated river like the Ray, this may go some way to
explaining the general improvement across the United Kingdom
for macroinvertebrate diversity in urban areas reported from the
1990s (Vaughan and Ormerod 2012). These results, however,
would not support the widespread introduction of stringent ter-
tiary treatment, like GAC, if macroinvertebrate abundance and

© 2019 The Authors wileyonlinelibrary.com/ETC
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diversity were our only concerns. In this case, improving habitats
as well as reducing the impacts of agricultural land uses might be
more likely than further wastewater tertiary treatment to achieve
the desired macroinvertebrate community status. Of course,
macroinvertebrates are not the only group of aquatic wildlife we
want to protect. But so far we have failed to demonstrate
that exposure to regular wastewater harms fish populations (Ha-
milton et al. 2014; Johnson and Chen 2017), although this does
not mean that the residual chemicals in wastewater do not influ-
ence individual fish health (Jobling et al. 2006; Pottinger
et al. 2013).

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at DOI: 10.1002/etc.4460.
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