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A macroalgae (seaweed) herbarium nitrogen isotope (3*°N) record is produced for the River Mersey and
Liverpool South Docks (England) between 1821 and 2018. A modern macroalgae 3*°N record was also
produced from September 2022. The herbaria 3'°N record shows a stark difference from 1821 to the
present. Lower 3*°N in the early 1800s is attributed to agricultural and raw sewage pollution. From 1970
to the present the herbaria samples record very elevated 3°N values — peaking in 1978 at +31%,. The
1989 Water Act and privatisation of water companies in the UK had limited impact on the herbarium
3N record but indicated a dominance of sewage nitrogen in the River Mersey. Macroalgae 3°N has

become even more elevated since the last herbaria sample in 2013. The herbaria and modern data
Received 22nd January 2024

Accepted 8th March 2024 record some of the highest seaweed 3°N values (and therefore, sewage nitrogen pollution) recorded to

date. This study highlights a novel use of herbaria macroalgae to document past changes in nitrogen

DOI: 10.1035/d4va00015¢ pollution in estuarine environments. More poignantly it highlights that the River Mersey — Mersey Estuary

rsc.li/esadvances is heavily polluted with sewage nitrogen and requires immediate action to resolve this environmental issue.

Environmental significance

Stable nitrogen isotope ratios (3'°N) in macroalgae are an under-utilised tool in the UK for studying coastal and estuarine pollution. Nitrogen loading from
effluent and industrial sources produce distinct nitrogen isotope signatures. Herbaria are an untapped resource for understanding anthropogenic modification
in the environment. This study uses macroalgae herbaria to identify broad nitrogen pollution changes over the past 200 years for the Mersey Estuary, UK. This is
the first study of its kind to use herbarium macroalgae to investigate nitrogen pollution. Herbaria and modern macroalgae 5'°N indicate that the Mersey Estuary
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has been dominantly affected by sewage for over 200 years.

Introduction

Wastewater discharge in UK rivers and coastal environments is
becoming more frequent which is leading to a decline in water
quality.”® In February 2024, there are no rivers in England that
have good overall health status and only 15% of rivers are of
good ecological health status.'” This is in stark contrast to
Scotland which has ~57% of its rivers with good (or better)
overall health status.* Policy changes to permit combined sewer
overflows (CSOs) to discharge raw sewage at times of peak flow
have been detrimental to the ecological health of UK rivers.?
Many wastewater treatment facilities are inadequate to cope
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with current population levels and have had minimal invest-
ment for decades, causing the number and frequency of CSOs to
increase.® This environmental crisis was graphically highlighted
in the BBC Two documentary, Our Troubled Rivers.® Discharge
during periods of low flow in rivers increases the residence time
of the pollutants, enhancing the detrimental impact it has on
the environment. Excessive nutrient loads are responsible for
phytoplankton, algal and macrophyte blooms, which subse-
quently reduce oxygen contents leading to eutrophication of
water bodies.”” The current environmental issues in England
rivers are exacerbated by budget cuts in the Environment
Agency, which has hindered their ability to monitor, designate
and prosecute water companies over illegal discharges of
sewage.>'*'* It is also hampered by an unwillingness from pri-
vatised water companies to openly share data on discharge
amounts and dates, resulting in the public taking on the
responsibility to report and monitor wastewater discharges.'>**
There is widespread concern nationally over the effects that
wastewater (ie., raw and treated sewage) release has had on
riverine and coastal environments.
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Sewage effluent that reaches the coastal ecosystem can be
identified through nitrogen isotope (3'°N) analysis of organisms
living in that environment (e.g:, macroalgae, mussels and fish).***
Macroalgae (seaweed) is less-frequently used as a bio-monitor to
trace nitrogen sources, especially in the UK."”*® Macroalgae takes
up nitrogen (e.g:, ammonium and nitrate) with minimal nitrogen
isotope fractionation and therefore, can be used to discriminate
the nitrogen source in the marine environment.” Different
nitrogen sources (e.g., fertilisers, raw and treated sewage) have
distinct isotopic averages. Treated sewage effluent is often identi-
fied through 5"°N values greater than +7%, in macroalgae.’”*** On
the other hand, nitrogen pollution derived from industrial chem-
ical processes (e.g., artificial fertilisers) produces 3'°N values near
the atmospheric nitrogen value, =09,,.**>* Although there are
numerous studies that have used macroalgae 3"°N to identify
sewage pollution, there are only a handful of studies that exist for
the UK despite the ongoing sewage pollution crisis."”**?**¢

Museum herbarium collections contain a vast amount of
ecological and environmental information that is often underu-
tilised in the study of recent anthropogenic change.””*® Only
recently have researchers considered herbaria as a tool to track
biogeographical, environmental, and climatological changes.”®°
Although herbaria relate to all forms of dried materials, such as
vascular plants, macroalgae, bryophytes, lichens, and fungi, 82%
of current research has focussed on accessing vascular plant
collections.” Herbaria studies have dominantly been used to
record population densities, distribution, and organism
morphology to infer environmental conditions, but more recently
this has extended to include DNA sequencing and chemical
analyses.””***' Macroalgae herbaria are starting to be used to
investigate the marine environment although they remain under-
utilised on samples prior to the 20th century.”**>* Recently,
Miller et al.** used macroalgae herbaria and nitrogen isotopes to
reconstruct past upwelling trends along the Californian coast —
this approach was adopted since that is the dominant environ-
mental mechanism affecting nitrogen isotopes in that region.

In this study, we used macroalgae specimens collected and
stored in the herbarium at the World Museum, National
Museums Liverpool to reconstruct historical nitrogen pollution
in the Mersey Estuary and Liverpool Docks. Herbaria specimens
from the Mersey Estuary were assessed for their suitability for
destructive sampling. Only those where there was adequate
material available to have a portion removed without damaging
the scientific integrity of the specimen for future research were
used in this study. Very delicate small specimens, for example,
were avoided and for pre-1900 specimens only one sample per
year was permitted for sampling: again, to preserve the
herbarium collection for future research. The collection has
been generated relatively consistently from the same region
between 1821 and 1860 and from the 1960s to the present day.
Sampling gaps occurred during World War I and II, and may be
a common artefact in herbarium records around Europe for this
time interval. Although this is unfortunate from a scientific
perspective, the herbaria record available will still allow us to
reconstruct changes in nitrogen pollution from the Industrial
Revolution to the modern sewage era. The River Mersey and
Mersey Estuary has witnessed significant anthropogenic
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changes over the past 200 years and thus, is an ideal natural
setting to assess the use of macroalgae 3'°N from herbaria as
a proxy for reconstructing historical nitrogen pollution.

The River Mersey and estuary

The River Mersey has a catchment area of ~1800 mi” and includes
Manchester, Lancashire and Cheshire in the north-west of
England.* It flows for 69 miles before widening into the Mersey
Estuary that stretches for almost 16 miles (Fig. 1).** The large
metropolitan city of Liverpool is located at the mouth of the River
Mersey (Fig. 1), where large tidal ranges (>10 m) cause strong
currents and large sand banks.*® The Mersey Basin has grown in
population size from ~500 000 (1821) to >5 million (2021); this
estimate includes other nearby population centres such as Man-
chester, Liverpool, and Salford.*””* This region is serviced by the
private water company, United Utilities Group PLC. The River
Mersey and Mersey Estuary have had a long history of pollution
and poor water quality since the early 1800s.**® Nitrate plumes
originating in the River Mersey have seriously impacted Liverpool
Bay since the 1960s.**** Public outcry in the 1980s incentivised the
launch of the Mersey Basin Campaign.*®*' The aim was to clean
up the polluted River Mersey after it was described as an “affront
to the standards a civilised society should demand” by the then
Secretary of State for the Environment, Lord Heseltine.** Unfor-
tunately, pollution issues still exist in the River Mersey. For
example, data extracted from The Rivers Trust Sewage Map** show
that in 2021 the River Mersey catchment area experienced over
212 000 h of effluent discharge prior to processing through 12—
24 h (for reference, a calendar year = 8760 h).

The River Mersey and Mersey Estuary macroalgae herbaria 3'°N
record spans 197 years consisting of 70 macroalgae specimens
collected between 1821 (Enteromorpha compressa, Liverpool) and
2018 (Polysiphonia stricta, Queens Dock)—including the time gap
previously mentioned (see the ESIf). Many different macroalgae
species have been used to generate the 3'°N record, because
a range of specimen types are collected for herbaria; these are often
selected based on casual observation, ecological monitoring,
identification and taxonomy, or more frequently because of their
fragility, rarity, and beauty on herbarium paper. A brown seaweed
is less often collected, such as Fucus vesiculosus (bladder wrack),
because it is not as eye-catching as a delicate red seaweed and is
very abundant around the UK coastline. The same macroalgae
species are often not routinely collected for herbaria and hence,
generating a long-term species-specific 3'°N record will not be
possible. We suspect that this will be an inherent issue with many
herbarium collections around the world. Irrespective of the use of
different macroalgae species the 3"°N record produced in this study
reveals consistent and significant changes over the past 200 years
that can be related to societal changes and a major neoliberalism
event in 1989 in the UK:* the privatisation of water companies.

F. vesiculosus collected from Eastham in 1978 recorded the
most elevated 5'°N value of +30.6%,, whereas the lowest 3'°N value
was —4.19, collected from Otterspool in 1968 (also F. vesiculosus)
(see the ESIt). 3"°N values of macroalgae above +20%,, are very rare
in the literature* and suggest extreme environmental conditions;
in this case, we interpret these elevated 3"°N values as a result of
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Fig.1 Study area of the Mersey Estuary with modern sample sites (red) and herbarium sites (grey). Hale Lighthouse is located south of the village

of Hale. ArcGIS Pro 3.0 was used to produce this figure.

continued, voluminous release of sewage into the River Mersey.
Four herbaria samples from Birkdale (along the coastline north of
Liverpool) were also analysed and exhibit a range between +2.99%,,
and +9.19,, spanning the time interval, 1936-1938; these data are
not discussed any further in this study. To place the herbaria '°N
record in the context of the present-day environment, a series of
macroalgae samples from the Mersey Estuary and South Docks
were collected in September 2022 (see the ESIt). Many different
macroalgae species were collected from the South Docks and
produced an average 3'°N value of +10.6%, & 3.2%, (n = 27) (Fig. 2).
However, macroalgae 3'°N from the Mersey Estuary average
+16.5%, £ 2.0%, (n = 50) and +15.5%, £ 2.7%, (n = 22) for Fucus sp.
and Ulva sp., respectively (Fig. 3). The herbaria 3"°N data from the
Mersey Estuary and the South Docks will be discussed separately.
Due to the limited sample size, we have grouped the herbaria 3'°N
data into age ranges as discussed below.

The South Docks herbaria record

The South Docks in Liverpool are an interconnected system,*’
and therefore the herbaria macroalgae 8'°N record is being
treated as a single composite record. Fig. 2 shows the herbaria
South Docks 3"N record between 1981 and 2018. An 1846

678 | Environ. Sci.: Adv, 2024, 3, 676-685

herbaria sample collected from Princes Dock is the only dock
specimen collected during the 1800s and so this sample has
been omitted from further discussion (F. vesiculosus, 3"°N =
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Fig. 2 Herbaria and modern nitrogen isotope record for the South
Docks of Liverpool. Herbarium data points are shown in lilac (n = 23);
the modern nitrogen isotope range is provided as a boxplot collected
in September 2022 (n = 27). The grey box represents the “natural”
isotopic range (+49%, to +69%,) for the North Atlantic?® and the dashed
line represents the global nitrate 3'°N value.5:
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+8.2%,). 8"°N values show no clear trend in the South Docks over
the 40-year period (Fig. 2). The South Docks herbaria record has
an average d'°N value of +13.7%, + 3.8%, (n = 23), which is
significantly more elevated (p value > 0.003) than the 2022 dock
average (+10.6%, + 3.1%,, n = 27).

Allen et al.* reported low public opinion of dock water quality
in the 1990s. Efforts to limit mixing between the river and docks
were obtained through the installation of a pump in 1992 to
replenish water levels, thus reducing turnover rates of the dock
seawater to between 6 and 12 months.*****” A reduced replenish-
ment rate may be the reason behind dock herbaria not reflecting
similar macroalgae 3"°N values recorded in the Mersey Estuary.
The lower 3"°N average of the dock herbaria and modern macro-
algae compared to the Mersey Estuary suggests two potential
mechanisms: (a) increased industry-sourced nitrogen pollution
entering the docks (e.g;, drains and road runoff); and/or (b) water
filtering (i.e., cleansing) by the presence of the bivalve, Mytilus
edulis (blue mussel).*” Since the mid-1980s there have been several
reports of blue mussel colonies thriving in the docks; they were
introduced to Graving Dock as part of a bio-filtration experiment
and naturally settled in Albert Dock and subsequently throughout
the South Dock system.***” The duration it would take for blue
mussels to filter the volume of water in Albert Dock (170 000 m?) is
calculated to be every 4 days. Scaled up to include the entire South
Dock complex (1.28 million m?) the duration to filter all that water
would be ~30 days assuming that blue mussel density is consis-
tent throughout the docks.*** Nitrogen is consumed by micro-
algae and phytoplankton in the docks which are consumed by
filtering blue mussels resulting in lower macroalgae 5'°N values.
This is consistent with a blue mussel experiment showing that
water nitrate and blue mussel tissue are more depleted in 3'°N
when nitrate concentrations in the water are high.** Dock water
samples analysed in this study indicate low to moderately high
nitrate concentration ranges from 0.01 to 11.6 mg 1™* (n = 13,
January-July 2023). Therefore, blue mussels, or other filtering
organisms, should be considered as a natural bio-remediator in
ports/harbours/docks, but they should not be considered as
a solution without rectifying the cause.

The modern and herbaria macroalgae 3'°N record (Fig. 2)
indicates that dock water quality has remained relatively consis-
tent since its redevelopment in the 1970s and introduction of the
blue mussel ecosystem in the 1980s. Whilst the dock herbaria and
modern macroalgae 3'°N records show less elevated values
compared to the Mersey Estuary, the docks still record elevated
signatures (+13.7%, and +10.69%,, respectively). Such elevated
macroalgae 3"°N would suggest that the dock water still contains
anthropogenic nitrogen sourced from raw and/or treated sewage.
Since the Mersey Estuary is the primary source of seawater for the
docks, a sewage nitrogen 3'°N signature is unavoidable.

Mersey Estuary, 1821-1863: Victorians
and raw sewage

Between 1821 and 1863, herbaria 3'°N values ranged between
+4.79%, (Ectocarpus granulosus 1863 and Enteromorpha com-
pressa 1853) and +21.59,, (Enteromorpha intestinalis 1849)
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(Fig. 3). The majority of the herbaria specimens from this
period have 3'°N values that fall between +4.7%, and +8.8%, (n
= 14) with four other results greater than +119,. A single
specimen (E. intestinalis) from Bootle in 1849 recorded a 3'°N
value of +21.5%,. This time interval records an average 3'°N
value of +8.3%, + 4.1%, (n = 18) or with exclusion of the 1849
Bootle sample, +7.5%, £ 2.6%, (n = 17). Fig. 3 also shows
a global average deep-water 3"°N value of +4.8%, and the ex-
pected range (+49%, to +6%,) for macroalgae in the North
Atlantic.'®*%

Although the 1821-1863 Mersey Estuary herbaria record has
a limited amount of 3'°N data (n = 18) and information
regarding their precise sampling location and precise date, the
3'°N range is significantly different from the 1990-2013 (p value
<0.02, n = 13) and 2022 (p-value = 1.6 x 10~ ’, n = 72) datasets;
it is not significantly different from the 1949-1983 dataset
(p value > 0.1, n = 11). During the 1800s the Mersey Basin and
Mersey Estuary were dominantly influenced by industrial
activities: cotton, alkali and hydrogen-chloride production,
shipbuilding and transport of coal.***® However, industry of this
kind preceded the discovery and explosion of the use of
nitrogen gas in industrial processes. For example, agricultural
fertilisers made from nitrogen gas (3'°N = 09%,) were not
generated until the discovery of the Haber-Bosch process and
large-scale processing in 1913.>** Therefore, industrial
processes would not be the cause behind lower 3'°N values
compared to the other time intervals in this study.

River pollution in England was rife during the Victorian
Era.* The main route of sewage/wastewater disposal in the 19th
century was to cast it into rivers and/or cesspits, with the latter
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Fig. 3 Herbaria and modern nitrogen isotope record for the Mersey
Estuary between 1821 and 2013 (n = 42) and 2022 (n = 69). There is
a significant statistical difference between 1821-1863 and 1990-2013
and 2022. There is no statistical difference for the dataset 1949—-1983
due to the large range in 8'°N, which spans the entire range of the
whole dataset of this study. The grey box represents the “natural”
isotopic range (+49, to +6%,) for the North Atlantic?® and the dashed
line represents the global nitrate 3'°N value.5*
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infiltrating into the hydrological system.”® Between 1847 and
1858 an 80-mile-long sewer network with 48 outflows dis-
charging into the River Mersey was constructed, focusing
sewage waste in the river.*®*® Sewage waste in England reached
such a level that it caused several national cholera outbreaks;*”
the largest of these outbreaks occurred in 1849. It is interesting
to observe that the 1849 cholera outbreak coincides with the
most elevated 3"°N value (Bootle, +21.5%,) in our herbaria
record and Liverpool having the highest cholera mortality rate
in large towns reported for England (Liverpool, 11.3 deaths per
1000 people).”” Even after the cholera outbreaks there are
reports of major sewage issues; for example, the Great Stink of
London in 1858 when the River Thames was so heavily
contaminated it sparked the conception of the modern-day
sewerage system.>®

Principally, we postulate that the input of raw sewage (e.g.,
not treated, and hence not denitrified*) was the cause behind
the 1821-1863 3"°N values recorded for the Mersey Estuary. Raw
human sewage would have a similar 3'°N value to the diet they
were consuming® and based on a modern-day equivalent dietary
value this would represent a range between +4%, and +8%,.*
Although raw sewage can explain the 3'°N record, agricultural
practices cannot be excluded.*®*® In addition, leaching and
weathering of soil-derived nitrogen from fields using organic
fertilisers (i.e., manure) may also be contributing to the §'°N
signature.** To our knowledge no soil-nitrogen isotope studies
exist for Merseyside. In addition, no water quality data (i.e.,
nitrate concentration) exist this far back in time for this region,
unlike the River Thames, London.***>% Although the contribu-
tion of nitrogen sources is uncertain the macroalgae 3"°N record
from 1821-1863 is most likely caused by raw sewage (e.g., human
and animal husbandry), and it is evident that it was different
from the modern Mersey Estuary record (1990-present).

The ~100 year gap from 1863 is unfortunate since it would
have been interesting to understand whether the macroalgae
3"°N record would follow an increasing trend or shift suddenly.
There is however some information pertaining to water quality
from historical records during this time interval. No “water-
weeds” (i.e., macroalgae) were present in the Mersey Estuary
between the 1870s and 1900s which can be attributed to water
pollution.*® Furthermore, from the 1900s unregulated sewage
and industrial discharges persisted until the 1950s when
wastewater discharge permits were first introduced.**%

Mersey Estuary 1949-1989: divergent
nitrogen pollution sources

The herbaria 3'°N record for the 1970s is more elevated in
comparison to the 3'°N record for the 1800s. The Mersey mac-
roalgae herbaria record from 1949 to 1983 shows the greatest
range in 3'°N (34.7%,) with an average value of +13.0%, + 9.2%,
(n = 11). The lowest 3'°N value of —4.1%, recorded in F. ves-
iculosus occurred in 1968 at Otterspool, and the most elevated
3'*N value at +30.69%, (also by F. vesiculosus) occurred a decade
later in Eastham. It is difficult to accurately determine or
constrain the cause behind the large variation in 3'°N between

680 | Environ. Sci.. Adv, 2024, 3, 676-685
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1949 and 1983. It records one of the most elevated macroalgae
3'°N values (i.e., caused by sewage/denitrification) ever recorded
to date, but is immediately followed by a negative 3'°N value
indicative of industrial pollution. Due to the large range in 3'°N
for this time interval it is not significantly different from any of
the age range groups assigned to this data set (see Fig. 3). Since
the majority of the 3'°N values in this time interval are elevated,
removing the lowest two 3'°N values causes the average value to
increase to +16.29, + 6.9%,. Standard processes in wastewater
treatment plants cause the sewage effluent to become enriched
in "®N due to denitrification.®® This time interval has very
elevated 3'°N values in comparison to background “natural”
macroalgae,*® thus implying it is heavily influenced by nitrogen
pollution created by wastewater treatment plants.®®

Decades of historical releases of sewage and industrial
pollution led to a serious decline in the health status of UK water
bodies. Massive cuts in funding and spending during the 1970s
and 1980s exacerbated specifically the impact of sewage pollution
on the environment making it a national problem that needed
addressing.** The Control of Pollution Act 1974% introduced the
requirement that local stakeholders had to apply for permits to
discharge sewage effluent and industrial waste or face prosecu-
tion. This was heralded as a major legal improvement although it
was slow to be implemented nationally.®® In the 1970s the Mersey
Estuary was considered the most polluted estuary in the UK
receiving significant wastewater inputs that subsequently led to
high nitrate plumes in Liverpool Bay.*******%* High nutrient
fluxes as a result of sewage wastewater discharges caused
biochemical oxygen demand (BOD) in the late 1960s to average
20 mg 1~ " which is indicative of very polluted water. The enriched
3'°N values observed in herbaria collected for this interval
corroborate the input of denitrified sewage wastewater (Fig. 3).>*
Growing public demand for improved water quality at the peak of
the Mersey pollution crisis in the mid to late 1980s saw the
establishment of the Mersey Basin Campaign.*~* At the same
time public concern over environmental quality was growing
across the nation.** The Conservative Government and the then
Prime Minister, Margaret Thatcher, actioned the privatisation of
water companies in England and Wales through the Water Act
1989.7° Even then, as it is now, the privatisation of water
companies was primarily focused on macro-economic policies —
to inject much-needed cash into an infrastructure that had
received little investment for decades.*>”* With a failing regula-
tory system between DEFRA (Department for Environment, Food
and Rural Affairs), the Environment Agency and Ofwat (Water
Services Regulation Authority) there has been a continuous lack
of investment from the water industry in keeping up with pop-
ulation growth and protecting the environment.”

Mersey Estuary, 1990-2013: the start
of the sewage era

The herbaria 3'°N record depicted in Fig. 3 indicates that the
privatisation of water companies had an impact on the macro-

algae nitrogen isotope signature in the Mersey Estuary. It
resulted in more stability in herbaria 3'°N values (average =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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+12.3%, + 2.5%,, 1 = 13) excluding one outlier, +4.9%, (F. ves-
iculosus, 1997, Grassendale). Although the record is more stable,
the 3'°N values are elevated in comparison to a background
“natural” macroalgae range (+4%, to +6%). The herbaria 3'°N
values are significantly more elevated than those in the 1821-
1863 period (p value < 0.02, n = 13), which is interpreted as
a result of wastewater treatment processes that elevate the >N
content of sewage effluent. It is proposed that the stability of
3"°N in this time interval was a result of stricter controls on
discharges, monitoring and increased chemical processing (i.e.,
ammonia) in wastewater treatment plants.>>*%7%73

During this time interval, stricter regulations were imple-
mented by the European Union on the UK government to
address water quality issues. This legally enforced that the
level of nitrate released into freshwater and marine environ-
ments be set to a maximum limit of 50 mg 17" (or 11.3 mg 1" of
nitrate N).** Environmental action, regulations and invest-
ment around the Mersey Basin led to the reduction of BOD
from 40 mg 17" in the 1960s to ~7 mg 1" in the River Mersey in
the early 2000s;** the Mersey Estuary is still classified as
eutrophic.

Mersey Estuary, 2022: a peak in the
sewage era?

The macroalgae 5'°N data from September 2022 are very elevated
(+16.5%, + 1.9%,) and significantly different from those of all
previous time intervals, except for 1949-1983. 3"°N values are
consistently more elevated with the lowest value at +12.89,, and the
highest value of +22.8%,.3* Elevated 3">N values >+16%, are rarely
recorded in macroalgae studies*”* (Grocke et al, unpub. data),
and only a handful of studies have recorded values >20%,,*>>*>7*
and none previously in the UK. Although BOD assessments indi-
cate that the Mersey Estuary has improved, the Environment
Agency reports that it is “not achieving good status” due to
industry,” with no indication of water detriment from the water
industry. The Environment Agency also gives “low confidence” that
targets to reach “good” nitrogen levels will be achieved by 2027.7>7¢
The herbaria 3'°N data indicate that the dominant ‘nitrogen’
pollution signal in the Mersey Estuary is caused by wastewater
(i.e., sewage) and not by nitrogen chemical pollutants (i.e., artificial
fertilisers). Overall, recent herbaria and modern macroalgae 3'°N
datasets suggest that denitrified sewage input into the waters is
extensive and well above the “natural” range expected for a coastal
and estuarine environment in the North Atlantic.

Although there is a time-gap between the 1990—2013 and
2022 3"°N datasets there is a clear and significant increase.
Since 2012 the Environment Agency has been aware of illegal
sewage discharges by United Utilities and has been accused of
“knowingly permitting” such discharges to occur.'* DEFRA
states that CSOs are only permitted to discharge during periods
of heavy, continuous rainfall and will be tightened to permit
discharges only where “there is no adverse ecological impact” by
2050.7” Although there is abundant social media evidence that
water company regulations on discharging are not being
adhered to,”® additional evidence was presented in a recent BBC
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Panorama report documenting how pollution incidents are
being covered up.”

The Liverpool sewerage infrastructure is one of the oldest
sewerage systems in the UK,* and discharges predominantly
through CSOs (i.e., 84% of outlets to the River Mersey and
Mersey Estuary). We interpret the elevated macroalgae 3'°N
values as directly sourced from these CSOs which routinely
discharge sewage effluent directly into the river. For example, in
2022 the River Mersey received a total of 3346 hours of sewage
dumping (i.e., 4.6 months)***"*> dominantly occurring around
Manchester and Warrington.***"# Although nitrate assimila-
tion can lead to elevated residual nitrate 3'°N values, its impact
is relatively minor in the order of 5%, to 89%,.** Thus, denitrifi-
cation processes must be a primary cause for generating
elevated 3'°N recorded in macroalgae. There are four potential
mechanisms and sources:

(1) denitrified sewage effluent from wastewater treatment
plants. It is well documented that wastewater treatment
processes that use anaerobic conditions can elevate effluent
3'°N values above +10%,;%°

(2) increasing nitrogen productivity and deposition of nitrate
as a consequence of elevated wastewater effluent discharges.
Nitrogen consumption in the water profile via surface water
productivity (i.e., phytoplankton) will preferentially remove “*N,
resulting in more elevated nitrate "°N values in the water column.
Burial of the nitrate and nitrogen-bound organic matter will also
remove "N in preference to '°N causing an increase in 3"°N.

(3) denitrified groundwater nitrate. A 1999 study on
groundwater nitrate indicated that sewage effluent was leaking
into the aquifer beneath Liverpool (Whitehead et al. 1999) - this
was based on nitrate 3'°N and microbiological analyses.
However, the sample with the most elevated E. coli and faecal
streptococci contents was not analysed for nitrate 3'°N. The
other samples in that study ranged between —11.9%, and
+13.29%, (average = +6.89%,, + 8.7%,), and therefore, it would seem
that aquifer discharge is not a cause for elevated 3'°N in the
Mersey Estuary. Further research is required to fully ascertain
the effect of groundwater nitrate on this system; and

(4) denitrification in estuarine sediment. The tidal range for
the Mersey Estuary is large (between 4 m to 10 m). Due to the
volume of water being replenished daily it is reasonable to state
that the water column would be well-oxygenated and, hence,
increase the depth of the suboxic layer in the sediment. Nitri-
fication of wastewater ammonia would occur in the water
column, and nitrification in the sediment profile will produce
elevated 3'°N pore-water ammonia values as nitrate is reduced
in concentration.®*® Subsequent denitrification in the sedi-
ment profile is therefore a function of oxygen supply and
penetration, as well as nitrate replenishment from the water
column into the sediment profile. Although the Mersey Estuary
has the largest total inorganic nitrogen load (3959 x 10° moles
per year) in an estuary in the UK,*® further research on nitrifi-
cation and denitrification in Mersey Estuary sediment is
required to understand its impact on the system.

Of the four options above, the most preferred explanation as
a cause for the elevated 3"°N values in macroalgae in the Mersey
Estuary is due to (1) and (2)—increased denitrified and raw
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wastewater sewage effluent causing high productivity and
eutrophication in the River Mersey and Mersey Estuary. At
present, water companies are undeterred by fines imposed by
regulatory bodies’ and have no incentive to change current
operational practices (i.e., releasing effluent during dry
periods). Funding cuts to the Environment Agency have also
limited their ability to properly monitor, respond, assess and
impose fines on water companies in breach of environmental
standards."*®"* The decline in England river water quality (and
subsequently, estuaries and coastal settings) is exacerbated by
a continued, significant lack of investment from water compa-
nies to improve and repair their infrastructure to accompany
increases in population and corresponding changes in present/
future climate conditions; illegal discharging from CSOs has
become so frequent as to become the ‘norm’.* Although
England water companies have until 2050 to achieve infra-
structure upgrades and compliance, by that time the environ-
mental damage to rivers, estuaries and coastal settings may be
irreversible.”” Continued nitrogen isotope monitoring of mac-
roalgae will show whether improvements are made in the future
or whether the Mersey Estuary will remain an environment
impacted by sewage pollution in the ‘sewage era’.

Conclusion

The Mersey Estuary has been identified as a heavily polluted
environment since the early 1800s. Museum herbaria provide
an excellent source of material to reconstruct historical pollu-
tion. Despite the number of available herbaria samples for this
study, it has been possible to depict broadscale nitrogen isotope
changes and trends in the Mersey Estuary since 1821.

A macroalgae herbaria 3'°N dataset from 1813 to 2013
reveals three major nitrogen pollution episodes: (1) 1821-1863
is dominated by raw sewage; (2) 1949-1983 is influenced by
industrial, agricultural and treated sewage processes; and (3)
1990-2013 records treated and raw sewage pollution termed the
‘sewage era’. Although BOD has decreased from very elevated
levels in the 1960s, the River Mersey—Mersey Estuary still
contains a significant proportion of nitrogen sewage pollution
as interpreted using 3'°N macroalgae values. Privatisation of
water companies in England in 1989 was driven by economics
and not environmental sustainability. Its impact on herbaria
3"°N values was to stabilise the variability (and hence, the
influence of varying nitrogen pollution sources). The modern
macroalgae 3'°N record reflects increasing sewage nitrogen
pollution into the River Mersey - through denitrified wastewater
effluent and release of raw sewage. The very elevated 3"°N values
are interpreted as a consequence of limited regulation, under-
investment, and legislation changes.

Poor water quality is an incessant problem in the UK—the
elevated macroalgae 3'°N values recorded in both herbaria and
modern samples from the Mersey Estuary highlight an ongoing
failure to reduce nitrogen pollution in our hydrological envi-
ronments. This study demonstrates the usefulness of macro-
algae 3"°N in determining the nitrogen pollution source into the
Mersey Estuary over the past 200 years and, hence, is indicative
of a whole catchment source problem. The Mersey Estuary 3"°N
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record showcases how the nitrogen cycle has been severely
influenced by human processes that have had a lasting impact
on our riverine/estuarine environments. Large-scale nitrogen
pollution from wastewater treatment plants is transforming the
nitrogen cycle in UK rivers, estuaries and coastlines. This study
highlights that the ‘sewage era’ is upon us and necessitates
a critical shift in increased private investment into wastewater
treatment infrastructure, stricter and immediate prosecution of
policy breakers and a re-evaluation of environmental moni-
toring methods and policy.

Materials and methods

A total of 72 herbaria macroalgae specimens were sampled at
the World Museum, Liverpool, providing a sample record from
1821 to 2018. The macroalgae specimens are from multiple
locations and different macroalgae species for the Mersey
Estuary and Liverpool South Docks (see Fig. 1); specific sample
details are provided in the ESI.{ A scalpel was used to remove
the longest macroalgae thallus tips, which represent the last
growth of the sample for all macroalgae specimens. The sample
was then transferred into microcentrifuge tubes until process-
ing for stable isotope analysis. It has been reported that
nitrogen isotopic ratios are not impacted by paper type and so
herbaria are assumed to be comparable to specimens pressed
on modern acid-free paper.** Even with this knowledge we still
inspected every herbarium sample to prove that no sample had
herbarium paper attached. Herbarium specimens
compared to a modern geospatial sample set from the Mersey
Estuary collected in September 2022. This sample set was
collected for comparison with the herbaria samples - most of
which were also collected in the summer season. Fifty F. ves-
iculosus and 22 Ulva sp. modern specimens were sampled from
the Mersey Estuary in addition to 27 specimens collected from
the South Docks (Fig. 1). Dock samples include 22 Ulva sp., nine
Cladophora sp. and two Callithamnion corymbosum. Modern
specimens were dried in an oven between 45 and 60 °C - this
drying method has no impact on the bulk signature of macro-
algae stable isotope ratios. Once dried, sub-samples of macro-
algae and the most recent growing tip of Fucus sp. were weighed
between 1.1 and 1.5 mg into tin capsules for stable isotope
analysis. All nitrogen isotope analyses were carried out in the
Stable Isotope Biogeochemistry Laboratory (SIBL) at Durham
University. Nitrogen isotopes are reported against atmospheric
nitrogen (AIR) and accuracy is continuously monitored with
both in-house and international standards. In-house standards
are calibrated against international standards (e.g., IAEA-600,
IAEA-N1, and IAEA-N2). Analytical uncertainty is typically
+0.19%, (1 sd) for replicate analyses of our standards. Most
herbaria specimens only had enough material for one analysis
due to strict museum limitations on sample destruction. For
further details on analytical methods see Bailes and Grocke*
and Grocke et al.*"*¢
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